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Thesis Abstract

The Non-obese Diabetic Mouse (NOD) spontaneously develops diabetes with many 

similarities to the human autoimmune disease insulin dependent diabetes mellitus (IDDM). The 

studies outlined in this thesis attempted to a) determine the cellular constitution of the pancreatic 

infiltrate (insulitis) which results in beta (6) cell destruction and insulin insufficiency b) 

modulate the disease by a plethora of strategies either in the adoptive transfer model (irradiated

NOD males reconstituted with diabetic spleen cells, producing diabetes) or by transgenesis.

Immunohistochemical analysis of transfer recipient pancreata at weekly time intervals 

before diabetes onset revealed a progressive influx of both the CD4"*' and CDS’*” T cell

subpopulations with no unusual bias in T cells bearing VP6, Vp8.1, V68.2, or v p i l .  Class II

major histocompatibility antigen (H-2) positive cells, macrophages and hyperexpression of 

class I MHC antigens on both pancreatic endocrine and exocrine tissues were also observed. 

Two subpopulations of pancreatic macrophages could be identified, one recently recmited and 

actively phagocytic and the other a fixed tissue population. In vivo depletion of transfer 

recipients with rat anti-mouse monoclonal antibodies (Mo.Ab) was used to assess the role of 

each particular cell type in the inflammatory process. Depletion with anti-CD4 at the time of 

transfer or non-depleting anti-CD4 up to 12 days after transfer was still able to arrest the 

infiltration of islets and prevent further 6 cell destruction. Administration of anti-CD8 within 2 

weeks of transfer was able to prevent diabetes and halt the massive pancreatic infiltration by T 

cells and inflammatory macrophages. However, depletion of V68-positive cells in transfer 

recipients showed that these T cells are not necessary for the effector phase of 6 cell destruction 

in NOD mice.

Treatment of transfer recipients with 5C6,(a Mo.Ab against the CR3 receptor which 

prevents macrophage adhesion and migration^ was able to prevent disease. This suggested an 

essential contribution of macrophages either as antigen presenting cells or as effector cells in the 

destruction of the 6 cell or both, although both CD4 and CD8 T cells were necessary for disease 

manifestation. One of the cytocidal activities of macrophages is mediated by nitric oxide 

synthesised from L-arginine. However inhibition of this pathway with an analogue of L- 

arginine (L-NMMA), was unable to prevent IDDM in either transfer recipients or 

cyclophosphamide induced diabetes, suggesting that macrophage involvement in IDDM is not
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through this pathway.

IDDM is under polygenic control in both man and the NOD mouse. The NOD mouse 

does not express the class II MHC molecule I-E and the sequence of the I-A6 chain is unique.

Introduction of an E a^ transgene or of a modified I-A6 chain prevented diabetes,

hyperexpression of class I MHC antigens, pancreatic infiltration by T cells and macrophages 

but had no effect on submandibular gland infiltration.

Thymus immunohistochemical analysis showed hyperexpression of MHC class II and

germinal centres composed of B220"^(B lymphocyte) CDS’ ceUs present in abnormally large

perivascular spaces in the epithelial cell matrix of NOD mice. These thymic abnormalities were 

not found in the CBA mouse strain, but were present in diabetes non-susceptible NOD E 

transgenics.
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1.1 The Concent of Tolerance

The family of antigen specific receptors on lymphocytes is unique in its requirement 

to discriminate between self and non-self (foreign) ligands. Recognition of the latter 

activates the immune system to eliminate or sequester foreign molecules. Failure to 

recognise self molecules is mandatory for the preservation of host integrity. The immune 

system acquires this knowledge during its development, accomplished by imparting to each 

lymphocyte a unique receptor through genetic recombination, and then selectively deleting 

or inactivating the subpopulation of cells bearing high affinity anti-self receptors resulting 

in the acquisition of self-tolerance.

The frs t evidence that tolerance occurred during ontogeny came from the 

observations of Owen et al (1945) on dizygotic twin cattle. Such twins were chimeric, 

contained blood cells of both genotypesand tolerated each othefs tissue antigens.

This initial observation stimulated a series of experiments attempting to test the 

hypothesis of self-learning and led Burnet and Fenner (1949) to predict that exposure of 

the developing immune system to foreign antigens prevented the system from responding 

to those antigens, as it would be mistaken for self. For example Billingham et al (1953) 

demonstrated that when murine spleen cells of strain B were injected into the fetuses or 

newborns of strain A, these mice did not reject strain B grafts although still capable of 

rejecting strain C (third party) grafts. Similar results were obtained in chickens with a 

parabiosis experiment, in which the circulatory system of the two embryos were joined and 

the haematopoietic chimeric adult birds did not reject each otheA skin grafts (Hasek and 

Hraba et at, 1955). Further support for acquisition of tolerance during ontogeny can be 

gained from early studies of Traub (1938) who showed that in utero infection with 

lymphotrophic choriomeningitis virus (LCMV), allowed the persistence of the virus in 

murine blood and tissues throughout life without an immune response, whereas if the 

virus was first encountered in adult life a rapid antibody response ensued. AUophenic 

(tetraparental) mice, derived from the fusion of two heterozygous 8 cell embryos, were 

shown to be tolerant to grafted tissues of the parents (Mintz and Silvers, 1967). Thus it 

would appear that self antigens were recognised during ontogeny and that introduction of 

exogenous antigen at a time when tolerance to one’s own tissues was being established, 

resulted in tolerance whereas antigens encountered later evoked an immune response.

Interpretation of these results in terms of the clonal selection theory of Bumet and
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Talmage means that if a clone of lymphocytes with a receptor for a non-self antigen is 

stimulated at a certain early point in development such signal transduction leads to deletion 

or inactivation rather than proliferation. Tolerance therefore ensues as the animal has no 

cells capable of responding to the antigen, reflecting the differential sensitivity of mature 

and immature lymphocytes.

Adult animals could also be rendered nonresponsive to foreign antigens (Mitchison,

1964) with large doses of antigen administered intravenously or orally, rather than

subcutaneously or intramuscularly, and with deaggregated rather than aggregated forms of

the antigen. Impairment of the immune system with irradiation, anti-lymphocyte serum, or

drugs such as cyclophosphamide, at the time of antigen administration enhanced tolerance

induction (reviewed Klein, 1982). Both T and B lymphocyte compartments could be

affected by the treatments, and onset of nonresponsiveness was rapid. For some T

dependent antigens tolerance could be induced at two dose ranges, one lower and one
two

higher than that used for optimal immunisation (Mitchison; 1964, 1971). The'^ignal theory 

of lymphocyte activation was proposed by Bretscher and Cohn (1970) to explain 

lymphocyte non-responsiveness. According to their proposals two inductive signals are 

required for lymphocytes to be activated, antigen occupancy of the receptor and a mitogenic 

signal provided by the Th cell. Absence of such a second costimulatory signal results in a 

negative signal or tolerance.

1.2 The Mechanisms of Tolerance Induction

Many models have been developed to study the mechanisms of tolerance induction 

(Weigle 1973, Nossal 1983, Scott 1984). Several possible mechanisms for tolerance 

induction exist, (i) Clonal anergy . In this model self reactive cells were postulated to be 

functionally inactivated without being physically deleted, possibly by receptor blockade, 

however in most experimental systems, no molecular mechanism has been uncovered, (ii) 

Clonal suppression.: Tolerance was proposed to be mediated by antigen specific T 

suppressor cells which bear the CD8 surface marker and actively turn off T lymphocytes in 

an antigen-specific MHC restricted manner. These cells appeared to be part of a complex 

circuit of interacting cell types with the overall function of negative feedback inhibition of 

the immune system, (iii) Clonal deletion : T cells bearing self-reactive receptors were 

clonally deleted in the thymus. Each of these mechanisms is not exclusive and several may 

exist in parallel. This may occur because clonal deletion does not remove all autoreactive T
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cells, especially in the case of tissue specific antigens not expressed in the thymus. It is 

clear from the literature that many different mechanisms of tolerance induction operate in 

different experimental or natural systems and indeed the mechanism of tolerance induction 

and maintenance may be different for T and B cells.

1.2.1 Clonal Anergy of B Cells

Recognition of the physiological imperative of avoiding autoantibody production 

has been appreciated since the first demonstration in 1900 of the destructive effects of 

isoantibodies on genetically mismatched blood cells (Ehrlich and Morgenroth, published 

1957) and the possibility that “formation of autotoxins” (auto-antibodies) could constitute a 

dangerous threat to the organism. Thus prevention of autoantibody production and 

maintenance of B cell tolerance was thought to be imperative. Antigen-specific B cells need 

to collaborate with antigen-specific T cells to mount efficient antibody responses to many 

foreign antigens (Claman et al, 1966, Vitetta et al, 1989). Therefore failure of B cells to 

produce auto-antibodies could merely reflect deletion of antigen-specific T cells (lack of Th) 

rather than any change in the B cells themselves. However, T and B cells collaborate in 

such a way (Mitchison; 1971, Lanzavecchia; 1985) that T cells specific for foreign antigen 

may interact with self-reactive B cells when a foreign antigen becomes noncovalently 

associated with a self antigen. The absence of high-affinity auto-antibodies to self-antigens 

in these situations indicates that both B and T cells may be affected for the acquisition of 

self tolerance in the humoral compartment
f i l l e r ,  19 71)

In some natural models of tolerance^the B cells appear to be fully responsive when 

tested with normal T cells. However in vitro studies suggest that B cells can be made 

tolerant. Exposure to antigens in the absence of T cells can render the B cell nonresponsive 

to subsequent challenge with antigen in the presence of Th cells (Metcalf and Klinman, 

1976). Furthermore immature B cells appear to be more sensitive to low concentrations 

of antigen.

Transgenic mice in which hen egg lysozyme (HEL) is introduced into the germline
transgenic

(Goodnow et al, 1988) result in^ mice tolerant for lysozyme in both the T and B cell 

compartments. If T cell tolerance is bypassed by immunisation with HEL coupled to a 

foreign carrier (SRBC) autoantibody production is not completely prevented, although that 

which is generated is of a lower affinity. This would suggest that only the higher affinity B
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cells become tolerant to HEL and that self-reactive B cells may need to bind a critical 

threshold of self-antigen in order to be rendered tolerant (Hari and Roth, 1987). In 

physiological terms the failure to induce tolerance in low-affinity anti-self B cells to many 

self antigens (Benjamin et al ; 1984, Casali and Notkins; 1989, Goodnow et al ; 1990) 

appears to pose little risk of autoimmune disease in most cases. Titres and affinities of such 

antibodies are normally below those needed to initiate tissue destruction or to interfere with 

biological functions. A further line of transgenic mice expressing the rearranged 

immunoglobulin heavy and light chain genes encoding a high-affinity anti-lysozyme 

antibody was created (Goodnow et al; 1988, 1990). When mated with the previous 

transgenic line the resultant double transgenic mice had 60-90% of the B cell population 

expressing the anti-HEL receptors. Such receptors were functionally silent however, 

resulting in almost complete absence of the anti-HEL response and down regulation of IgM 

expression. Anergy in these B cells was reversible as they were capable of producing anti- 

lysozyme antibody when transferred together with helper T cells into nontransgenic mice 

(Goodnow et aly 1991). Therefore the inability to respond in this case would appear to be 

the property of the B cell which has been functionally anergized (Nossal, 1983) rather than 

clonally deleted.

However, when mice transgenic for an IgM specific for MHC class I molecules of 

the K haplotype and which express the transgene on 25-50% of B cells are crossed with an 

MHC K haplotype animal, the B cells in the FI animals expressing the transgene are 

deleted in the bone marrow (Nemazee and Burki, 1989). Thus, overall it would appear that 

both clonal deletion and clonal anergy can operate and the mechanism employed may 

depend on the antibody isotype.

1.2.2 Suppression

In contrast to clonal anergy, which has been extensively studied in the B cell 

compartment, suppression remains a T cell dependent phenomenon, perhaps required to 

restrain those antigen-binding B cells present in tolerant and non-responsive animals. Non

responsiveness to high antigen doses in some models could be “infectious” (Gershon and 

Kondo, 1971) in that mixtures of nonresponsive and normal cell populations gave no 

response. From this finding emerged the concept that suppressor T cells which bear the 

CD8 surface marker actively turn off other T lymphocytes in an antigen specific manner.
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Such suppressor cells appeared to be part of a complex circuit of interacting cell types 

controlled in turn by contrasuppressor T cells. Control is governed by the secretion of 

suppressor factors, with the overall function of negative feedback inhibition of the immune 

system (reviewed in Germain and Benacerraf, 1981).

However the whole body of cellular experiments documenting suppression and 

identification of a specific lineage of Ts has recently been called into question. Although T 

cell clones with suppressor phenotype were obtained as hybridomas, genes encoding 

suppressor factors could not be generated from cell lines or soluble suppressor factors 

isolated from their supernatants.

Another explanation for the concept of suppression came from the observations by 

Parish and Liew (1972). At low antigen doses, where antibody responses were minimal 

DTH responses were maximal, suggesting that there were two types of T cells, one helping 

B cells make antibody, the other mediating DTH responses. These two cell types could 

negatively regulate each others growth and/ or function. Later these cells were designated 

byMossman (jvioesman et al, 1986) THl and TH2 based on the observation that murine

CD4^ T cell clones could be subdivided into two groups according to their cytokine

profiles. Demonstration that IFN-y produced by THl clones inhibited the growth of TH2

clones, could represent such an example of negative regulation (Gajewski and Fitch, 1988) 

and explain some of the suppressor phenomena previously described. This dual response 

model however, cannot account for all of the suppressor phenomenology of the 1970’s. 

There still remains to be explained the poorly characterised CD8+ T cell, which could be an 

intervening regulatory cell in the THl to TH2 negative feedback pathway, as CD8+ T cells

produce large amounts of IFN-y. Further IL-10 which acts on the antigen presenting cell

can also inhibit cytokine production by Thl clones (Florentine etal, 1991).

The phenomenon of suppression can be explained in several ways; it could 

represent the balance of cells capable of responding to a particular antigen with the 

potential for autoreactivity in the organism versus the presence of a regulatory cell capable 

of damping down the response. Alternatively suppression could represent the 

vital cell required in the chain of events for elicitation of an immune response.
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1.2.3 Tolerance and Clonal Deletion of T Lvmphocvtes

It is not the purpose of this thesis to provide a detailed overview of the literature on

thymic education or the mechanisms of clonal deletion, but it was considered necessary to

provide some background to my own studies relating to NOD transgenic mice and the

thymus, therefore only a brief discussion of relevant points is provided.
by T ce lls

Antigen is usually recognised^as a peptide embedded within major 

histocompati bility gene products (H-2 or HLA) (Babbitt et al, 1985; Blackman et al , 

1990). The MHC is a gene cluster that encodes proteins whose function is to bind foreign 

peptides for presentation to T cells. In the mouse, MHC products are termed according to 

tissue distribution. MHC class I molecules (K, D and L) are present on nearly all nucleated 

cells, whereas class II molecules (I-A and I-E) are largely restricted to thymic epithelium 

and antigen presenting cells such as macrophages, B cells and dendritic cells.

During T cell ontogeny, precursors (prothymocytes) arise in the bone marrow (or 

foetal liver) and migrate to the thymus. Inductive stimuli within the thymus cause cell 

division and the commencement of T cell receptor (TCR) gene rearrangement. T cells bear

two mutually exclusive sets of receptors aP  (Ferrick et al, 1989) and y5 (Raulet et al,

1989). The ap-lineage represents the major developmental pathway, and little is known

about the specificity and function of the yô receptors. Each Ter gene is composed of many

genetic elements V, (D), J and C, which rearrange to form the somatically functional gene.

Successful rearrangement of y and Ô genes stops rearrangement of the p gene and vice

versa (Adkins e ta l , 1987; Hugo et al, 1991). Diversity is generated from both the large 

number of different members of each family and from mechanisms that alter DNA at the 

joining regions of the V-D, D-J and V-J elements and N-region diversity. The T cell passes 

through a series of rearrangements, stops dividing and expresses at low levels receptors 

including the CD3 complex (involved in signal transduction) along with the accessory cell 

surface proteins CD4 and CD8 (Doyle and Strominger, 1987). Either the CD4 (reviewed 

Schwartz, 1989) or the CD8 (Hugo eta/j 1991) molecule is first expressed as the transient

intermediates CD4+CD81°TCRL0 W_ CD4’°CD8+TCRL0W, followed by the additional

expression of CD8 or CD4 to these intermediates respectively, giving rise to the
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CD4^CD8^ stage. It is at this point that the cells undergo the selection events involved in

tolerance induction. When cells emerge from this stage they have lost one of the accessory 

molecules (CD4 or CD8) and become single-positive cells. The result of this selection is 

two sets of mature T cells; one set that uses CD4 and recognises foreign antigen 

complexed to MHC class II molecules, and a second set that uses CD8 and recognises 

foreign antigens complexed with class I MHC molecules (Ramsdell and Fowlkes, 1990)

There are two separate mechanisms for tolerance induction in the thymus. One 

involves deletion of thymocytes that express T cell receptors (TCR) with high affinity for 

MHC molecules expressed within the thymus. The existence of such a mechanism was 

discovered when it was observed that the frequency of T cells reactive against a particular 

antigen is greatly reduced in tolerant animals (Good et al̂  1983). The first understanding of 

mechanisms of thymic tolerance came from Kappler’s observation that cells expressing the

variable segment of the P chain Vpi7a which has a known specificity for I-E were deleted 

in I-E expressing mice. V pl7a expressing cells were present in normal numbers in the 

immature thymic CD4'*'CD8‘̂  double-positive subset, but diminished in the mature CD4‘*'8" 

and CD4"8^ T cells suggesting they were deleted between the double-positive and single

positive stages. This system has also been used to show that the CD4‘̂ 8'*' cells must 

recognise MHC class II molecules in order to be deleted (Fowlkes et al, 1988) as treating 

with a M.Ab against the I-E molecule blocked the deletion of Vpi7a"^ cells from the mature

CD8^ population. Further evidence for clonal deletion was obtained in other experiments 

involving other TCR v p  regions (Kappler etal ; 1987, Pullen et al ; 1988, Bill etal ; 1989)

Another family of self super-antigens capable of deleting particular TCR V6 T cells 

is the Mis (minor lymphocyte stimulating)antigens . The presence of self superantigens in 

a given mouse can be detected by the absence of mature T cells bearing receptors encoded

by particular v p  gene segments. Cells bearing these autoreactive receptors are

generated in the thymus but deleted before maturation to maintain non-responsiveness or 

tolerance to self superantigens (Janeway, 1991). Mis antigens are encoded outside the
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MHC, and were originally described by Festenstein (1973) because of their ability to 

initiate a vigorous MLR between MHC identical strains of mice. The stimulating cells 

(from Mis positive mice) are predominantly B cells, while the responding cells (from Mis

negative mice) are usually CD4‘*‘ T cells. Mis antigens are derived from a number of

unlinked loci, each of which encodes a diallelic system. Each locus is assigned a number 

and one allele is stimulatory in an Mis ( a allele) and the other is not (b allele-null allele). T

cell reactivity against Mis gene products is determined by the V(3 domain of the TCR. For 

example in mice expressing the Mls-1^ gene product, T cells expressing the TCR Vp6 

(MacDonald ef a/, 1988),Vp 7 (Okada gf a/, 1990), Vp8.1 (Kappler etaU 1988) or Vp9 

(Happ er a/, 1989 ) are deleted. These Vp domains are present among the immature 

TCR^^^ CD4‘*'CD8‘*' (double-positive) thymocyte population but are clonally deleted from 

the mature T cell population as they have self reactivity for the Mls-1^ gene product. Other 

Mis loci encode proteins that are reactive with different Vp domains such as Mls-2^ which

deletes VPS"  ̂T cells (Pullen etal ; 1988, Abe etal ; 1988). Presentation of the Mis proteins

differs from that of conventional antigens as the requirement for a particular allelic MHC 

protein is not as stringent as it is for the presentation of a conventional peptide antigen but 

similarly results in deletion (Webb et al, 1989).

Secreted enterotoxins from a number of pathogenic bacteria such as the 

staphylococcal, streptococcal and mycoplasma genera are capable of acting as 

superantigens. These superantigens display strong binding to MHC glycoproteins and are 

potent T cell mitogens. Enterotoxin- pulsed APCs interact with both murine and human T

cells in a way that is defined by expression of particular v p  gene segments such that the

superantigens (enterotoxins) injected into neonatal mice result in the clonal deletion of

particular sets of vp-bearing T cells and stimulation of T cells expressing specific TCR v p

chains in in vitro assays.

Woodland (Woodland et al, 1990, 1991) initially discovered a linkage between a

gene encoding a ligand responsible for TCR Vp5.2‘‘" T cell deletion and the endogenous
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mouse mammary tumour virus Mtv-9. Dyson (Dyson et al, 1991) subsequently showed

that Etc-1 a Mls-like antigen can delete v p i l  in addition to vpS-bearing T cells. This

antigen could not be segregated from the mammary tumour viral pro-virus, Mtv9 and 

therefore Etc-1 is encoded by Mtv-9 itself.

Further data from three labs have shown that Mtv’s encoded other Mls-like gene 

products. Frankel et al (1991) demonstrated a perfect genetic linkage between prototypic 

superantigens and Mtv. Dyson et al (1991) identified 3 non-MHC loci involved in the

clonal deletion of VpH"*" T cells which map to Mtv. Finally Marrack et al. (1991) found

that the C3H/HeJ mouse strain deletes most of its complement of Vpl4"*" bearing T cells

and that this deletion is maternally inherited and passed through C3H/HeJ milk. Thus the 

presence of many independently segregating Mis loci affects deletion of different subsets of 

T cells and reflects the presence of different unlinked endogenous MMTV (murine 

mammary tumour virus) proviruses, which on rare occasions integrate into the mouse 

genome, each producing an orf- encoded gene product of different primary sequence. The 

diallelic system, with a stimulatory and a null allele is explained by whether or not a mouse 

carries a particular MMTV integrant. It is postulated that like the enterotoxins, the viral 

proteins bind to MHC class II gene products with a relatively high affinity, cross-linking 

TCRs and MHC class H molecules. This binding of the APC and the T cell results in T cell 

stimulation, deletion or anergy, depending on the developmental state of the T cell or the 

experimental system (Janeway, 1991). It would appear that tolerance in the foregoing 

studies is mediated by intrathymic elimination of self reactive cells rather than by clonal 

anergy or suppression.

Another model by which tolerance can be achieved was discovered while

studying T cell tolerance to the male specific H-Y antigen in male mice (this has been 

more clearly shown in T cell receptor transgenic mice).Cytotoxic T cells with specificity for the

male H-Y antigen in the context of MHC D^ were cloned together with the genes encoding 

the a  and p chains of their TCR. CD4"CD8^ lymph node T cells from female mice 

transgenic for both a  and p chains of this TCR proliferated in vitro in response to H-Y 

plus D^ whereas very few responded in male mice. The defect was located to binding
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affinity as male mice were found to have a low or undetectable level of the CD8 molecule, 

preventing antigen recognition. The thymus in male mice had 10-fold fewer cells than 

female, due to a loss of double positive cells which suggested that thymocytes specific for 

H-Y were either being deleted in large numbers at the double positive stage, or earlier at the

CD4 CD8"'" precursor stage (Kisielow et al, 1988).

In another transgenic model (Sha et al, 1988) mice carrying genes encoding a 

receptor from a T cell clone reactive against the class I molecule L^, had T cells with

diminished expression in crosses with mice expressing L^. In this case also a deletion

event took place in the thymus prior to, or at the double-positive stage, and those cells 

escaping negative selection had little or no CD8 expression. It is clear from these examples 

that deletion of T ceUs with the potential to respond to self antigen occurs in the thymus 

before they mature and are released into the periphery.

1.3 Positive Selection

In addition to the deleting process (referred to as negative selection), T 

lymphocytes developing in the thymus are thought to undergo a second selection event that 

of positive skewing in which the T cell repertoire is biased toward the recognition of the 

particular allelic forms of the MHC molecules expressed in the thymus (reviewed Sprent; 

1988, Schwartz; 1989). Studies by Bevan on radiation-induced bone marrow chimeras, 

showed that irradiated strain A mice repopulated with bone marrow from (AxB)Fl mice 

developed T cell responses that preferentially involved recognition of antigens in 

association with MHC molecules of type A. Radio-resistant elements of the host must limit 

the potential repertoire of the T cells independent of the tolerance mechanism (Schwartz, 

1989). Zinkemagel demonstrated that not only was the thymus required for this skewing 

but radioresistant H-2 expressing thymic epithehal cells were the critical selecting elements 

(Schwartz, 1989). Further evidence involving in vivo antibody blocking and T cell 

receptor transgenic mice, strongly support this concept (Marrack et al ; 1988A, Marusic- 

GdXtsicetal ; 1989).

Von Boehmer (Von Boehmer and Schubiger, 1984) has suggested that 

deoxyguanosine-sensitive, bone-marrow derived, dendritic cells are responsible for
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negative selection (at least for class II molecules) while positive selection appears to be 

unaffected by deoxyguanosine treatment Such findings were supported by Marrack and 

Sprent (Marrack e ta l , 1988B; Sprent e ta l , 1988). All data were therefore consistent with 

the idea of separate selecting cells.

The current model for thymic T cell positive selection suggests that prothymocytes 

migrate to the thymus, where they express their functional TCR along with both the CD4 

and CD8 molecules (double positive stage). Interaction with MHC molecules on thymic 

epithelial cells results in either MHC class I recognition leading to commitment toward the

CD8"'" Tc/s lineage, or MHC class II recognition leading to commitment toward the CD4'*'

Th/i lineage (Schwartz, 1989).

Various hypotheses have arisen to explain simultaneous positive and negative 

selection. One model invoked receptor affinity and suggested a quantitative difference in the 

MHC product required to bring about positive or negative selection. Positive selection may 

act on thymocytes bearing receptors with a high and modest affinity for self MHC 

products. Negative selection however, may delete only those thymocytes bearing receptors 

with high affinity for self MHC, allowing low affinity receptors to escape into the 

periphery where they form the pool of self restricted T cells (Sprent etaU 1988). Therefore 

cells escape from programmed cell death with modest receptor occupancy and die with 

either high or no receptor occupancy.

Marrack and Kappler (Marrack et al ; 1988B, Marrack and Kappler, 1988B) have 

suggested an “altered ligand” hypothesis to account for the paradox of selection for, and 

tolerance to, self histocompatibility antigens. This hypothesis uses the discovery by 

Bjorkman (Bjorkman et al, 1987) that MHC proteins bind peptides in a pocket on the 

external surface of the molecule, and that in the absence of foreign antigen, self 

histocompatibility antigen contains bound peptides derived from self proteins. There is a 

spectrum of peptides bound to histocompatibility antigens which vary from tissue to tissue. 

Therefore, self MHC molecules on thymic epithelial cells do not contain the same spectrum 

of self peptides as MHC molecules on B cells and macrophages. Thus thymocytes may be 

positively selected by interaction of their receptors with self histocompatibihty antigens plus 

epithelial cells, but clonally deleted by interaction of their receptors with self 

histocompatibility antigens plus peptides expressed on bone marrow derived cells such as
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dendritic cells at the cortico-medullary junction. At the present time, neither model appears 

completely satisfactory.

1.4 Peripheral Tolerance

The concept of clonal deletion in the thymus appears to be an adequate explanation 

for many models of T cell tolerance, nonetheless, certain paradoxes remain. One such 

exception is observed when the anterior third of a Xenopus 24 hour MHC A embryo 

(containing the thymic stromal anlage) is grafted onto the posterior 2/3 of an MHC B 

embryo (containing the haematopoietic yolk sac anlage), the resulting animal harbours 

lymphocytes that can react against MHC A molecules in tissue culture, yet the animal does 

not reject its own head (Flajnik etal, 1985).

Several hypotheses have been put forward to explain how the immune system 

establishes and maintains tolerance to self components that are expressed extrathymically 

and are restricted to non-lymphoid tissues. Tissue-restricted self components may be 

processed and transported by circulating bone-marrow derived cells back to the thymus for 

tolerance induction. Alternatively, peripheral tolerizing mechanisms may include (i) clonal 

deletion, (ii) clonal inactivation or anergy, (iii) suppression, (iv) expression of self antigens 

in “privileged sites” that remain sequestered from the immune system. Finally, (v) 

expression of self molecules on cells exposed to the immune system that are incapable of 

providing appropriate signals for T cell activation and antigen presentation could also result 

in tolerance.

Understanding of this issue has been achieved by deliberately targeting MHC 

expression to particular cell types to yield precisely defined expression of desired molecules 

in vivo through transgenic mouse technology (Palmiter and Brinster 1986). Aberrant 

appearance of increased amounts of MHC class II molecules has been observed on non

lymphoid cells in diseased states, such as on thyroid cells in autoimmune thyroiditis

(Bottazzo etal, 1983) and on human pancreatic p cells in IDDM (Bottazzo etal, 1985)

Evidence that T cell anergy results from expression of MHC class II molecules on 

cells incapable of providing appropriate signals for T cell activation was provided by Lo 

(Lo etal, 1988; Quill and Schwartz, 1987)). Transgenic mice expressing I-E on pancreatic

P cells were tolerized and failed to develop pancreatic lymphocytic infiltration, although
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animals developed non-autoimmune insulin dependent diabetes. V(3l7a+ cells which were

deleted normally in I-E expressing mice were not deleted in the transgenic mice. Islets 

retained their integrity even when the mice were primed with I-E+ spleen cells but were

rejected if grafted into I-E' mice and these recipients primed with I-E+ spleen cells

(Markmann et aU 1988). The tolerance mechanism in this instance involved inactivation of 

the T cells in the transgenic mouse and not masking of the I-E molecules on the islets as 

transgenic mice appeared functionally tolerant to pancreatic transgenic products in vivo. 

This tolerance was complete since priming of transgenic mice to the transgenic aUoantigen 

in vivo and in vitro did not induce autoimmunity.

Similarly, transgenic mice expressing islet cell-specific self or non-self I-A (Bohme 

etal ; 1989, Miller etal ; 1990) did not develop lymphocytic infiltrates in the pancreas, yet 

developed diabetes in some of these cases. T cells from these mice were not tolerant to I-A 

in vitro. The mechanism that causes the diabetic phenotype of these mice is not known.

Additionally class I MHC p cell transgenic mice (RIP-K^), developed diabetes, but did not

appear to mount an immune response against the transgene-expressing P cells even when

the transgene was allogenebwith respect to the host (Allison etal, 1988). Two groups have 

also generated transgenic mice with I-E or I-A molecules targeted to pancreatic acinar cells. 

These mice also showed no evidence of lymphocytic infiltration in the pancreas. T cells of 

mice expressing I-E with the elastase promoter (El-I-E mice) (Lo etal, 1988) or allogeneicI- 

A (Murphy et al, 1989) are also functionally tolerant to the class II proteins. Further 

priming of El-I-E mice in vivo with subcutaneous injections of I-E+ spleen cells did not 

stimulate autoimmune destruction. However the I-A transgenics did show T cell reactivity to 

the transgene in vitro. Although all transgenic mice are functionally tolerant in vivo 

(because lymphocyte infiltrates are absent) la reactivity is detectable in vitro. The I-E

reactive T cells detected by M.Abs to Vpi7a and Vp5 were not deleted in Ins-I-E and EL-

I-E mice backcrossed to I-E- strains, thus in vivo tolerance is not caused by clonal deletion 

of these I-E reactive populations.

Thus several independent labs have established numerous transgenic lines that have 

class n  or class I molecules expressed specifically on pancreatic islet or acinar cells. In
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these systems the transgene products were not detected in lymphoid organs, most notably 

the thymus, yet T cells of these mice appear to be functionally tolerant in vivo to the 

transgenic proteins as lymphocyte infiltrates were absent.

Therefore tolerance induced by the aberrant expression of class l/U on P cells and

exocrine cells could occur by clonal inactivation. Such paralysis of T cells could result from 

exposure to antigen and class II molecules in the absence of a second costimulatory signal

normally delivered by APC. Beta cells may be incapable of supplying such a signal and

therefore could functionally inactivate T cells. T cells paralysed in this manner are 

subsequently unresponsive to both engagement of the TCR receptor-mediated cross-linking 

and costimulatory signals. Additionally some I-E reactive T cells may be rendered anergic 

in vivo y or at least have a threshold of activation that differs between transgenic T cells and 

T cells that are not tolerant to I-E. Compared to control mice, Ins-I-E transgenic T cells

respond weakly if at all to anti-Vpl7a and anti-VP5 and EL-I-E transgenic T cells respond

strongly with v p  17a but poorly to anti-Vp5.

Observations by Morahan (Morahan et at, 1989) that thymus cells but not

prediabetic spleen cells from RIP-K^ transgenic mice killed target cells bearing H-2K^, and

that unresponsiveness by spleen cells was overcome by the addition of rIL-2, may provide 

an alternative explanation for tolerance induction. The authors suggested that in older mice

responsiveness developed as pancreatic P cells were lost, and that tolerance therefore was

dependent on the continued presence of antigen, and lack of IL-2 in the local environment 

of potentially reactive T cells. Their evidence pointed to an extrathymic mechanism of

tolerance induction in which the CDS’*" helper cell subset for class I alloresponses (Singer

et aly 1987) could have been inactivated by inappropriate presentation in the periphery, as

suggested for CD4^ cells in the class II p cell transgenic experiments (Markmann et aU

1988).
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1.5 Biochemical Aspects of Tolerance Induction

Immunity and tolerance induction both depend on recognition events initiated by the 

T cell antigen receptor. The Bretscher and Cohn (1970) model suggests that two signals are 

required to activate a lymphocyte: one, receptor occupancy, the other, a costimulatory 

signal delivered by a second cell. In the case of B lymphocytes this comes from activated T 

cells, in the case of T lymphocytes, the second signal comes from APC such as the 

dendritic cell or macrophage. Tolerance induction was therefore postulated to be delivery of 

signal one in the absence of signal two. Activation of PKC (protein kinase C) by DAG 

(diacylglycerol) and IP3 (inositol triphosphate) to raise intracellular free calcium is the 

critical event for the induction of non-responsiveness as ionomycin, a calcium ionophore

that raises intracellular Ca^'^ levels, is sufficient to induce an nonresponsive state in vitro

(reviewed in Mueller et aU 1989). These biochemical events in peripheral T cell activation

could also be involved in clonal deletion in the thymus, as CD4‘*‘8'*' thymocytes are capable

of responding with a rise in intracellular calcium when T cell receptors are cross-linked

with anti-receptor antibodies (Havran et al, 1987). Furthermore, calcium ionophores, at

concentrations that are not toxic to peripheral T cells, kill double-positive thymocytes
j^rSmith etal; 1989)

through chromatin cleavage and apoptosis. Finally cyclosporin A a drug thought to block 

signal transduction through the Câ "*" pathway inhibits clonal deletion of Vpl7a-i- and

V pi l+  T cells in mice expressing I-E (Jenkins et al, 1988)). Thus, clonal deletion could

result indeed from T cell receptor occupancy in the absence of a costimulatory signal. 

Because dendritic cells from the spleen which are capable of delivering the costimulatory 

signal to mature T cells can induce antigen-specific nonresponsiveness in thymic organ 

cultures it is likely that the failure of the T cell to receive a costimulatory signal, rather than 

the failure of thymic dendritic cell to deliver a signal, would be the basis for tolerance 

induction (Matzinger and Guerder, 1989).
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1.6 Autoimmunitv - The Failure of Self Tolerance

Autoimmunity may be defined as the termination of unresponsiveness to self

antigens which can be induced either by the loss of specific unresponsiveness (tolerance) or 

by the development of a primary immune response to an autoantigen (Sinha et al, 1990). 

Autoimmunity has a multifactorial aetiology. Genetic predisposition and environmental 

factors which interfere with the immune regulation, are among the precipitating factors 

leading to disease manifestation (Smith and Steinberg, 1983). The conceptual framework 

for understanding the basis of autoimmunity has changed drastically in the past few years 

(Smith and Steinberg, 1983). Ehrlich’s views that autoimmunity was a “horror 

autotoxicus” which the organism should avoid at all costs and Burnet’s theory of thymic 

censorship, which was supposed to prevent self reactive cells from emerging as “forbidden 

clones” (Burnet, 1959) have now been refined to include a physiologic rule (Beutner etal, 

1979).

Grabar suggested that autoimmunity could represent the normal mechanism for the 

transportation of autoantigen not degraded by the body’s enzyme system (Grabar, 1975). 

The observation that senescent red blood cells coated with specific IgG are removed by 

macrophages, supports this proposition (Kay, 1975). Furthermore B cells are capable of 

binding self components, and low levels of auto-antibodies (natural antibodies) are 

detectable in normal serum (Guilbert et al, 1982) with reactivity to antigens released by 

breakdown or alteration of tissue components. For example anti-heart antibodies are often 

generated as a consequence of injury caused by myocardial infarction (Liem etal, 1979), 

appearing as a result of, rather than being responsible for, tissue damage.

Autoimmunity can be a consequence of a normal immune response directed against 

antigens cross-reacting with determinants on normal cells or an abnormal immune 

response to a normal self antigen. It can also result following exposure to self antigens 

which are normally sequestered (such as the testes and lens of the eye) following trauma 

or infection. Aspermatogenesis is a common result of vasectomy due to formation of anti

sperm antibodies (Isahakia and Alexander, 1984) and other sequestered antigens are also 

capable of stimulating the formation of antibodies that can react with the corresponding 

antigens derived from the same tissue of other species (Shulman, 1974).
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1.7 Autoimmune Disease

Ehrlich and Morgenroth (Ehrlich and Morgenroth, 1900) originally proposed the 

concept of autoimmunity as the phenomenon of “horror autotoxicus” when Landsteiner 

described a complement dependent autohaemolytic serum antibody. Autoimmunity 

encompasses such seemingly unrelated diseases as insulin dependent diabetes mellitus 

(IDDM), multiple sclerosis (MS), rheumatoid arthritis (RA), myasthenia gravis (MG) and 

psoriasis, all of which appear to be due to the failure of the normal mechanisms of self 

tolerance. Autoimmune diseasesof which there are more than 40 in number affect 5 to 7% 

of the population often causing severe disability and thus are a major cause of chronic 

illness.

The mechanisms resulting in autoimmune pathology are as diverse as the disease 

manifestations themselves. Susceptibility to almost all autoimmune disease is strongly 

influenced by genes encoded within the MHC particularly class I and class II MHC 

molecules. In particular within the class Il-associated diseases, there is a subdivision 

between organ-specific and multisystem (systemic) autoimmune disease. In general organ- 

specific autoimmune diseases are characterised by autoantibody patterns that are primarily 

directed to a single organ or closely related organs (reviewed Tiwari and Terasaki 1985). 

Systemic autoimmune disease are chaiacterised by a variety of autoantibodies specific for 

nuclear and cytoplasmic molecules involved in DNA replication, DNA transcription and 

mRNA translation. Some of the manifestations of systemic autoimmunity are due to direct 

effects of these autoantibodies, whereas others are due to antigen-antibody complex 

disposition.

Autoimmune disease can also be classified in terms of final effector mechanism. 

Specifically IDDM and MS are apparently due to the action of T cells (Ogawa et al ; 1985, 

Hafler and Weiner, 1989), whereas hyperthyroidism (Grave’s disease) and MG result from 

specific antireceptor antibodies (Lindstrom, 1979), and much of the pathology in systemic 

SLE and polyarteritis nodosa is due to the deposition of antigen/antibody complexes 

(Theofilopoulous and Dixon, 1981).

MHC class I-associated autoimmune diseases are few in number and fall into many 

categories; (i) the HLA-B27-related spondyloarthropathies, and (ii) psoriasis vulgaris 

associated with HLA-B13, B16 and B17.
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Susceptibility to both class I and n  associated autoimmune diseases is 

multifactorial. Autoimmunity is polygenic, and most autoimmune diseases are not inherited 

in a simple Mendelian segregation. For example the concordance for IDDM in monozygotic 

twins is less than 50% (Rotler and Landau, 1984) and is less than 5% for MS. Comparison 

of the concordance rate for HLA-identical monozygotic twins compared to that for HLA- 

identical siblings indicates that MHC genes are not the sole genetic factor in determining 

susceptibility to autoimmunity. However apart from relatively weak effects of 

immunoglobulin loci on susceptibility to hyperthyroidism and possibly MS (Davidson et 

al, 1987), the remaining genes determining susceptibility are unidentified.

Some autoimmune diseases show significant MHC class II association. Therefore
Research

the major aims in autoimmune disease are to characterise the self or cross-reacting 

environmental antigens that contribute critical peptide epitopes; the MHC alleles that are 

most effective in presenting these self peptides and identification of the T cell repertoire 

utilised for recognition of this self peptide-self MHC molecular complex. Nucleotide 

sequence analysis of class II genes from autoimmune patients has shown that disease is not 

the result of mutant MHC alleles, although it has been possible to identify short stretches 

of sequence or critical residues that may play a major role in susceptibility and resistance to 

some diseases such as IDDM ÇTodàetal, 1988). Clearly non-consei*vative changes at any 

of these positions could alter the stnicture of the peptide-binding groove ÇToààetal, 1987) 

and affect class II function.

Genetic linkage studies have implicated the variable region gene of the TCR in the 

aetiology of autoimmune diseases. In murine collagen induced arthritis, mouse strains that

have a genomic deletion of 50% of the V region genes of the TCR P-chain loci are resistant

to RA induction despite the presence of a permissive MHC haplotype (Baneijee et al ;

1988, Haqqi et al ; 1989). Although genomic deletions in the human TCR V a and Vp

region genes have not been identified, these loci do exhibit limited sequence polymorphism 

(Concannon era/, 1987).
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1.8 Mechanisms of Autoimmunitv Induction

In addition to the breakdown of tolerance following trauma or by exposure to 

previously sequestered antigens, further mechanisms exist by which the requirement for 

specific T cell help by immunocompetent B cells can be overcome. The immune 

mechanisms involved in the pathogenesis of autoimmunity are those described by Coombs 

and Cell (Coombs and Cell, 1975), anaphylactic (type I), cytotoxic (type U), antigen - 

antibody complexes (Type HI) and cell mediated (Type IV). These specific mechanisms 

can be augmented by nonspecific measures: amplification cascades involving either cellular 

(via lymphokines), or humoral (ie. complement, coagulation, kinin and fibrinogen) 

systems. The overall interaction of these complex processes leads to the specific outcome 

of each disease.

1.8.1 Cross-Reacting Antigens Can Induce Autoimmunitv.

T cell tolerance can be overcome by cross-reacting antigens (Benjamin and Weigle; 

1970, Habicht et al ; 1975). For example rabbits tolerant to BSA at birth, as adults make 

antibody responses to BSA when injected with HSA which has 15% sequence homology 

with BSA (Benjamin and Weigle, 1970). Novel antigenic determinants allow T helper cells 

to provide support for both B cells reacting specifically with HSA and those B cells 

recognising cross-reactive determinants on BSA. Furthermore, auto-antibodies to self 

thyroglobulin occur in rabbits following immunisation with cross-reacting antigens on 

bovine thyroglobulin (Rose et al, 1965). Similar lesions are produced in animals by 

immunisation with homologous thyroid extract mixed with Freund’s adjuvant (Rose and 

Witebsky, 1955). Exogenous microbial determinants that are sufficiently similar to cross- 

react with host determinants, but sufficiently different to break immunological tolerance, 

may also provoke autoimmunity (Oldstone, 1989). For example acute rheumatic fever 

initiated by group A beta-haemolytic streptococci in susceptible individuals results in an 

immune response, which cross-reacts to self antigens in the myocardium and joints 

(Kaplan and Svec, 1974). Therefore an immune reaction initially directed against a 

pathogen could result in an anti-self response.

The functional importance of similarities between self antigens and those of a
/

pathogen stems from the findings that (i) the implicated pathogen can on occasions be 

demonstrated in, or recovered from, patients with autoimmune disease, (ii) autoantibodies

36



specific for a self antigen often have specificity for viral or bacterial determinants, and (iii) 

antigens from the organism may share sequence similarities with HLA haplotypes. This is 

seen in Reiter’s syndrome where there is a high incidence of class I HLA-B27, as the 

amino acid sequence of HLA-B27 shares a region of 5 or 6 amino acids with a Klebsiella 

pneumoniae nitrogenase protein (Schwimmbeck gf a/ ; 1987, Bessen etal ; 1989).

1.8.2 Viral. Bacterial and driiy Induced Autoimmunitv

Exogenous antigenic determinants including bacterial, viral or pharmaceutical may 

combine with self antigen and form immunogenic units recognised by Th cells prompting 

B cells to produce autoantibody to the self antigen and resulting in autoimmunity.

Drug induced autoimmune diseases have been observed in patients during 

administration of hydralazine or procainamide, as the drug or its metabolites bind to an 

autoantigen. Tliese patients form antinuclear antibodies that resemble those of patients with 

systemic lupus erythematosus (SLE) (Weinstein, 1980; Miller and Salem, 1982; Ochigf 

a l , 1983) or haemolytic anaemia (Worlledge, 1973; Kirkland et al, 1980)). Autoimmunity 

may result from stimulatory or inhibitory effects of a drug on immunoregulatory cells. It 

has been suggested that alpha-methyldopa inhibits suppressor cells by activating cyclic 

AMP and allows B cells to produce antibodies with the specificity for Rhesus antigen, thus 

inducing autoimmune haemolytic anaemia.

The response to viral infection may be disabling or fatal, as polyclonal activation of 

B cells resulting in autoimmunity may occur as a result of infection. For example B cell 

infection with Epstein Barr Virus (EBV) causes B cell proliferation resulting in 

autoantibody induction to various tissues (Garzelli et aU 1984). A positive correlation exists 

between the presence of EBV viral sequences in salivary gland tissue and primary 

Sjogren’s syndrome in humans (Whittingham et al, 1987; Saito et al, 1991). Further, 

several viruses share 6-10 consecutive amino acids with the encephalitogenic sites of MBP, 

including adenoviruses, influenza A, EBV and measles virus (Fujinami and Oldstone, 

1985). Theoretically these viruses have the potential to evoke autoimmunity, however 

infection with such agents rarely results in such a response.

Bacterial endotoxins such as lipopolysaccharides (LPS) can themselves exert 

mitogenic effects on B cells. For example they can substitute for helper T cell function in 

the B cell antibody response to sheep erythrocytes (Moller et al, 1972). Similarly T cell
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tolerance can be bypassed by immunisation with a self antigen coupled to a foreign carrier 

(Schmidtke and Dixon, 1972). Other agents capable of nonspecifically stimulating 

lymphocytes, such as immunological adjuvants, through bypassing T cell specificity are 

likewise prone to cause autoimmunity.

1.9 Target Antigens of Autoimmune Disease Responses

Certain self antigens are selected as the targets of immunity, but for many diseases, 

the target antigens have not been identified. Thus far, the major approach has been to 

isolate and determine the specificity of lymphocytes active in autoimmune responses, 

indeed several B cell and some T cell self-epitopes have been defined.

Although autoantibodies are a predominant feature of many diseases, the factors 

that lead to their production and role in pathogenesis remain largely unresolved. In many 

cases, autoantibodies may simply be epiphenomena. However in some diseases there is a 

restricted autoantibody specificity linked with pathogenesis. Antibodies that bind the TSH 

receptor or the AchR lead to the clinical manifestations of Graves’ disease and Myasthenia 

Gravis (MG) (Lindstrom, 1979) respectively. In contrast, in SLE there is a generalised 

dysregulation of the immune system characterised by B-cell hyperactivity, which results in 

hypergammaglobulinemia and the production of a variety of antibodies reactive with organ- 

nonspecific antigens such as DNA, RNA and cell membrane structures, which may 

participate in immune complex formation and consequently the clinical manifestations of 

SLE (Theofilopoulos and Dixon, 1981). Secreted Igs can themselves be targets of an 

immune response. IgM antibody to IgG rheumatoid factor (RE) is found in the serum and 

synovial fluid of RA patients and in MRLApr (lymphoproliferative) mice (Fong et al, 

1988). The principal role of some autoantibodies is their predictive value. Antibodies to

insulin and a 64 KD islet p-cell antigen can precede the development of IDDM by several

years, although there is no evidence that these autoantibodies cause 6 cell destruction 

(Baekkeskov ef a/, 1987).

Several antigenic targets of autoreactive T cells have been studied in animals. 

Disease-inducing peptides of self proteins have been defined in some cases. In EAE, amino 

acids 1 to 9 and 89 to 101 of MBP are the major disease-inducing determinants of the I-

A^and I-A^ alleles respectively (Acha-Orbea etal, 1988).
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A number of distinct peptides derived from the a  subunit of the AChR stimulate T
(Sinha et al;1990)

cells from MG patients and Lewis rats^T cells specific for thyroglobulin and P2 protein

(amino acids 66 to 78) or peripheral myelin in mice can induce experimental autoimmune
(Acha-Orbea et al; 1989) 

thyroiditis and neuritis respectively^ The target antigen of T cell clones isolated from mice

susceptible to collagen-induced arthritis (restricted to I-A^) is type II collagen ( Kumar et

al ; 1989). Additionally induction of rat adjuvant arthritis induced by killed Mycobacterium 

tuberculosis in CFA (an experimental model for human RA), leads to the production of T 

cells specific for hsp 60, a 65KD mycobacterial heat shock protein (Van Eden er al ; 1985,

Van Eden, 1988). A T cell clone CD4-CD8-y5 isolated from human rheumatoid synovium

is also hsp 60 reactive (Holoshitz et al, 1989), suggesting that hsp 60 may be the 

autoantigen in RA. The target antigens for spontaneous models of disease in animals (such 

as IDDM in NOD mice or SLE in (NZB x NZW)F1 mice) and for most human autoimmune 

conditions are not known. The availability of clonal populations of T cells that cause 

disease, should facilitate the isolation of T cell target antigens in many of these diseases. 

Once identified, their role within the autoimmune disease must be assigned, and the targets 

of effector T cells distinguished from that of T cells involved in the initiation of 

autoimmunity.

1.10 Idiotvpes and Autoimmunitv

The antigenic uniqueness of a given immunoglobulin was termed its idiotype by 

Oudin and Michel (1969). The idiotypic nature of immunoglobulins (Igs) and T cell 

receptors arises as a consequence of the differences in the variable regions of the 

polypeptide chains. Idiotypes are therefore serologically defined determinants present in the 

Fab region of Igs and represent novel antigenic determinants which can be recognised in 

turn by idiotypic antibodies. Jeme (Jeme, 1974) proposed that the normal state of 

homeostasis consisted of a network of receptor interactions controlled by specific idiotypic 

recognition. In some cases Ab. raised to the combining site of another Ab. can act like a 

surrogate antigen this is called an internal image of the antigen and can lead to 

autoimmunity. Such idiotype anti-idiotype reactions occur in many spontaneously 

autoimmune diseases such as SLE (Abdou etal, 1981), MG (Dwyer etal, 1983; Dwyer et
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al, 1986), and RA (Pasquali et al, 1984; Mouritsen, 1986). Some anti-idiotypes are 

themselves autoantibodies. This is observed with autoantibodies to neurotransmitters or 

hormones in which anti-idiotype gives rise to anti-receptor antibodies following 

immunisation with the receptor ligands. Mice immunised with bovine or porcine insulin 

make not only anti-insulin antibodies but autoand-idiotypes that are anti-(anti-insulin) 

antibodies and are reactive to the insulin receptor on fat cells (Schechter et al, 1982; Cohen 

et al, 1989A). Such anti-receptor antibodies mimic the action of insulin and block binding 

of insulin itself leading to autoimmunity.

Cohen and Young argue against the notion that autoimmunity is caused by random 

mutations of lymphocytes into “forbidden clones” as suggested by Burnet (Burnet, 1959), 

because of the limited spectrum of autoimmune responses and that autoimmunity due to 

unstructured events ought to be individualised. They (Cohen et al, 1989A) proposed the 

alternative hypothesis that immunological dominance of selected self antigens can be 

explained by cellular networks. The obseivations that the dominant immune responses to 

MBP, hsp 65 and to insulin are associated with preformed sets of interacting

networks allowed Cohen to formulate his theory of the immunological homunculus (Cohen 

, 1989B), a limited set of dominant self-antigens each encoded in a cellular network that 

comprises the immune system’s picture of self. In the immune network a natural 

autoimmune B cell (or macrophage that has bound natural autoantibody) recognises^elf 

epitope present on^microbial antigen through the Ig receptor. Receptor-linked uptake and 

processing renders the conserved molecule immunologically dominant over other antigen 

molecules for which there are no preformed autoantibodies thus according to Cohen 

creating tolerance to recessive self-antigens by inattention. The antigen-presenting B cell (or 

macrophage) then presents both the shared epitope and the foreign microbial epitope. The 

response to the epitope is safely regulated by the lymphocyte network controlling the 

autoimmune T cells while the T cells recognising the microbe-specific epitope are free to 

react aggressively. Each dominant self antigen is served by an interacting set of T and B 

cells with receptors for the antigen (antigen-specific) and cells with receptors for the 

antigen-specific receptor (anti-idiotypic) (Cohen and Young, 1991). Some of the 

lymphocytes suppress and others stimulate, thus some lymphocytes become activated even 

without being driven by contact with specific antigen in an immunogenic form (Pereira e t 

al , 1989; Cohen and Atlan, 1989B, 1989C). Thus regulatory elements channel the
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autoimmune response to controlled pathways that prevent disease development As a result 

the autoimmune response is graded and often transient.

Several investigators have proposed that autoantibodies, are anti-idiotypic 

antibodies produced against anti-microbial antibodies (Abe et al , 1984; Nepom et al ,

1984). There is more than 50% sequence identity between bacterial and mammalian 

counterparts (Jindal et al, 1989) of microbial molecules which belong to the hsp families 

(proteins inducible by almost any form of cellular stress). Immunity to mycobacterial hsp 

65 is associated with autoimmune arthritis in rat (Van Eden ef a/, 1988) and humans (Res 

etal, 1988) and with autoimmune diabetes in NOD mice (Elias etal, 1990) and immunity 

to hsp 70 (Minota etal, 1988A) and hsp 90 (Minota etal, 1988B) is associated with SLE. 

In these cases according to Cohen etal (1991), the homunculus falters and the autoimmune 

T or B cells, channelled to respond to the dominant self antigen by the homunculus, may 

produce an aggressive immune reaction due to dysregulation by the suppressing control 

elements of the homunculus. Thus antigenic mimicry between a microbe and a host organ- 

specific antigen that determines immunological dominance may also result in specific 

autoimmune disease.

Regulatory idiotopes are thought to be antigenic determinants on immunoglobulins 

(or T cell receptor) which are recognised by idiotope-specific T or B cells. They can be 

expressed on Igs of differing antigenic specificities (the so called non-specific anti-parallel 

set). Administration of anti-idiotype or idiotype to an animal can result in enhancement of 

the immune response as well as an increase in idiotype-positive, non-antigen binding 

antibody, which could be pathogenic. For example an anti-idiotype from the -1,3-dextran 

(DEX) present on some gut commensal organisms can induce an antibody against the A. 

chR (Abe et al, 1984). Thus there may be an idiotypic connection between antibody 

responses to the AChR and certain bacterial antigens. Furthermore patients with Klebsiella 

infections tend to have an increased incidence of high 16/6 idiotype titres, which can 

activate normal PBL to secrete increased levels of 16/6 idiotype (El-Roiey et al ;1986, 

1987). This idiotype which is present on both antibodies binding Klebsiella antigens in 

normal subjects and on anti-DNA antibodies in patients with autoimmune SLE, can result 

in autoimmune disease through the idiotype network’s response to endogenous or 

exogenous antigen. The presence of cross-reactive or shared idiotypes on CRI 

autoantibodies may provide some clues as to the origins of autoimmune disease state.
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Cooke has proposed that some autoantibodies involved in autoimmunity may for example 

share regulatory idiotypes with microorganisms, or their anti-idiotypes may be antibodies 

to microorganisms (Cooke etal ; 1983, Cooke etal ; 1984, Cooke, 1986).

I will confine my description of human diabetes to chapter 2 and of the rodent 

models of IDDM to chapter 3. The purpose of this chapter was basically to provide a 

structured background of both tolerance and autoimmune disease mechanisms, thereby 

providing a backbone for my studies on how tolerance is achieved in the transgenic NOD 

mouse and how tolerance is broken in the first place by searching for any basic thymic 

abnormalities in the NOD mouse discussed in chapter 9.
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C I E I A I P T m iR  â

The History Of Tvne 1 Insulin Dependent Diabetes Mellitus (IDDM).
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Diabetes M ellitus - A Historical Perspective

IDDM is due to the selective destruction of the p ceUs within the islets of

Langerhans in the pancreas, leading to insulin insufficiency and resulting in hyperglycemia. 

The autoimmune aetiology of IDDM was primarily delineated by the findings of Gepts 

who demonstrated mononuclear ceUs both in and around the islets of Langerhans in 

diabetic patients (Gepts, 1965). Additionally anti-insulin antibodies could be detected in the 

sera (Atkinson et al, 1986). Before 1922 the diagnosis of diabetes was like a death 

sentence, diabetics died either rapidly if they were young or more slowly if they were older 

until the advent of the ‘miracle of insulin’.

Diabetes is unlikely to have been known in primitive cultures as the young diabetic 

would die before he had a chance to reproduce himself and to pass on the genes to 

succeeding generations. Late onset diabetes was not seen as the population as a whole did 

not survive long enough thus diabetes was observed infrequently. The first reference to 

diabetes in historical records was found at Luxor in the Egyptian Papyrus Ebers written 

about 1500 BC describing an illness associated with the passage of much urine (Ebbel, 

1937). Later the Greek physician Aretaeus the Cappadocian (81-138 AD) related the origin 

of the word diabetes from the Greek word for siphon, to describe the urine “going 

through” from the kidneys. He described diabetes as a “ wonderful affection, not very 

frequent among men, being a melting down of the flesh and limbs into urine”. Additionally 

Ayur of Susruta in a Hindu manuscript (6th century AD) described the disease as 

“madhumeha” or honey urine. Much later Paracelsus (1493-1541) (Parcelsus, 1926-1932) 

observed that evaporation of the urine of a diabetic patient yielded a white powdery residue 

which when dried on cloth stained like “gall”, but suggested that the kidneys themselves 

were thirsty because they are salty and that perhaps diabetes was due to dry salt. However 

it was not until a century later that the Englishman Thomas Willis (1621-1675) (Willis, 

1676-1680) described the smell of diabetic urine as “wonderfully sweet as if it were 

imbued with honey or sugar “, thus the adjective mellitus, from the Latin for honey-sweet 

was added to refer to the “pissing evil”. He believed diabetes mellitus was due to acid salts 

in the blood, caused from “immoderate use of wine and cider” resulting in a “mnning 

through of sweet urine”.

The presence of sugar in the urine was demonstrated chemically by Mathew
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Dobson (Dobson, 1776) who made the important deduction that the sugar was not formed 

in the secretory organ (the kidney) but previously existed in the serum of the blood. 

Additionally Richard Mead (1673-1754) considered diabetes as a disease of the liver which 

was widely believed. Kussmaul related the final stages of untreated diabetes to the failure 

of the body cells to utilise the carbohydrate usually broken down to carbon dioxide and 

water providing energy for the activities of the body. The final stages of untreated diabetes 

results in the failure of cells to utilise carbohydrate. Thus glucose accumulates in the blood 

and is passed in the urine as renal tubular resorption is saturated the overload is too great 

for the kidneys. Disturbed fat catabolism results in excessive ketone production. This 

upsets the acid/base balance in the blood leading to acidosis and coma. Beta cell 

destruction remains subclinical for a period of years then it is finally expressed in a clinical 

form by weight loss, polydipsia (constant thirst), polyuria (frequent urination), polyphagia 

(excessive hunger), ketoacidosis and the long term diabetic complications of 

microangiopathy, nephropathy, and neuropathy (Green and Houaard, 1984A; Green and 

Solander, 1984B)).

Later Claude Bernard (Bernard, 1848) discovered that the kidney indeed did not 

produce sugar but excreted the excess into the urine. Additionally he demonstrated that the 

liver stored sugar from the alimentary tract in the form of glycogen to be broken down into 

sugar again when required and passed directly into the blood. Thus it was considered that 

diabetes resulted from an overproduction of sugar by the liver. Bernard also demonstrated 

that puncture of the floor of the fourth ventricle of dog brain gave rise to an increase in 

blood sugar level and eventually to loss of sugar in the urine and temporarily led to the 

belief that diabetes was a disease of the nervous system. Subsequently it was shown that 

this is not the mechanism which causes the increase of blood sugar, ( hyperglycemia) in 

human diabetes.

The origin of diabetes was traced to the pancreas (from the Greek, pan-all and 

kreas-flesh) in 1889 by Minkowski and Von Mering (Von Mering and Minkowski 1889) 

who demonstrated that 24 hours after extirpation of the pancreas of a dog, severe diabetes 

with 5% sugar in the urine resulted. This reproduced the signs of polyuria and polydipsia 

normally associated with human diabetes. Prior to this discovery Paul Langerhans (1849- 

1888) in his doctoral thesis of 1869 showed that the rabbit pancreas contained two systems 

of cells (Langerhans, 1869). The acini or clusters of cells which secrete the normal
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pancreatic juice were scattered throughout the organ and penetrate the acini. Floating in a 

sea of acinar cells were other cells, unconnected with the acini, whose function was 

unknown. Years later Languesse (Languesse et al, 1893) discovered similar cells in the 

human pancreas and named them the islands of Langerhans (lies de Langerhans). He 

suggested that they were the anatomical counterpart of the internal secretory function of the 

organ and that if the pancreas had a secondary function besides secreting digestive juice, 

the islet cells were involved.

Von Mering demonstrated that ligation and/or cutting pancreatic ducts did not cause 

diabetes therefore the absence of pancreatic juice does not cause diabetes only complete 

pancreatectomy produced the disease. Therefore the pancreas was shown to have two 

functional secretions. First the digestive juices which pour out of the ducts into the 

intestine, the external secretion, and the other an internal secretion which fed directly into 

the blood-stream and regulated carbohydrate metabolism. The missing link was supplied 

by Eugene Opie (Opie, 1901) who showed a pathological connection between diabetes and 

damage to the islet tissue, hyalinization of the islets and intercellular fibrosis. It was then 

believed that the pancreas constituted an endocrine gland, the islets produced the internal 

secretion of the pancreas into the “milieu intérieur” as there were no direct connections 

between these islets and the duct system of the pancreas, thus the pancreas constituted an 

endocrine gland as described by Dogiel (Dogiel, 1893). Sir Edward Sharpey-Schafer 

postulated that diabetes was due to lack of an internal secretion produced in these islets 

called insuline, (after the Latin insula, an island) (Schafer, 1895). Bayliss and Starling 

coined the term “hormone” to describe such chemical messengers and when it was realised 

that the pancreas controlled diabetes attempts began to treat the disease with pancreatic 

extracts, generally with unreproducible and mixed results.

From 1900 to 1921 several scientific workers produced various pancreatic extracts. 

Ludwig Zueler demonstrated that minced up, whole pancreas could suppress glycosuria 

and ketonuria in rabbits, and depancreatized dogs and 8 diabetic patients had their 

symptoms relieved by acomatol, his pancreatic extract. However there were toxic side 

effects such as fever and vomiting and so its use was abandoned (Zuel er, 1908).

Marlin and Kramer demonstrated that injections of extracts of pancreas and 

duodenum caused a temporary fall in the excretion of glucose in the urine due to alkalinity 

of the extract. This stül left the problem of how the pancreas affected sugar production and
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its utilisation in the normal animal. It was still assumed that the islets of the pancreas were 

the source of the hyperglycemic agent which was secreted into the blood-stream, 

subsequently passed either to the tissues enabling utilisation of sugar, or to the liver 

inhibiting sugar production. Additionally Israel Kleiner demonstrated a decline in blood 

sugar in depancreatized dogs with ground fresh pancreas extract, similar to results obtained 

by Paulesco.

Treatment of diabetes before the advent of insulin mainly resulted from the studies 

of Fredrick Allen who claimed that diabetes was not only a problem of carbohydrate 

metabolism but also of proteins and fats. He instituted a totally dietary approach following 

on from Apollinaire Boudardat which resulted in patients either dying from their diabetes or 

starving from his under-nutrition regimes.

Fredrick Banting a skilled surgeon became interested in diabetes in relation to 

carbohydrate metabolism and persuaded Prof. Macleod of the physiology department of 

Toronto University to allow him to commence a research project there during the summer 

of 1921 with the aid of a student Charles Best aimed at isolating insulin. In May 1921 

work commenced, by ligating the pancreatic ducts of dogs for 5-6 weeks to allow the 

gradual atrophy of the acinar tissue and elimination of the proteolytic effects of the 

pancreatic enzymes derived from the exocrine tissue. The degenerated pancreas was 

removed, sliced up in chilled Ringer’s solution, partly frozen, then macerated and filtered. 

The filtrate was injected into diabetic dogs that had been pancreatectomized a few days 

earlier. The extract lowered the blood sugar of the dogs and resulted in a rapid amelioration 

of the diabetic state in many of these animals. They had demonstrated conclusively that 

something from the islets of Langerhans was missing in diabetes and this substance 

which they called “Isletin” could reverse the diabetic process, and also that acid/alcohol 

extracts were the most potent

The need for ligation of the pancreatic ducts was avoided by using the pancreas 

from fetal calves which did not contain digestive enzymes such as trypsin until after the 

fourth month of embryonic life. Thus islet cells, more plentiful in relation to the acini, in 

more abundant quantities, and more potent, containing 15-20 units/ml of insulin after 

sterilisation were obtained. By 10th November Banting had administered over 75 doses 

from degenerated pancreatic tissue to 10 different diabetic animals always producing a 

reduction in the percentage of sugar in the blood and sugar excreted in the urine.
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Additionally Collip demonstrated that the extract enabled liver of diabetic animals to form 

glycogen. For chnical trials, an acid/alcohol extract of normal beef pancreas was utilised, 

as the insulin source had to be commercially viable. Although less potent than the fetal 

extract, it was a suitable source of insulin for treating man.

On November 11th 1921 Banting and Best presented their discovery to the Medical 

Faculty of the University of Toronto and subsequently on December 30th 1921 at the 

Physiological Society conference at Yale university. The findings were published in an 

article entitled “The internal secretion of the pancreas” published in the Academy of 

Medicine Bulletin February 1922 and the Journal of Laboratory and Clinical Medicine 

(Banting, 1922A).

Word spread of their discovery when the first diabetic, a 14 year old boy Leonard 

Thompson was administered the acid/alcohol pancreatic extract, which reduced blood and 

urine sugar to normal hmits, eventually allowing Thompson to lead a normal life. This was 

the first dramatic demonstration that insulin could produce its effects on human beings as 

well as diabetic dogs. Clinical trails commenced at the Toronto General Hospital in January 

1922 under Drs Walter Campbell and Amon Fletcher. All demonstrated the same fall in 

sugar in the blood and the disappearance of sugar from the urine. Initial studies produced 

erratic results owing to the presence of impurities. However Collip succeeded in making 

an extract that was less toxic and more effective. The results were published in May 1922 

in the Canadian Medical Journal describing “highly potent extracts” which were “however 

somewhat toxic, and they were apt to cause local abscesses at the point of injection” 

(Banting et al, 1922B).

Supplies of insuhn dwindled as demand grew and the methods used to produce 

small quantities of insulin were not successful when tried on a larger scale by the 

Connaught Anti-toxin Labs. A patent was taken out in April 1922 and large scale 

production of insulin from pork pancreas followed. This was supervised by Dr Clowes, 

research director of the Eli Lilly company of Indianapolis, working under an exclusive one 

year licence granted by the insulin committee of the University of Toronto, set up to 

standardise aU insulin preparations prior to distribution. Diabetics were hterally camping at 

the doors of the laboratory trying to obtain insulin. Clinical trials were resumed in 

Indianapolis, Boston, Toronto and Morristown by Dr F. Allen. The use of insulin 

gradually spread throughout Europe. Produced in the UK by Burroughs Wellcome and the
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joint venture between Allen and Hanburys and the British Drug Houses, and in Denmark 

by the Nordisk Insuhn Laboratory. By mid-September 1923 Lilly’s development of 

manufacture expanded to the point where 25,000 American diabetics were receiving insulin 

from 7,000 physicians. Insuhn was endorsed as one of the most important medical 

discoveries of the modem age by doctors with impeccable credentials: Allen, Jolsin, and 

Geyelin. In 1923 the Nobel Prize was awarded for the discovery of insuhn to F. Banting.

Separation of insuhn from other proteins due to differing acidities removed inert 

material in the extract and prevented lump formation at the injection site. Purification of 

insuhn in a crystalhne form which contained zinc was achieved by J. Abel (Abel, 1926). 

This purified form produced less irritation at the injection site but was not as potent. 

Further, H. Hagedom demonstrated that insuhn combined with protamine, a smah 

molecule extracted from fish sperm and a trace amount of zinc produced a stable 

combination that prolonged the action of insuhn (PZI) which initiated a new phase in the 

treatment of diabetics with insuhn. Additionahy modified insuhns, intermediate in their 

period of action between the quickly spent crystahine and the very long acting PZI, 

(namely Globin insuhn, NPH insuhn and lente insuhn) were developed. The factor 

determining the promptness with which the injected zinc insuhn preparation becomes 

effective depends upon solubihty in the blood. It remains to be clarified how insuhn is 

formed, stored and secreted by the islets. Alternatively a means of producing a glucose 

sensor with an insuhn pump the action of which could be regulated by the blood sugar 

itself could solve many problems in relation to regulation.

Insuhn was the first protein for which the structure was established by F. Sanger. 

It consists of 51 amino acids arranged in two chains of 30 and 21 amino acids.

During the 1920’s it was beheved that diabetes had been “cured”, however it was 

merely a replacement therapy which permitted a better utihsation of diet richer in calories 

and carbohydrate. Over-dosage of insuhn leads to hypoglycemic reactions, and unless 

counteracted with glucose eventuahy to a state of unconsciousness. Therefore the amount 

injected had to be brought into harmony with diet and exercise. Thus the life expectancy of 

the diabetic taking insuhn increased, as did the quality of hfe. In essence a miraculous 

change has been brought about for milhons of people by the discovery of insulin and the 

work done to make it more effective.

In spite of adequate control of the blood sugar level with insuhn an insidious
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progression of degenerative changes in the walls of the blood vessels takes place 

continuously in the diabetic, thereby leading to the so-called “diabetic complications” due 

to damage of the capillary blood vessels of the retina at the back of the eye (retinopathy), 

the kidney (nephropathy), degenerative changes of the CNS (neuropathy) and hardening of 

the arteries leading respectively to blindness, kidney disease and ischaemic heart disease. 

After 20 years of diabetes, 80% of patients had retinopathy and of these, 20% were 

destined to die of kidney failure within another 10-15 years. All these conditions are 

believed to be consequences of metabolic disturbances and so although insulin provides an 

effective treatment for sustaining the life of the diabetic patient, there is threatening excess 

morbidity and mortality with long term insuhn therapy.

Over the past 20 years a tremendous research programme has been implemented to 

investigate the mechanisms of the aetiology and pathogenesis of diabetes meUitus following 

current advances in autoimmunity and immunology in general. Significant advances in 

morphologic techniques such as qualitative and quantitative histochemistry, (staining with 

fluorescent antibodies, electron microscopy etc.), have been applied to human and 

experimental diabetes and contributed to a fundamental appreciation of the physiological 

processes occurring in the islets of Langerhans. In particular, the growing field of research 

in various animal species which exhibit spontaneous or hereditary disturbances of 

carbohydrate metabolism has remarkably widened the scope our knowledge of diabetes. 

The disease characterised by a common hyperglycemia has been classified into “ juvenile 

onset” (type 1) diabetes (insulin requiring) and “maturity onset” (or type 2) (non-insulin 

requiring). In the 1970’s it became evident that these two hyperglycemic forms were two 

distinct entities since although both had an HLA association only type 1 diabetes 

demonstrated involvement of anti-pancreatic antibodies and cell-mediated immunity.

This thesis will deal exclusively with IDDM or Type 1 diabetes and the 

autoimmune nature and aetiology of the disease. Having reviewed some of the literature 

pertaining to autoimmunity and immunological tolerance in the previous chapter (since 

IDDM results from a breakdown of the latter), I will further review the relevant literature 

on the NOD mouse model of IDDM with reference to the other main animal model the BB 

rat, and human diabetes.
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(ClfilAIPTriEIR 3

The NOD Mouse as an Animal Model of Human Tvne 1 Insulin 

Dependent Diabetes Mellitus (IDDM).
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At the time of presentation with diabetes, insulitis (mononuclear cell infiltration of 

pancreatic islets) has progressed already to such an extent that 80% of the 6 cells have been 

destroyed by autoimmune phenomena (Gepts; 1965, Rossini etcd\ 1985). Thus successful 

treatment should commence at an earlier phase, before disease onset and involve 

suppression of insulitis. Therefore a twofold research campaign is required aimed at both 

predicting diabetes onset and prevention of further 6 cell destruction and diabetic 

complications. As it is not feasible to carry out a programme of diabetes intervention in 

humans, it is necessary to utilise suitable animal models of the human disease (reviewed 

by Castano and Eisenbarth, 1990). There are several species displaying either spontaneous 

or induced hyperglycemia and diabetes, including several diabetes susceptible genotypes in 

mice exhibiting various forms of heritable glucose intolerance syndromes (Mordes and 

Rossini, 1985). This thesis wiU describe studies on one such model:- The spontaneously 

diabetic non-obese diabetic mouse (NOD) with reference to the BioBreeding (BB) rat 

model of IDDM (Nakhooda et al, 1977) and the more recently described LETL rat 

(Kawano eW/, 1989).

3.1 Derivation of the Non-Ohese Diabetic Mouse (NODT

In 1966 cataract prone mice were found among the outbred ICR mice. Since 

cataracts are often observed in diabetic patients, selective breeding was performed in 1974 

by Makino at the Shiongoni Research Laboratories, Osaka, Japan. In an attempt to obtain 

a cataract-prone line, two lines were segregated on the basis of blood glucose. One of 

these lines showed normal blood glucoses (later termed NOD [non-obese diabetic]) and the 

other, NON (non-obese noimal) had a mild hyperglycemia. A female from the 

“normoglycemic line” exhibiting polyuria, glycosuria and severe weight loss was found 

and this was used to establish a selective breeding programme. At the fifth generation of 

selective inbreeding of the diabetogenic mice severe hyperglycemia was observed in the 

NOD line and after a further twenty generations insulin dependent diabetes mellitus 

(IDDM) was observed in 80% of NOD females. Thus in 1980 the NOD strain was derived 

(Makino gr a / , 1980).

A breeding colony of NOD mice was established at the Jackson Laboratory, Bar 

Harbo^, USA which supplied breeding pairs to estabhsh our own colony at the Clinical 

Research Centre, Harrow, (NOD/CRC). Recent worldwide distribution of NOD mice has 

led to the formation of different colonies with variable incidences of diabetes.
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The NOD model has many desirable features as a diabetes research tool. Typically it 

exhibits a prediabetic period of about six months during which time exogenous insulin is 

not required followed by abrupt onset of overt diabetes. In addition there are many other 

similarities to the human diabetic: insulitis (mononuclear cell infiltration of the pancreas) 

with 6 cell destruction, insulin insufficiency leading to acute metabolic, biochemical and 

morphological abnormalities including susceptibility to ketoacidosis and the appearance of 

islet cell antibody and islet surface antibody in the plasma. In addition the NOD mouse 

provides a useful model for genetic and immunological studies of diabetes and is a 

promising model for human Sjogren’s syndrome (Goillot et al, 1991). Environmental 

factors (Leiter, 1990) such as, diet (Coleman et al ; 1990, Elliott etal ; 1988) and infection 

(Oldstone; 1988, Dyrberg; 1990) affect the incidence of diabetes which may contribute to 

the observed colony-dependent variation in disease incidence.

3.2 General Characteristics of the NOD Mouse

NOD mice develop diabetes after 13 weeks of age with a marked excess of diabetes 

among female (70-80% at 30 weeks of age) in contrast with male NOD mice (below 20% 

at 30 weeks of age) for most colonies (Tochino, 1987). However analysis of diabetes 

incidence in NOD colonies suggest that the apparent gender bias is less reflective of a sex 

difference than of environmental factors which could modify susceptibility gene 

penetrance. The clinical onset of diabetes is described by the symptoms of ketonuria, 

glycosuria, hyperglycemia, hypercholesterolemia, polydipsia, polyuria and polyphagia. 

Insulin injections improve these symptoms but if left untreated the animals lose weight and 

death ensues (Makino 1980).

Development of overt diabetes in NOD mice is under the control of sex hormones 

as testosterone inhibits the onset of overt diabetes in castrated males and females, while 

estradiol does not enhance its occurrence (Tochino, 1979). Further female ovarectomy 

prevents disease, the incidence reduced to that of untreated males, whereas castration 

increases the incidence of overt disease in males (Makino et al, 1981). More than 98% of 

NOD mice of both sexes have mononuclear cell infiltration of the islets of Langerhans with 

selective destruction of the 6 cells. A similar mononuclear cell infiltration of the pancreatic 

islets was noticed in young diabetic patients by early pathologists and designated insulitis 

by Von Mering (Von Mering, 1889) and reported by Gepts (Gepts, 1965) as the
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characteristic pathological change in patients with juvenile-onset diabetes who died after a 

rapid course of the disease.

Histological changes in the pancreas of NOD mice commence at 4-6 weeks of age 

characterised by lymphocytic infiltration around (peri-) and later in (intra-) the islets in 

82% of females and 58% of male NOD mice (Fujita et a l , 1982). Consequent specific 

degradation and disappearance of 6 ceUs ensues in 80-90% of female, and in less than 

20% of male, NOD mice resulting in overt diabetes.

Fujita (Fujita et at, 1982) produced the first detailed paper documenting the 

histological changes in the NOD mouse pancreas by immunohistochemical and electron 

microscopic observations. No insulitis and no marked changes in the number or size of 

pancreatic islets were observed in either male or female NOD mice until 3 weeks after 

birth. Subsequent histological changes were divided into three stages, the initial stage of 

lymphocytic infiltration occurred at 4-5 weeks of age at the post capillary venule. During 

the second stage of infiltration the islet was surrounded by a ring of lymphocytes of 

increasing size which destroyed the islet morphology. This resulted in a decrease in islet 

size and the gradual replacement by the massive lymphocytic infiltration which 

corresponded to the final stage and onset of diabetes. Only 6 cells were damaged by the 

lymphocytic infiltration. With the advance of degeneration adjacent 6 cells fused with each 

other, lost polarity and swelled with numerous secretory granules. The nuclei became 

pyknotic, the cistemae of rough endoplasmic reticulum became confluent and vacuolations 

appeared in the secretory granules. Islets free of lymphocyte invasion coexisted with those 

with severe insulitis, indicating that the progression of insulitis was not uniform. As the 

mice aged, the proportion of intact islets decreased with an increase in the number of islets 

showing severe insulitis. The typical manifestations of overt diabetes did not appear until

most of the P cells disappeared. Glucagon and somatostatin containing cells were then the

main components of the islet and formed clusters of each cell type two weeks or more after 

the onset of diabetes to form small islets which lack lymphocytes. Makino (Makino et at, 

1982) noticed an apparent increase in the somatostatin content of the pancreas in diabetic 

NOD mice compared to non-diabetic. This observation has also been reported in several 

human and animal models (Heilman and Peterson, 1963) of diabetes although its 

significance is controversial.
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3.3 The Role of T cells and Abnormalities of Cellular Immunity in 

Disease Manifestation

Recent studies with monoclonal antibodies demonstrated that the cells infiltrating

the islet were predominantly T cells, most of which were of the CD4'*' (Th) phenotype

although CDS"*" (Tc/Ts) cells and NK cells were also demonstrated (Tochino et al ,1987;

Shimizu et al , 1987). The T lymphocytes were localised close to islet cells while Ig 

bearing cells appeared adjacent to blood vessels and around T cell clusters (Miyazaki et al,

1985). Definitive evidence that T cells were essential for lymphocytic infiltration not only 

of the pancreas but also of submandibular glands was demonstrated by Goillot (Goillot et 

al, 1991). Infiltration of lymphocytes into other organs is found in human type 1 diabetes 

combined with autoimmune abnormality (Nerup et al, 1973) and also in spontaneously 

diabetic BB rats (Stern ithal etal, 1981).

Neonatal thymectomy prevents the spontaneous occurrence of IDDM in both NOD 

mice (Ogawa et al, 1985) and BB rats (Like et al, 1982). Athymic NOD mice did not 

develop insulitis at 9 weeks or overt diabetes at 30 weeks in contrast to their euthymie 

congenic littermates. The latter also exhibited infiltration of the other organs associated 

with the autoimmune phenomenon (Makino et al, 1986A). Additionally, Dardenne 

(Dardenne et al, 1989) demonstrated that onset of diabetes in NOD mice is under thymic 

regulation and that T cells are essential for disease development. Their studies showed that 

thymectomy at weaning increased diabetes incidence in female NOD mice possibly due to 

the loss of some T cell dependent suppressor mechanisms, whereas thymectomy at 6-7 

weeks had no effect on disease incidence. The immunosuppressive drug, cyclosporine, 

which is known to affect both T cell function and antigen presentation, prevents the onset 

of IDDM in both NOD mice and BB rats (Laupacis et al, 1983; Like et a l , 1983, 1984; 

Jaworski et al, 1986; Mori et al, 1986). These experiments confirm that the thymus and T 

cells play an obligatory role in the occurrence of insulitis in the NOD mouse, although

some additional factors may be necessary for the destruction of P cells.

Lymphocytic infiltration occurs not only in the pancreas of NOD mice but in other 

organs including submandibular glands, thyroid, adrenal glands ovaries and testes 

(Hanafusa et al, 1985) thus the animals appear to develop polyendocrine immunological
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abnormalities. In addition autoantibodies are produced against the thyroid, submandibular 

glands (providing histopathological findings quite similar to Sjogrens syndrome) and red 

blood cells (leading to Coombs'-positive haemolytic anaemia) (Baxter and Mandel, 

1991 A). The immunological involvement of salivary glands in the pathogenesis of IDDM 

has not been extensively studied in the NOD mouse. However, I have examined such 

submandibular salivary glands with particular reference to transgenic animals by 

immunohistochemistry, which will be reviewed in chapter 8.

Many aspects of cellular immunity in the NOD mouse have been studied, often with 

discordant results similar to those studies in the human and BB rat. Miyazaki, Ikehara and 

PontesiUi (Miyazaki et al, 1985; Ikehara et al, 1985; Pontesilli et al, 1987 ) have shown 

that peripheral T cell numbers both Th (CD4) and Tc/Ts (CD8) were increased during the 

initial stages of insulitis and remained elevated in NOD mice of all ages and in both sexes, 

compared to control mice, but there was no imbalance of the two subpopulations. Also, 

the percentage of B cells was lower in the NOD mouse spleen compared to ICR mice 

during the early stages of insulitis. The number of circulating mononuclear cells in the 

blood of NOD mice, estimated by density centrifugation was originally reported to be 

significantly lower than in ICR mice (Kataoka et al, 1983). Whether these differences 

depend on the age of NOD mice or the method of analysis for lymphocyte subsets remains 

to be demonstrated. Although the later study showed that both Th number and the 

percentage of circulating B cells was normal, there was enhanced production of polyclonal 

antibodies to T cell dependent antigens. There were also selective abnormalities of cellular 

immunity as the antigen non-specific defence mechanisms, (namely macrophages, NK 

cells, CTL, ADCC and humoral factors) were decreased in the NOD mouse, and 

diminished resistance to herpes virus infection compared to control ICR mice. Indeed 

Kataoka (Kataoka et al, 1983) demonstrated that NOD mice display lymphocytopenia and 

impaired ceUular immunity, but responsiveness to Con A was normal. It was concluded 

that there may be a positive association between T cell number and function in female NOD 

mice. This result is inconclusive as the non-inbred ICR mouse was used as the basis for 

comparison and because of their genetic heterogeneity they do not provide a constant 

reference for the comparison of in-bred strains derived from them. Leiter (Leiter et al,

1986) showed that NOD mice exhibited T-lymphocyte hyperplasia with T cells retaining 

strong mitogen responsiveness whereas NON mice developed T-lymphocytopenia and
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functional anergy by 20 weeks. B cell functions (as measured by autoantibody production 

and responsiveness to lipopolysaccharide and BSA) were stimulated supporting previous 

findings of an exaggerated immune response in the NOD.

Interestingly, another animal model of type I diabetes the C57/KSJ mouse 

(homozygous for the autosomal recessive diabetogenic gene (db/db)) displays anti-islet 

immunity, manifests thymic dysfunction and lymphopenia. This is attributed to a marked 

decrease in thymic thymulin levels contributing to an excessive helper-suppressor cytotoxic 

ratio probably triggering anti-islet immunity (Boillot etal, 1986). The percentage of splenic 

lymphocytes in the BB rat has also been reported to be markedly decreased due to a 

reduction in both Th and Tc/s numbers (Jackson et al, 1981). Such discrepancies suggest 

that in spite of similarities in the clinical course of the disease, NOD mice seem to have 

characteristic immunological features distinct from the BB rat.

In general, studies of circulating lymphocytes in IDDM patients have yielded 

conflicting findings as a result of the use of different assays and selection of patients at 

different stages of disease. Analysis of peripheral blood mononuclear cells from such 

patients demonstrated that 40% had a deficiency of Ts/c and some had deficient Con A 

induced suppression (Gupta et al, 1982). Indeed Buschard (Buschard et al, 1983) 

demonstrated a high Th/Tc ratio at diagnosis but a normal distribution of T ceU subsets in 

IDDM patients within a few weeks. Other studies have suggested that the frequency of Th 

cells in IDDM patients at the time of disease onset is normal, (Gupta et al ; 1982, Jackson 

etal ; 1982, Ilonen etal ; 1984), or increased (De Berardinis et al, 1988B) however studies 

of the Tc/Ts population are inconsistent some reported normal (Jackson et al ; 1982, 

Rodier et al; 1984), others increased (Ilonen e ta l, 1984) and still others decreased (Gupta 

etal, 1982; Buschard e ra /, 1983).

Cellular abnormalities in the NOD mouse were demonstrated by Mamyama 

(Maruyama et al, 1984). Non-MHC restricted ADCC (antibody dependent cellular 

cytotoxicity) activity directed towards BALB/c islets was detected, indicating that 

lymphocytes from NOD mice are sensitised to islet cell antigens. Non-specific cellular 

immunity (such as NK cells) was reduced as were spleen cell numbers compared to control 

ICR mice (Kataoka et al, 1983). This finding parallels that in the human where 

lymphocytes from IDDM patients have been shown to destroy cultured rat islet cells (Krug 

et al, 1991).
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An increase in ADCC activity was reported in overtly diabetic but not prediabetic 

NOD mice compared to ICR mice (Nakajima et al, 1986). Interestingly complement- 

dependent antibody-mediated cytotoxicity (CAMC) was not increased and there was no 

correlation between ICSA levels and CAMC levels in NOD mouse sera (Suzuki et al, 

1983). Spleen cells from NOD mice contained a higher percentage of Thy 1.2+, L3T4+ and 

Lyt2+ T lymphocytes than ICR mice and were found to generate lower IL-2 production 

and cell proliferation following Con A stimulation (Kataoka et al, 1983; Handa et al, 

1983; Yokono et al, 1989; Hatamori et al , 1990) through macrophage mediated 

suppression by prostaglandins. Similar suppression has also been reported in the BB rat 

(Prud’Hommee^fl/, 1984) and IDDM patients (Zier et al, 1984; Kaye era/, 1986).

Diabetes may result from an alteration of the fine balance between active 

suppression and immunity. A defect in number or function of either of these cell types

may result in the breakthrough of P ceU autoimmunity. Comparisons of high and low

incidence disease strains NOD/Lt and NOD/WEHI respectively showed that the latter 

demonstrated a heightened syngeneic mixed lymphocyte reaction (SMLR) a T cell 

response to self MHC class II antigen involved in the generation of a number of 

immunoregulatory cells including suppressor inducers, compared to the former (Baxter et 

al, 1989; Baxter et al, 1991C). This may reflect the generation of suppressor function in 

NOD/WEHI mice accounting for the low diabetes incidence. Depressed suppressor T cell 

activation in the NOD/Lt mice have also been reported by Serreze and Leiter (1988B), 

which could derange the regulatory T cell circuit allowing the generation of specific 

autoreactive Th and contribute to the pathogenesis of IDDM in this high incidence strain. 

Serreze showed that NOD mice demonstrated a depressed SMLR caused by a stimulator 

dysfunction and loss of Ts activity. This further abnormality could initiate an autoimmune 

response against the 6 cell (Serreze and Leiter, 1988A). Loss of Ts activity is a common 

finding in IDDM patients. Lohmann (Lohmann et al, 1986) has shown that the 

cytotoxicity of PBL from newly diagnosed IDDM patients to isolated rat islets was 

reduced by the addition of normal PBL indicating that a defect in suppressor function 

exists contributing to the imbalance of the regulatory system. The exact role of suppressor 

T cells or the phenomenon of suppression in IDDM awaits further clarification, but 

current opinion would seem to suggest that an alteration of the finely balanced network of
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suppressor and inducer could lead to autoimmunity. In other autoimmune diseases such as 

multiple sclerosis (Morimoto et al, 1987A) and SLE (Morimoto et al, 1987B) 

immunoregulatory disturbances have been noted with decreased numbers of suppressor- 

inducer cells in the periphery. These studies suggest a predominant role for cell-mediated 

immunity in the pathogenesis of IDDM in the human and in both the spontaneous animal 

models, namely the NOD mouse and BB rat This may indicate the prerequisite of an initial 

triggering stimulus prior to the activation of autoreactive lymphocytes.

3.4 The Role of Autoantihodies in Disease Manifestation

There is an indication that the humoral immune system is involved in the disease 

process in rodents and humans as suggested by the presence of antibody reactivity to 

insulin (lAA), a cytoplasmic islet cell antigen (ICA) and an islet cell surface antigen 

(ICSA). Such autoantibodies could be utilised to identify the autoantigen acting as the 

immunogen thus presenting a potential route for therapeutic immunomodulation through 

blocking responses to a specific autoantigen. Attempts have been made to isolate antibodies 

to pancreatic islets and 6 cells in both the human and animal models of IDDM in order to 

obtain reagents for the identification of islet specific antigens.

MacLaien (MacLaren etal, 1975) has described antibodies to both the surface of 

cultured human insulinoma cells and to the plasma membranes of islet cells from the sera 

of IDDM patients; islet cell surface antibodies (ICSA). ICSA -positive sera from newly 

diagnosed diabetics immunoprecipitated the 64KD protein from human islets (Baekkeskov

et al, 1982). ICSA also develop in BB rats and can bind specifically to islet p cells. The

appearance of these antibodies is related to the time of onset of disease and to the age of the 

animal (Pipeleers et al, 1987). Later studies demonstrated that NOD anti-islet cell 

antibodies bound to non diabetic islet cells, rat and human islet cells and 6 cell tumour lines 

and identified a 64Kd membrane antigen detected exclusively by sera of human diabetic 

individuals, in agreement with the previous theory (Supon etal, 1990). Autoantibodies to a 

64,000Mj. (64Kd) islet ceU protein have been detected in the sera of IDDM patients years 

before the onset of symptoms (Baekkeskov etal, 1982, 1987; Atkinson etal, 1990). The 

64,000 Mr islet cell autoantigen is a form of glutamate decarboxylase (GAD;

E.C.4.1.1.15), the enzyme responsible for the synthesis of y-aminobutyiic acid (GABA)
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in brain, peripheral neurons, pancreas, and other organs (Baekkeskov et al, 1990). 

Antibodies to the 64,000 Mj. (GAD) proteins are the earliest and most reliable predictive 

marker of IDDM in humans and are also present in the two animal models of IDDM. It is 

detected in 87% of sera from newly diagnosed diabetic NOD mice (Atkinson and 

Maclaren, 1988). The antibody was detectable at weaning, disappeared within weeks of 

diabetes onset and was absent in older nondiabetic NOD mice. In the BB rat this antibody 

remained for 8 weeks before clinical onset of IDDM ( Beakkeskov e ta l , 1983,1984). An 

ICSA specific antigen with similar molecular weight was identified by Hari (Hari et al, 

1986 ) from polyclonal ICSA positive sera. Interestingly upregulation of the synthesis of 

this 64,000Mj. (64Kd) antigen was demonstrated after infection with a diabetes inducing 

strain of coxsackie virus B4 (CB4) in SJL/J and CDl mice (Gerling et al; 1988, 

Schemthaner etal; 1985). Thus it is possible that an immune reaction to exogenous antigen 

may initiate or enhance an autoimmune reaction by increasing the 64Kd antigen 

expression. Kargounos (Kargounos et al, 1990) demonstrated that sera from NOD mice 

and 29% of IDDM patients contained autoantibodies to a 52Kd RINM5F cell specific 

membrane protein implying that the autoimmune response may be directed against a 

common epitope in the two species. Boitard (Boitard et al, 1984) has demonstrated that 

autoantibodies specific for a 58Kd antigen present on RIN5F insuhnoma show cross

reactivity with NOD class n  antigens. Common antigenic sites could be shared by the 

salivary gland and pancreas as antibodies to both salivary gland and islet cell proteins are 

detected in NOD mice (Hanafusa gW/, 1985).

Other IDDM associated autoantibodies, such as those against insulin and 

cytoplasmic gangliosides of islet cells (ICA), appear later, possibly as a consequence of 

the release of these antigens from damaged islets cells. The first reports of circulating 

cytoplasmic islet ceU antibodies (ICA) in IDDM patients were published in 1974 (Bottazzo 

e t a l , 1974; MacCuish et al, 1974). Such antibodies have a relatively high prevalence in 

newly diagnosed IDDM patients (Lendrum et a l , 1976; Del Prete et a l , 1977). However

ICA have a broad cell specificity and as IDDM selectively depletes p cells, they are 

unlikely to play a direct role in P cell destruction. These antibodies may provide a useful 

marker of ongoing p cell destmction and hence have a diagnostic value in predicting future
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IDDM patients since they may be present several years prior to clinical onset of disease 

(Bottazzo et al, 1980; Gorsach et al , 1981; Tam et al , 1987). Antibody prevalence 

decreases with the duration of IDDM probably reflecting the gradual loss of the antigenic

stimulus present on p cells. Insulin autoantibodies (lAA) have also been reported in 41%

of nondiabetic and 46% of diabetic NOD mice (Serreze et al, 1988B) which could be 

secondary to B cell damage and thus represent a marker of 6 cell destruction. Alternatively 

such antibodies may participate at the onset of autoimmunity by interaction with idiotypic 

networks and therefore be responsible for altered glucose homeostasis. The presence of 

LAA did not always reflect insulitis nor was it sufficient for the development of overt 

diabetes and was present in the sera of low-dose streptozotocin mice (Maruyama et al,

1986). In another study LAA were present in 47-58% of 75-100 day old NOD mice, an 

age when insuhtis is known to have already developed (Pontesilli etal, 1987). Conflicting 

observations have been made with regard to the significance of insuhn autoantibodies. 

Serreze reported their appearance several weeks before the chnical onset of diabetes but at 

a time when B ceh necrosis was already noted, suggesting that humoral autoantibody 

probably was not the instigator of B cell necrosis but a marker of islet ceh autoimmunity 

(Serreze etal, 1988B). However Michel (Michel et al, 1989) detected lAA at 5 weeks in 

NOD mice, long before the chnical onset of disease and suggests that they may have a 

significant pathogenic role. Immunisation of NOD mice with p73, (a product of an 

endogenous retroviral [Type A intracistemal plasmid (LAP)] gene expression) which shares 

common antigenic sites with insuhn and Ig E binding factor, (an example of molecular 

mimicry) results in the appearance of insuhn and p73 autoantibodies. At this time there is a 

major decrease in pancreatic insuhn content and loss of glycémie control suggesting, that 

the appearance of LAAs reflect underlying B-cell destruction (Serreze etal, 1988B). ICSA,

in contrast to ICA, can in the presence of complement, lyse cultured p ceUs preferentially

(Dobersen et al ; 1980, Dobersen et al ; 1982) and thus may have some pathological 

importance. ICSA could mediate cytotoxicity by antibody dependent cellular cytotoxicity 

(ADCC) in which ICSA antibodies bind to the Fc receptors of cells such as NK, K cells 

and macrophages, this phenomenon has been described in vitro (Huang and MacLaren, 

1976). The prognostic value of ICSA is uncertain since 25% of sera from healthy first 

degree relative are also positive for ICSA (Dobersen etal, 1980).
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Additionally lAA have also been demonstrated in the sera of BB rats (Dean et al, 

1987) and at least 18% of untreated IDDM patients and may be a superior marker of 6 cell 

damage than ICA (Palmer etal ; 1983, Wilkin etal ; 1985). Ziegler (Ziegler etal, 1989) has 

suggested that the appearance of lAA may be due to the abrogation of humoral tolerance to 

insulin during the immune destruction of insulin synthesising cells which is under genetic 

control. However no correlation between the presence of lAA and ICSA has been shown 

(Wilkin et al, 1990) suggesting that they could be independent markers for islet cell 

autoimmunity. lAA may provide markers for genetic susceptibility and ICA for active 

insulitis in man. Finally circulating lAA have been described by Palmer et al (Palmer et al, 

1983) in children at the time of diagnosis of IDDM. However controversy persists 

regarding the prevalence and predictive value of lAA as a marker for IDDM as insulin 

antibodies can occur following administration of exogenous insulin, and different assay 

systems for detection have been utilised. Consensus of opinion states that 20-60% of 

IDDM patients at onset are positive for LAA (Arslanian et al ; 1985, Wilkin et al ; 1985, 

Atkinson etal ; 1986, Karjalainen etal ; 1986) which can be detected several years prior to 

disease manifestation (Soeldner etal ; 1985, Dean etal ; 1986, Srikanta etal ; 1986).

Most research suggests that islet cell antibodies result from polyclonal B cell

activation following release of islet-specific antigens from the damaged P cell, therefore 

they are not of primary pathogenic importance, but could be involved in the later stages of

P cell destruction. However, the combined presence of several autoantibodies in sera,

represents a higher predictive index than the presence of any single marker alone.

ICSA were also demonstrated in both NOD and control mice and in males and 

females regardless of subsequent diabetes onset, however no animal developed diabetes 

without prior appearance of both lAA and ICA. The presence of LAA has varied relative to 

the characteristics of the assays utilised but Ziegler (Ziegler et al, 1989) has shown that 

NOD mice express high, competitive insulin autoantibody levels before progressing to 

overt diabetes. Thus, overall current opinion would seem to suggest that the antibodies 

which appear after weaning in the NOD mouse are a predictive marker rather than directly 

involved in disease initiation or pathogenesis.

Antibodies to islet cell surface antigens (ICSA) and islet cell antigens (ICA) have
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been demonstrated in the sera of NOD mice. There are few reports of ICA in the NOD 

mouse. However one recent study found a relatively low incidence of ICA in NOD sera 

(Hanafusa et al, 1985), whereas a high incidence (60-80%) was found in another study at 

4 to 11 weeks of age (Toyotaera/, 1984). In comparison Reddy showed that ICA appeared 

at day 15 after birth, preceding insulitis but the presence of such antibodies did not 

correlate with the expected incidence of diabetes (Reddy etal, 1988). High levels of both 

ICA and LAA markers prior to onset suggested a strong predisposition to clinical diabetes.

The appearance of ICSA has been reported in 10 to 50% prediabetic NOD mice at 

6 to 12 weeks of age, reaching maximal prevalence (50-70%) just before the onset of 

overt diabetes. After disease onset, ICSA decreased (Kanazawa et al, 1984). These results 

complement the studies of Kida (Kida et al, 1986) who reported that the incidence of ICSA 

in both female and male NOD mice was approximately 70% at 9 weeks of age. Contrary to 

these findings Pontesilli showed that ICSA were absent in 75-100 day old NOD but 33- 

43% of 150-185 day old NOD expressed the autoantibodies (Pontesilli et al, 1987). ICSA 

and lymphocyte antibodies also precede spontaneous antibodies in the BB rat (Dyrberg et 

al, 1984).

Humoral abnormalities including overproduction of Ig and the presence of 

thymocytotoxic antibodies several weeks before diabetes onset was found to be unrelated

to the pathogenesis of the disease as anti-|X suppression of NOD recipient did not abrogate

the diabetogenic process induced by adoptive transfer of T cells (Bendelac et al, 1988). 

Bendelac (Bendelac et al, 1988) has shown in the neonatal transfer model that B cell 

suppressed recipients exhibited the same susceptibility to diabetes as transfer controls. 

Thus the NOD mouse provides a murine model whereby T cell mediated organ specific 

disease coexists with B cell anomalies of apparently little significance. An increased 

incidence of thyroid, adrenal and parietal autoantibodies has been demonstrated in children 

with IDDM (Nerup et al ; 1973, Kokkonen et al ; 1982). The presence of numerous 

autoantibodies in IDDM patients is in agreement with the theory of polyclonal B cell 

activation in recent onset IDDM.

Besides autoantibodies directed at putative islet cell antigens NOD mouse sera also 

contain antibodies with specificity for lymphocyte-cell -surface determinants which have 

similar characteristics to natural thymocytotoxic antibodies from mice undergoing
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polyclonal B cell activation. The implication is that NOD mice develop manifestations of 

polyclonal B cell activation.

3.5 Genetics of IDDM in the NOD Mouse 

Autoimmune IDDM in man is an inherited disease with MHC linked genes 

contributing to the genetic susceptibility. Ninety percent of diabetic Caucasians express 

DR3 and/or DR4 antigens compared with 60% in the total population. This association 

may be not with DR itself but with some other gene in linkage disequilibrium for example 

HLA-DQB 1*0302 has been shown to be associated with disease susceptibility (Todd et al,

1987). Analysis of the BB rat model (RTl^) has indicated that at least two independent

genes or gene complexes are necessary for the inheritance of diabetes, one gene closely 

linked to RTl (the rat MHC) and a second linked to the locus that controls the T cell 

lymphopenia (Jackson et aU 1981,1984). Buse (Buse et al, 1984) has also hypothesised 

that the rat’s RTl linked diabetogenic gene (RTl-DM) is linked to an I-A alpha gene. 

Therefore considerable effort has been expended to analyse the NOD mouse MHC, in 

particular the immune response genes (I-A and I-E) to assess if the diabetogenic genes 

map to these regions. Serological analysis of class I MHC alleles indicates that the NOD

mouse is H-2K^ and H-2D^. Hattori (Hattori et al, 1986) has also analysed the NOD

mouse MHC with antibodies against class II glycoproteins, hybrid T-cell clones, mixed 

lymphocyte cultures and analysis of restriction fragment length polymorphisms (RFLP) 

and indicated that the NOD mouse has a unique class II MHC. There is no surface 

expression of I-E due a 650 base pair deletion in the promoter region for messenger RNA

for the I-Ea similar to that seen in the H-2^ haplotype and there is a unique I-A  which

was not recognised by any monoclonal antibodies or hybrid T-cell clones studied. RFLP

analysis by Lund (Lund et al, 1990A) has shown that the H-2K gene is like the d 

haplotype but there appears to be mutations within and around the K region and a number 

of RFLP’s in the class II MHC region. Fewer genes have been found in the Q region of 

the NOD mouse than the C57BL/10 and BALB/c mouse. NON mice showed complete 

identity with the b haplotype in the MHC class I region for the KI, K and Q7 and Q9 

genes. The class HI region in the NOD was different from that of the b- and d haplotype 

clearly indicating that the MHC region in the NOD and NON mouse are each unique.
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Further analysis by Acha-Orbea (Acha-Orbea and McDevitt, 1987) utilising full length 

cDNA clones encoding I-Aa and p chains demonstrated that they were identical to the H-

2^ haplotype except for the sequence encoding the first external domain, the leader peptide

and the 5 ’ untranslated region of the I-A6 chain molecule. Positions 248 to 252 of the I-AP

chain proved to be unique to NOD, these five nucleotide substitutions result in two amino 

acid changes at positions 56 and 57 from a prohne-aspardc acid to a histidine-serine. This

results in a charge difference in a region of the molecule that is conserved between I-AP 

and I-E p and human HLA-DRP sequences. Thus the MHC haplotype of the NOD mouse

IS - H-2KIS7 (K<11-ApNOD i.A ^d EpNOD E^O g;h gipO TNF^^b pb) t^at of NON-

H-2KI^ (K^ I-E^ Ss^ Sip® TNF^b p)b̂  Class II MHC molecules play a central

role in determining the genetic basis for immune responsiveness with the extensive allelic 

polymorphism located in the external domain being critical in the interaction between these 

molecules, antigens and the T cell receptor. Non expression of I-E in the NOD mouse and

the unique sequence of the I-AP alleles suggests the possibility that this I-A8^ (formerly

known as I-A ^^^) is (one of) the MHC linked susceptibility gene(s). Breeding studies by

Prochazka (Prochazka et al, 1987) confirmed Hattori's finding that homozygosity for the 

NOD MHC is necessary for disease susceptibility (Hattori et al, 1986) and insulitis is 

inherited as a recessive trait, controlled by a single recessive gene. The relative 

contributions of the MHC and non-MHC genes to susceptibility to type 1 diabetes have 

been analysed by the use of experimental crosses and congenic mouse strains. The 

diabetogenic trait was found to be linked to the H-2K end of the NOD MHC on

chromosome 17 and termed susceptibility gene l(Idd-l^ ), NON mice exhibited the

resistance allele (Idd-1^). A  congenic strain NOD. BlO-H-2^ (NOD.H-2^), in which the

H-2S^ of the NOD has been replaced with the H-2 region from diabetes-resistant 

C57BL/10SnJ (BIO) strain, does not develop insulitis or diabetes demonstrating again that 

the NOD MHC is essential for p cell destruction (Wicker et al, 1987). But neither
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destructive insulitis nor diabetes are observed in a reciprocal congenic strain, BIO.NOD-H-

(N6F2), showing that non-MHC genes are also required. Additionally reciprocal

outcrosses between NOD and NON (not NOD H-2) were uniformly diabetes resistant. 

Analysis of the first backcross progeny demonstrated that disease susceptibility is 

determined by the polygenic inheritance of at least three functionally recessive genes or 

gene complexes that NON (a sister strain of the NOD mouse) shared one of the two 

insulitis genes and that the original diabetic mouse appeared due to a mutation of the other 

insulitis gene locus (Makino etaU 1986B). In addition outcross-backcross studies of NOD 

with diabetes resistant strains C3H, NON, BIO and SWR and screening for other 

polymorphic genetic markers suggested that at least two recessive genes unlinked to either 

Idd-1 and the MHC are necessary for disease onset (Prochazka et al, 1987). A second 

recessive diabetogenic gene located proximal to the Thy-HAlp-1 (A Poa-lb (formerly 

Alp-1) cluster on chromosome 9 was found to control the frequency and severity of

insulitis (Ikegami etal, 1986, Makino etal, 1986) and was therefore designatedldd-2^ in

the NOD mouse. Segregation of a third diabetogenic gene Idd-3^ was suggested to

explain diabetes incidence in second backcross mice (Prochazka et al; 1987, Wicker et al,

1987). Wicker suggested that Idd-3^ influences the progression from severe insulitis to

overt diabetes and may control a protective suppressor T cell response to the autoimmune 

process. Later genetic mapping analysis of backcross to NOD from the diabetes resistant

(B.10-H-2ê^ X N0D)F1 with microsatellite DNA markers mapped susceptibility genes

for type 1 diabetes to chromosomes 3 and 11 encoding the susceptibility genes Idd-3 and 

Idd-4 respectively (Todd et al, 1991). Idd-3 maps near the chromosome 3 marker 

D3Ndsl, (flanked by 11-2 and Tshb genes), affects both insulitis and diabetes and may be 

the susceptibility gene (or gene complex) previously proposed by Wicker et al . Idd-4 

maps between Acrb and MPO near D llN d sl on chromosome 11 and although it shows 

no association with insuhtis in the non-diabetic progeny, it may influence the frequency of 

insulitis and the progression of severe insulitis to diabetes. Todd et al proposed an 

interaction may occur between Idd-3 and 4, such that the influence of a predisposing allele 

of one gene might depend on alleles of one or more unlinked genes.The human 

homologues of ldd-3 and Idd-4 may therefore reside on human chromosomes 1 or 4, and
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17, respectively, and are candidate genes for IDDM.

A further IDDM susceptibility gene Idd-5 maps to the proximal region of mouse 

chromosome 1, and was identified by analysis of the frequencies of microsatellite DNA

markers on the reciprocal backcrosses (B10.H-2S^ x NOD)Fl x NOD and NOD (BIO.H-

2 ^  X N0D)F1) (Comall etaU 1991). Three markers were associated with induced overt

disease NlNds4^ MIT-L2 and IL-lrl*^ the gene or genes responsible for the diabetogenic 

effect are designated 7dûf-5, which also influences the development of insulitis. At least two 

candidate susceptibility genes have been proposed, the IL-IR gene (IL-1 is an important 

cofactor for T cell activation and IL-1 administration in vivo can prevent diabetes) and 

Lshllty/Bcg (which encodes resistance to bacterial and parasitic infections). The 

homologue of Idd-5 may map to the human chromosome 2q, suggesting that this region 

of chromosome 2 may contain a gene that influences human type 1 diabetes. Thus 

successive stages in the progression of diabetic disease appear to be controlled by distinct 

genes or sets of genes of which currently 5 have been identified and mapped.

3.6 Prevention of Insulitis and Overt Diabetes in the NOD Mouse

The pathogenesis and the precise mechanisms of destruction of pancreatic P cells in

the NOD mouse are still not clear. However, many attempts have been made to prevent the 

onset of overt diabetes in the NOD mouse based on the knowledge of its immunological 

abnormalities. The establishment of the therapeutic methods for diabetes in the NOD 

mouse may help clarify the mechanisms of overt diabetes onset in these animals and aid in 

the therapy of human type 1 diabetes.

Immunoregulation is thought to play a role in controlling the development of IDDM 

as facilitation regimes have to be utilised for disease induction. Diabetes cannot be induced 

in young NOD mice by irradiation because it acts on both regulatory and effector cells, 

however it can act as a diabetes promoter in transfer systems. Irradiated adult mice (over 

550 Rads) (Harada and Makino, 1986) receiving a diabetic cell transfer develop diabetes. 

The immune mechanism responsible for pancreatic 6 cell destruction was demonstrated to 

be cell mediated as adoptive transfer of splenocytes from overtly diabetic NOD mice 

induced diabetes within 12-22 days in 95% of irradiated mice greater than 6 weeks of age
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(Wicker etal, 1986). Acute transfer of diabetes into healthy newborns from adult diabetics 

also produced synchronous insulitis within 3 weeks and diabetes in 50% of mice within 

10 weeks of age (Bedossa etal, 1989). Irradiation of neonatal NOD mice was not required 

to transfer diabetes but became mandatory for successful transfer at 3 weeks of age. 

Induction of diabetes in the adoptive transfer system was dependent on both the L3T4+ 

and Lyt2+ subsets of T cells (Bendelac etal, 1987) as neither of these T cell subsets alone 

mediated development of severe insulitis or diabetes when adoptively transferred to young, 

irradiated recipients. Spleen cells from 7 week old nondiabetic NOD mice were unable to 

transfer disease whereas those from 15 week old prediabetic NOD mice mediate disease 

transfer, indicating that sufficient effector cells were present at this stage and that the donor 

need not be overtly diabetic at the time of transfer (Miller et al, 1988). Similarly transfer of 

diabetes can also be accomplished by the injection of Con-A-activated acutely diabetic BB 

rat spleen cells into normoglycemic BB rats (Like gf a/, 1985).

Demonstration that CD4+ T cells in young NOD males are able to depress the 

ability of spleen cells to transfer disease has been shown by Boitard (Boitard etal, 1989). 

Injection of spleen cells from prediabetic (male or female) at a 24 hour interval before 

diabetic spleen cells to adult irradiated recipients prevented diabetes but not insulitis. The

protective effect was also due to CD4‘̂  T cells which both males and females possessed

between 3 weeks and 2 months of age. This phenomenon was also illustrated by 

Hutchings (Hutchings and Cooke, 1990) as this population from 10-16 week old male 

NOD mice administered 6 days before diabetic spleen cell transfer, protect against 

subsequent diabetes. In the BB rat, organ specific auto-reactive cells may be present that 

are suppressed to variable extent in many other rat strains. Adoptive transfer could be

facilitated by prior in vivo depletion of RTb.l"*” regulatory T cells and in vitro mitogen

activation of donor spleen cells, altering the equilibrium between autoreactive and 

regulatory cells which determined the expression of autoimmunity (McKeever etal, 1990).

A second form of induced diabetes is promoted by administration of 1 or 2 doses 

(150-200mg/Kg) of cyclophosphamide 2 weeks apart (Harada and Makino, 1984). A 

single higher dose (2(X)-300 mg/Kg) (Yasunami and Bach, 1988; Charlton et al, 1989) 

induced clinical onset of diabetes in male and female NOD mice from 2-4 weeks after 

administration at an age when untreated mice do not show the disease spontaneously.
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Cyclophosphamide induces a dose dependent suppression of B lymphocytes and 

suppression of T cells together with enhancement of DTH and antibody dependent cell 

mediated cytotoxicity reactions. Additionally Harada demonstrated that cyclophosphamide 

could not induce disease in nondiabetic mouse strains nor FI hybrids between NOD and 

other mouse strains. The effect of cyclophosphamide is thought to be via 

immunoregulation, by abrogation of a suppressor mechanism. This is supposed to permit 

effector cell activation and a progression from insulitis to diabetes, rather than direct 6 cell

toxicity or alteration of the p cell antigenic profile.

Various other immunomodulatory regimes have been utilised to prevent disease in 

NOD mice. Reconstitution of irradiated NOD mice with bone marrow from BALB/c nu/nu 

prevented development of insuhtis (Ikehara et al, 1985). Lethally irradiated NOD mice 

reconstituted with BlO.Br/cd bone marrow failed to develop disease whereas C57BL/6 or 

BlO.Br reconstituted with NOD bone mairow developed insuhtis but only 10% developed 

diabetes (La Face and Peck, 1989). Thus expression of NOD diabetogenic aheles in

haematopoietic progenitor cells is sufficient for development of anti-p ceh immunity

(Serreze et al, 1988C). NOD bone marrow devoid of Thy-1+ cells was still capable of 

inducing diabetes indicating that haematopoeticaUy derived immune cells from NOD mice 

are sufficient to induce anti-islet reactivity. Administration of cyclosporin A (25mg/Kg 

every 2 days) to 30-60 day old NOD mice until 160 days prevented development of 

insulitis and inhibited cyclophosphamide induced diabetes (Mori et al, 1986). Additionahy 

lymphoid ceUs from 12 week old NOD mice cultured for 72 hours with CSA plus 11-2 

before reinfusion prevented diabetes. Thus ex- vivo preferential h-2 activation of splenic 

suppressor ceUs for the autoimmune process can be mediated with CSA blockade of Tc/h 

activities. However CSA, was ineffective in the prevention of disease recurrence in 

diabetic NOD mice grafted with ahogenic islet tissue (Wangera/, 1987). Nicotinamide in a 

large dose can prevent the spontaneous expression of IDDM in prediabetic NOD mice and 

when given at disease onset improves the diabetic condition (Yamadaer a/, 1982). Daily 

administration of 500mg/Kg of nicotinamide also prevented development of 

cyclophosphamide-induced IDDM in male NOD mice (Nakajima et al, 1985A). This dose 

of nicotinamide given daily to female NOD mice from 14-16 weeks also prevents 

periductal and perivascular lymphocytic infiltration in submandibular glands (Yamadagr al,
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1985). Nicotinamide inhibited the ADCC activities of splenic mononuclear cells from 

diabetic NOD mice (Nakajima et aU 1986) and is a potent inhibitor of mono-and poly-ADP 

ribosylation inhibiting DTH, ADCC and NK activities. This would seem to indicate that 

pyridine nucleotide metabolism in pancreatic islets and immune cells may be important in 

causing IDDM. In another study nicotinamide was unable to prevent islet allograft rejection 

except when combined with the iron chelator desferrioxamine (Nomikos et al, 1986) 

implying that free O2  radicals may also be involved in islet damage.

Other methods of immunosuppression were also effective in either prevention or 

modulation of the diabetogenic disease process in NOD mice. Administration of Mo.Abs 

against T cells (anti-Thyl.2) (Harada and Makino 1986) or a monoclonal antibody to the

a /p  dimer of the T cell receptor for antigen protected against both spontaneous and

cyclophosphamide induced diabetes (Sempe etal, 1991). Antibodies to T cell subsets such 

as anti-L3T4 (Koike etal, 1987) also prevented development of insulitis and diabetes. In 

overtly diabetic NOD mice, these antibody treatments did not normalise blood glucose 

levels, although they were effective in BB rats even after the onset of overt diabetes (Like 

etal, 1979). The essential role of this T cell subset was underlined by Wang (Wang etal,

1987) as anti-L3T4 treatment allowed pancreatic allograft survival in diabetic NOD mice. 

Additionally the incidence of insulitis in T lymphocyte depleted NOD mice (B mice), 

which have a lower insulitis incidence is increased when adoptively transferred with

splenic cells from cyclophosphamide treated NOD mice. Lyt 2^ cell depletion from the

diabetic spleen cell donor inoculum induced insulitis in irradiated NOD recipients

suggesting the importance of L3T4'*' T lymphocytes (Miller et al, 1988). Charlton

(Charlton et al, 1988A) has also demonstrated that cyclophosphamide-induced diabetes in

NOD mice could be prevented by either anti-Lyt-2‘*‘ or silica (a selective macrophage toxin)

suggesting that both Lyt-2"*" T cells and macrophages are necessary but not sufficient for fi

cell destruction in NOD mice. Furthermore Lee Ku has shown that silica injections prevent 

diabetes development in both cyclophosphamide treated and untreated NOD mice 

confirming that macrophages play an important role in the initiation of insulitis in NOD 

mice (Lee et al, 1988A). The incidence of insulitis and diabetes was reduced to less than 

10% at 8 months in NOD mice given neonatal administration of anti-CD3 suggesting the

70



neonatal T ceU repertoire is open to modulation by a single injection of a CD3 Ab 

(Hayward and Schreiber, 1989). As in vivo treatment with anti-class II Mo.Ab prevents 

the onset of diabetes in NOD mice and this protection can be transferred by CD4+ cells, 

Timsit (Timsit et al, 1988) it has been suggested that there is adequate class II- linked 

suppressor control in NOD mice. Additionally long term treatment with anti- LA Mo.Ab 

prevents spontaneous development of diabetes due to elicited active immune suppression. 

This Mo.Ab also prevented adoptive transfer of diabetes by splenocytes from diabetic 

NOD mice into newborn irradiated mice but failed to prevent transfer into irradiated adult 

NOD recipients. Passive transfer of spleen cells from anti-class II treated NOD donors 

prevented diabetes in irradiated NOD mice again suggesting the induction of suppressor 

cells (Boitard etal, 1988). Depletion studies indicated that CD4+ cells were responsible for 

anti- class II induced protection.

Diabetes development in NOD mice can be blocked by treatment with a variety of 

immunostimulants to give nonspecific immunotherapy (Table 3.1). Complete Freund’s 

Adjuvant (CFA) treated NOD mice did not develop disease, thus the generation of some 

type of suppressor cells in BCG vaccinated mice seems probable (Mclnemey et al, 1991).

Given that both TNFa and recombinant human IL-2 administration prevent IDDM (Table

3.1) then diabetes susceptibility in the NOD mouse may be due to faulty activation of 

immunoregulatory cells resulting in cytokine deficiencies. Thus regulation of autoreactive 

T cell clones by treatment with immunostimulatory agents could bring the cytokine levels 

into harmony and prevent breakthrough of disease (Serreze etal, 1989).

Other immunomodulatory regimes prevent IDDM in NOD mice such as both the 

immunosuppressive streptococcal preparation OK-432 and FK506 a novel compound 

isolated from streptomyces. Therefore microbial immunosdmulation encountered in 

conventional environments may strengthen endogenous immunoregulatory functions only 

marginally functional in NOD mice reared in pathogen free environments. Indeed Elias 

(Elias et al, 1990) suggests that the 6 cell target antigen is a molecule cross-reactive with 

the 65 Kd heat shock protein (hsp 65) of mycobacterium tuberculosis. The onset of 6 cell 

destruction is associated with both the presence of anti-hsp65 T lymphocytes and hsp 65 

cross-reactive antigen in the sera. Clones of anti-hsp 65 reactive T cells cause insulitis and 

hyperglycemia in young NOD mice and the hsp 65 antigen can induce and vaccinate
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against diabetes depending on the form of administration thought to be mediated by anti- 

idiotypic Abs. Immunomodulation by viral infection such as with the lymphotrophic virus 

LCMV prevents diabetes. The virus affected a subset of CD4+ T cells but did not alter

other CD4'*" lymphocyte immune responses, this abortion of diabetes is maintained

throughout the lifespan of the animal, and treated mice also fail to transfer the diabetes.

The importance of dietary factors in either predisposition or prevention of diabetes 

has been confirmed by many researchers. DMSO may prevent diabetes in NOD mice by 

accelerating the uptake of dietary diabetogens into the 6 cell of genetically susceptible 

animals (Nakajima etal, 1985). The protective effect of a purified diet may be due to a lack 

of putative diabetogens in the purified diet or due to the diet itself containing factor(s) that 

protect the 6 ceU from autoimmune attack and/or destruction. For example the 

manifestations of diabetes can be prevented by a protein-free diet (Elliott et al, 1988) 

comparable with the BB rat (Scott et al, 1985), and the immunoregulatory effects of 

monosodium glutamate may be mediated through elevation of corticosteriod levels (Table

3.1).

3.7 Low Dose-Streptozotocin (STZ) as a Model of Induced Diabetes

In addition to the spontaneous model of IDDM in NOD mice, diabetes can be 

induced in NOD mice by cyclophosphamide and in other mouse strains by streptozotocin 

(STZ), (a metabolite of the soil fungus Streptomvces achromogenesl which was 

discovered in 1960 by Vavra while searching for new antimicrobial agents (Vavra et al, 

1960). The diabetogenic effect of STZ was reported three years later during investigation 

of its antibiotic properties. STZ is a broad-spectrum antibiotic possessing both 

antitumour and oncogenic properties (Arison and Feudale, 1967) and has widespread use 

as a method for induction of diabetes in experimental animals and treatment of malignant 6 

cell tumours (Rakieten etal, 1963). Conventionally administered as a single high dose, it 

causes visible signs of 6 ceU necrosis within 2 to 4 hours after injection and diabetes within 

24 hours in the absence of pancreatic inflammation. However in 1976 Like and Rossini 

(Like and Rossini, 1976) demonstrated that gradual elevation of plasma glucose and 

mononuclear cell infiltration in and around the pancreas resulted in diabetes after 5 

consecutive daily injections of subdiabetogenic doses (40mg/Kg) of STZ. The timing and 

appearance of inflammatory islet lesions was consistent with the hypothesis that STZ may
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initiate a cell-mediated immune reaction directed against 6 cells, by partially damaging or 

modifying the 6 cell (Gaulton et al, 1985), thus triggering an inflammatory response 

ultimately resulting in further 6 cell loss and diabetes. BIO recombinant mice with k alleles 

at the K and I-A loci were particularly susceptible (Tanka et al, 1990).

The mode of action of STZ is manifold, it can directly damage the 6 cell plasma 

membrane (Cooperstein et aly 1981) and it can result in DNA strand breaks both in vivo 

and in vitro (Yamamoto et al, 1981). Stimulation of nuclear poly (ADP-ribose) synthetase 

activity is required for DNA repair resulting in intracellular depletion of its substrate, NAD, 

to non-physiological levels, inhibiting islet function and pro-insulin synthesis (Schein et 

aly 1973,).

In vivo treatment with nicotinamide, a precursor for new NAD synthesis and an 

inhibitor of poly (ADP-ribose) synthetase, prior to or soon after STZ had both preventative 

and therapeutic effects on diabetes (Gunnersson gr aly 1974). Additionally studies by 

Yamamoto (Yamamoto û/, 1980) with picolinamide, an isomer of nicotinamide, which 

protects against STZ- induced diabetes, demonstrated that the mechanism by which STZ 

decreases islet NAD content was by increased NAD degradation rather than inhibition of 

NAD biosynthesis.The 6 cell toxicity of STZ and alloxan another diabetogenic agent, has 

been proposed to be mediated by oxygen radical damage. This theory was suggested by 

the finding that SOD a widely distributed enzyme that scavenges superoxide radicals can 

protect against the 6 cell cytotoxic action of both STZ and alloxan both in vivo and in 

Vitro, indicating that the 6 cell may be particularly vulnerable to oxygen radical damage 

(Robbins et al ; 1980, Gandy e ta l  ; 1982). Indeed combined treatment with nicotinamide 

and desfenioxamine, both free oxygen radical scavengers improved survival of cultured 

islet allografts (Mendola et aly 1989).

In addition to affecting the pancreas, STZ can also affect the immune system. Rats 

treated with STZ have substantial involution of the thymus and failure of normal spleen 

growth (Tulsiani et aly  1981). Mice treated with STZ suffer irreversible damage to bone 

marrow cells and important T cell precursor populations (Nichols et aly 1981). Busby 

(Busby et aly 1983) demonstrated that suppressor T cell activity is enhanced as there was a 

delay in the PFC response and serum antibody responses of diabetic mice to type XU 

pneumococcal capsular polysaccharide.

There is a sex bias to diabetes development in the low-dose STZ model, as male
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mice develop steadily increasing blood glucose levels whereas females are resistant to 

diabetes (Rossini et al, 1978). This can be overcome if females are treated with 

testosterone or castrated. Castration negates the sex difference in the hyperglycemic 

response to multiple-low-dose STZ. Testosterone however enhances the hyperglycemic 

response in castrated or non castrated females and in castrated males (Kromann et al, 

1982).

In vivo administration of an antibody reactive to anti-I-A^ before low-dose STZ,

suppressed diabetes development suggesting a role for I-A restricted T lymphocytes and/or 

macrophages (Kiesel et al, 1982,1983). However Wolf (Wolf et al, 1984) demonstrated 

that at least two genes, one within and one or more outside the H-2 complex determine 

susceptibility to multiple low-dose STZ.

The mode of action of STZ remains to be clarified. McEvoy has suggested that cell- 

mediated anti-6 cell autoimmunity may play a role in 6 cell destruction as splenocytes from 

low-dose STZ treated mice demonstrate non-MHC restricted cytotoxicity for a rat 

insulinoma cell line (RIN M5F) (McEvoy et al, 1984). However transfer of spleen cell 

from STZ mice have been unable to induce persistent hyperglycemia, although insuhtis did 

occur. Additionally ADCC activity is enhanced in low-dose STZ-treated animals 

(Marayama et al, 1986). Host B cells in contrast to host T cells are not etiologically 

involved in diabetes development induced by STZ. Mice rendered selectively deficient of 

functional B lymphocytes developed a similar disease pattern to those with normal B cell 

functions. However ICSA have been demonstrated in STZ treated diabetic mice and rats 

(Blue a/, 1984).

Immunohistochemical studies demonstrated an insuhtis including Th and Tc/Ts, 

NK ceUs, macrophages and B ceUs similar to other experimental models of diabetes. 

Kantwerk has shown that treatment with monoclonal antibody against either L3T4 or Ly 2 

protected STZ treated mice from diabetes implying that both cell types are involved in 

disease development in this model (Kantwerk et al, 1987). A role for both macrophages 

and Thy-1 cells in the pathogenesis of low-dose STZ has been suggested as both 

administration of sUica particles or anti-Thyl.2 prevented 6 ceU destmction (Oschüewski 

et al, 1986). Anti IL-2 receptor antibody attenuated low-dose STZ induced diabetes and 

insuhtis. IL-2R positive cehs in the periphery and in the islets themselves were
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diminished, suggesting that IL-2R positive, activated T cells and macrophages are 

important in the development of IDDM (Hatamori et al, 1990B)

Several other treatments have been demonstrated that confer resistance to low-dose 

STZ, including a seven day course of whole body uv-irradiation, thought to interfere with 

the function of I-A positive splenic adherent cells and the induction of both disease and 

antigen -specific suppressor cells (Weber et al, 1986). Additionally treatment with an 

interferon inducer also prevented STZ induction of C-type retrovirus within 6 cells 

concomitant with the appearance of insulitis and prevented diabetes (Naji et al, 1982). The 

incidence of diabetes was also reduced by suppression of serotonin enhanced vascular 

permeability by methysergide or pargyline (Schwab etal, 1986).

Administration of CSA enhanced low-dose STZ hyperglycemia, hypoinsulinemia 

and 13 cell destmction and similarly enhanced the “toxic” diabetes produced by a single high 

dose of STZ. Diabetes probably resulted from the combined toxicity of CSA and STZ on 

the B cells (Klob etal, 1985; Sestier et al, 1985).The relevance of the STZ model of IDDM 

to the spontaneous disease is unresolved. Although this model demonstrates many

similarities to the spontaneous disease as outhned above, in my own opinion it is a direct P

cell toxin and thus the involvement of the immune system is secondary and not primary to 

the disease.

3.8 Conclusions With Resnect to Research Objectives

Development of a therapeutic approach to the treatment of insulin dependent 

diabetes mellitus requires: (i) formal identification of the cell(s) involved in disease

pathogenesis, (ii) elucidation of the precise sequence of events leading to p cell

destruction, (iii) intervention by immunological means at the appropriate time points and 

(iv) examination of the outcome of such therapeutic regimes. Certainly such a protocol 

would be difficult practically and unethical to carry out in man. Furthermore man has an 

outbred genetic background, which can complicate the precise dissection of the disease. 

The NOD mouse, which is inbred, provides a homogeneous genetic background. Thus 

there is a need for studies using animal models of the disease to both precede and 

complement those involving the human IDDM patient There are many remarkable 

similarities between animal models and the human disorder, including genetics, islet
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pathology (insulitis), autoantibodies, defects in T cell activity and humoral immunity, and 

sensitivity of disease to immunosuppression. However as IDDM is multifactorial no single 

animal model is sufficient to study aU aspects of the disease. The BB rat for instance being 

a larger rodent allows sequential pancreatic biopsy to be performed which would be 

difficult in a smaller animal. Genetic analysis of the disease is more appropriate in the NOD 

mouse as transgenic technology is more advanced in the mouse than the rat.

Utilisation of the multiple low-dose STZ-induced diabetes model has its limitations 

as it does not represent the spontaneous diabetes that occurs in other models, however it is 

useful to study the immune responses to mild 6-cell cytotoxicity.

This thesis will describe research carried out on the NOD model of spontaneous 

IDDM: (1) 1 have attempted initially to describe the normal course of events occurring in 

the pancreas of both spontaneous IDDM and induced IDDM by transfer of diabetic spleen 

cells. Once the diabetes is produced within a defined and reproducible time frame 

the immune response can be manipulated resulting in 6 cell damage.

Immunohistochemical characterisation of the T cell and macrophage subpopulations in the 

pancreatic infiltrate set a precedent from which to study the effects of various 

immunological regimes. The expression of MHC antigens and cellular adhesion molecules 

throughout the course of 6 cell destruction was also analysed.

(2) Having established the precise time course of events leading to 6 cell destruction 

in the transfer model, 1 attempted to prevent the onset of diabetes by a plethora of strategies 

each designed to delineate which cell type was responsible for 6 cell destruction.

(3) Further investigation of the role of macrophages in the disease process both in 

vivo and in vitro and methodologies was aimed at either preventing macrophage migration 

or their capacity to produce free oxygen radicals.

(4) Transgenic NOD mice which either expressed 1-E or a modified 1-A^^^

allowed another insight into the pathogenesis of the disease particularly in relation to the 

development of tolerance. Pancreas from transgenic NOD mice were observed 

histologically to establish the effects of the transgenes on the insuhtis. In relation to 

tolerance, a study on the thymus of NOD and transgenic NOD was carried out to observe 

any phenotypic thymic abnormalities which would predispose to subsequent development 

of autoimmunity and thus diabetes.
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Table 3. 1 Immunomodulatory Reaimes Used to Prevent IDDM in the NOD Mouse.

Immunomodulatory
Regime

Protocol 
for Administration

Effect on Disease Reference

Complete Freund's Adjuvent single dose at 5 weeks of age prevents diabetes and transfer 
of diabetes

Michel et al, 1990

Live BOG 0.25-1 mg as a single dose to 
recipients 5-10 weeks of age

suppression of insulitis Michel at al, 1990

recombinant (r) INF long term chronic treatment supresses diabetes and diabetic transfer Satoh et al, 1989 
Jacob et al, 1990

r human IL-2 commencing 6 weeks of age prevents glycosuria Serreze et al, 1989
r human IL-2 + poly [1:0] 
(IFN 0!/3 inducer)

continuous administration suppressed diabetes Serreze et al, 1989

OK 432 administered 4-24 weeks of age inhibits insulitis and diabetes Toyota et al, 1986
FK506 0.1 mg, 3 times weekly prevents diabetes and insulitis Murase et al, 1990
hsp 65 Antigen administered to young animals induces or vaccinates against diabetes 

according to form of administration
Elias et al, 1990

LCMV administered to newborn or adult prevents diabetes Oldstone, 1988
DMSO (hydroxyl radical 
scavenger)

continuous prevents diabetes Klandorf et al, 1989

Monosodium Glutamate administered to neonatal mice attenuates insulitis and reduces diabetes 
incidence

Nakajima et al, 1985

protein-free diet continuous prevents diabetes Elliott et al, 1988

DMSO : dimethylsulphoxide
hsp65 : 65Kd heat shock protein
LCMV : lymphotrophic choriomeningitis virus
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Materials and Methods
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4.1 M ICE.

A breeding nucleus of NOD mice designated (NOD/CRC) was established at the 

CRC, Northwick Park from mice provided by Dr. E Leiter, Jackson Laboratory, Bar 

Harbour, USA from the original colony at the Shiongoni Research Laboratories, Osaka, 

Japan. The incidence of diabetes in our colony is 70% for females, and less than 10% for 

male NOD mice at 30 weeks of age, when kept under conventional conditions with free 

access to food and water.

4.2 ^ SSFSSMENT QFDIA-BEIES^,
The clinical onset of diabetes was judged by the presence of glycosuria (glucose in 

the urine) and hyperglycemia (excess glucose in the blood). Urine was tested frequently 

by "Diastix" reagent sticks (Mill Laboratories Ltd, Ames Division, Slough, UK) and blood 

samples were tested weekly, using a Glucometer (Ames, Slough, UK). A consistent 

reading of >10mMols/Litre coupled with a positive test by Diastix was considered to be an 

indication of overt diabetes. All positive animals eventually displayed weight loss which 

progressed to death unless sacrificed earlier.

4.3 CELL TRANSFER

Spleen cells from overtly diabetic NOD mice, male or female were prepared as

single cell suspension in Hanks balanced salt solution (HESS) and 2x10^ cells injected

intravenously into each disease free male recipient aged 2-4 months of age following 

irradiation (650 rads from a cobalt source, or 750 rads from an X-ray source). After 

transfer recipients were monitored for the development of overt diabetes (Figure 4.1). 

(The initial cell transfers were carried out by P. Hutchings, to whom I am grateful and 

subsequently by myself).

4.4 IMMUNOHTSTOCHEMÏSTRY.

4.4.1 Tissue preparation

Freshly excised tissue was snap frozen in isopentane at -70®C for 5-7 minutes. The

isopentane was contained in a glass beaker, placed in a metal kidney dish surrounded by 

dry ice pellets and acetone to cool the mixture. Frozen tissue was stored at -
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70®C until required. Tissues were mounted in O. T. C. mounting medium (Raymond 

Lamb, London, UK) and sections of 5|im thickness were cut in a cryostat (Bright

Instrument Company Ltd, Huntingdon, UK) onto gelatinised slides, allowed to air dry for 

2-20 hours and fixed in 100 % acetone at room temperature for 10 minutes. Sections were

then allowed to air dry for 10 minutes and either stained or stored at -70®c until required.

4.4.2 Subbing solution- Gelatin coating of slides

Gelatin (5g) (Difco) was dissolved in 1 litre of distilled water, heated to 65®C,

allowed to cool to room temperature and 0.5g of chromic potassium sulphate (KCr(S0^)2) 

(BDH Ltd) added. The mixture was then used to cover PTFE coated multispot 

microscope slides (Hendley (Essex) Ltd, UK). The slides were air dried in an oven and

cooled before use. The subbing solution was kept at 4®c and remained fresh for 10 days.

4.4.3 Slide Mountant

2.5g of 1,4 Diazabicyclo (2,2,2) octane (Aldrich Chemical Company Ltd, Dorset, 

UK) was dissolved in 30 mis of Tris HCl buffer pH 8.0. The pH was then adjusted to 8.6 

with concentrated HCl. 30mls of this solution was added to 70mls of glycerol (Analar,

BDH Ltd, Poole, UK) mixed and stored at 4®C.

4.4.4 Antisera

Table 4.1 lists the monoclonal and polyclonal antibodies used in these studies and 

their specificity. Gratitude is extended to Prof. H. Waldmann (Dept. Pathology, Cambridge 

University) who supplied hybridomas and cloned supernatants of many rat anti-mouse T 

cell surface markers (CD4, CD8, Thy-1, Ly-1) and to Drs. Siamon Gordon , Paul Crocker 

and Hugh Rosen (Sir William Dunn School of Pathology, Oxford) who supplied me with 

supernatants of Mo. Abs to mouse macrophage cell surface markers (F4/80, Mac-1, SER- 

4 and 7/4). A Mo.Ab against the mouse homologue of ICAM-1 (YNl/1. 7. 4.) was a 

kind gift from Dr. F Takei (Terry Fox Laboratory, BC Cancer Research Centre, 

Vancouver, Canada) and the anti-V611 monoclonal Ab supernatant was a kind gift of Dr. 

Tomonari (Clinical Research Centre, Harrow, London).
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4.4.5 Immunoperoxidase.

Cryostat sections were removed from storage, allowed to thaw for 10 minutes, 

rehydrated in PBS for 10 minutes before staining commenced. Sections were incubated for

the times indicated at 25®C in a humid staining tray (Ortho, High Wycombe, Bucks, UK).

Following each antibody incubation slides were washed in three changes of PBS. Mouse T 

cell surface components were detected on frozen pancreatic tissue by a two layer 

peroxidase technique. Sections were blocked with 20% normal mouse serum (NMS) for 

30 minutes, incubated with the rat anti-mouse monoclonal antibodies anti-L3T4 (YTS

191.1) 1/750 dilution, or anti-Ly-2 (YTS 169.4) 1/750 dilution for 30 minutes. Then a 

goat anti-rat IgG biotin conjugate 1/30 dilution (Seralab) was applied for 30 minutes, 

followed by avidin biotin horseradish peroxidase (Vectastain ABC kit,Vector Lab) for 30 

minutes. The stain was developed for 5-10 minutes with 3.3-diaminobenzidine

tetrahydrochloride (Sigma) at 0.6 |Xg/ml in PBS containing 0.01% hydrogen peroxide and

lightly counter-stained in Harris' haematoxylin (Sigma) and mounted on DPX.

4.4.6 Immunofluorescence.

Macrophage cell surface antigens were detected by indirect immunofluorescence 

technique. Briefly fixed cryostat sections were preblocked as before then incubated for 30 

minutes with the rat anti-mouse monoclonal antibodies. Mac-1 (Ml/70) IgG2b which 

binds to an epitope of the C3bi receptor (CR3) on neutrophils, macrophages and NK cells, 

F4/80 (specific for mature mouse macrophages), 7/4 (specific for neutrophils), and SER-4 

(recognises the sheep erythrocyte receptor present on stromal macrophages from lymph 

node liver and spleen). This was followed by fluorescein conjugated goat anti-rat IgG 

(H-hL) (Jackson Immunoresearch Labs Inc. USA) in NMS. To facilitate double staining of 

macrophages, Mac-1 was detected as before followed by rabbit anti-mouse F4/80 which 

was detected by rhodaminated swine anti-rabbit Ig (Dako).

T cells bearing particular V6 chains were detected by a similar indirect 

immunofluorescence techniques to that described for the rat anti-mouse monoclonals. Anti- 

V66 (44.22.1), anti-V88.1,2 (KJ16), and anti-V811 (K Tll) were used as tissue culture 

supernatants.

Staining of NOD class I MHC antigens was achieved using the rat anti-mouse
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monoclonal Ml/42.3 ([rat IgG2a, Stallcup et al, 1981, kind gift from Dr G. Butcher, 

AFRC, Babraham, Cambridge) by the methodology previously described. Staining of

class n  of NOD was achieved using the mouse monoclonal OX-6 which was

directly FITC conjugated (Serotec). This antibody reacts against a monomorphic 

determinant of the rat RTI-B antigen and cross reacts with I-A encoded molecules of 

certain mouse strains including NOD. The mouse equivalent of the human lymphocyte 

adhesion molecule ICAM-1, was observed by preblocking pancreatic sections as before 

with NMS followed by the rat anti-mouse M.Ab YN1/1.7.4 detected by goat anti-rat 

FITC. I1-2R staining was achieved using the rat anti-mouse M.Ab. 3C7 IgG2b (HPLC 

purified 5.19mg/ml, gift from Celltech, Slough, UK), (Ortega etal, 1984), again detected 

with rat anti-mouse Ig FITC.

Pancreatic beta ceUs were detected by preblocking sections with NMS followed by 

guinea pig anti-porcine insulin in NMS (ICN Immunobiologicals) and detected by 

rhodaminated goat anti-guinea pig IgG in NMS (Cappel).

Double immunolabelling was achieved by first staining sections with one set of 

primary and secondary reagents then incubating with a second set of primary and 

secondary antibodies. All reagents were added sequentially with three PBS washes in 

between as for single staining and were titrated before use. For dual immunofluorescence 

with rat M.Abs and rabbit polyclonal antibodies, species specific secondary reagents were 

used. After the final wash slides were mounted using glycerol based anti-fading mountant 

prepared as detailed above. Sections were examined using a Zeiss Axiophot 

photomicroscope (Carl Zeiss, West Germany) fitted with transmitted light and incident- 

light fluorescence with filter blocks for revealing fluorescein and rhodamine/Texas red 

fluorochromes. Photographs were taken on Kodak Ektachrome ASA 200/400 film with 

either automatic or manual exposure using the integrated camera system.
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4.5  In Vivo Depletions

4.5.1 In Vivo Depletions With Depleting Anti-CD4 and Anti-CD8.

Depleting monoclonal antibody to mouse cell surface antigens, L3T4 (YTS 191.1) 

and Lyt 2 (YTS 169.4) (anti-CD4 and anti-CDS respectively; Cobbold et aU 1984) and the 

non-depleting ant-CD4 monoclonal (YTS 177.9.6.1) were prepared as ascites in Lou x DA 

rats (Harlan OLAC Ltd) pretreated with piistane. The ascites was ammonium sulphate 

precipitated and analysed by SDS Page for Ig content. The depleting antibodies were of the 

IgG2b,k subclass and were diluted in phosphate buffered saline such that each mouse

received 400|ig i.v. in a final volume of 200|xl on the first day of treatment and 400fxg

intraperitoneally on the two following days. Control mice were either treated with YTH

3.2.6 a rat monoclonal antibody which recognises human CD7 (Benjamin etal, 1986A) or 

with PBS alone.

4.5.2 In Vivo Depletion With Non-Depleting Anti-CD4

Non-depleting anti-CD4 monoclonal (YTS 177.9.6.1) was prepared as detailed 

previously. The non-depleting anti-CD4 was of the IgG2a subclass and 2mg was 

administered i.v, i.p, i.p. on consecutive days prior to transfer of spleen cells from a 

diabetic donor. Recipient mice were then injected with YTS 177.9.6.1 three times weekly 

during the course of the experiment. The antibody does not lead to depletion of CD4+ T 

cells, but specifically binds to this cell population. Control mice were similarly treated with 

YTH 3. 2. 6.

4.5.3 In Vivo Depletion With The Monoclonal Antibody 5C6.

Groups of 4-7 male NOD/CRC mice of 2-3 months were injected on day-1 with

500|xg of 5C6 a monoclonal antibody specific for the myelomonocytic adhesion-promoting

type-3 complement receptor (CR3 or CD 1 lb/CD 18), which does not bind to T cells (Rosen 

and Gordon, 1987). The initial injection was intravenous and all subsequent injections 

were intraperitoneal. On day 0, all mice were irradiated (650 rads from a cobalt source) and

received 2x10^ spleen cells from diabetic donors or non-diabetic syngeneic age-matched

males intravenously. On day 1 and then three times every week, 5C6 or isotype matched 

control YTH3.2.6 antibody was administered. Mice were killed at 4 weeks for histological
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examination of the pancreata. A further group of mice were given 5C6 for 10 days only 

and another group was not started on this antibody treatment until day 10. Blood glucose 

was assessed using a glucometer and urine tested with Diastix.

4.5.4 In Vivo VB8 Depletion.

Mouse monoclonal F23.1 (Staerz et aU 1985) which recognises V68.1, 8.2, 8.3. 

was used to deplete the V68+ cells in the donor spleen ceU preparation and also in the

recipient following diabetic spleen cell transfer. Donor animals were injected with 500|ig of

F23.1 i.p. three days before transfer to deplete V68'*' cells. 24 hours after transfer of the 

diabetogenic spleen cells into 650 rad irradiated recipients these animals were also injected 

with 500|ig F23.1 to ensure depletion. Control mice (donors and recipients) were injected 

with a comparable volume of phosphate buffered saline [PBS].

4.6 Cvclonhosnhamide.

200mg/Kg of Cyclophosphamide (Faiitalia Carlo Erba Ltd. St. Albans, Herts), 

was administered i.p. twice 14 days apart to male or female NOD mice to induce the onset 

of diabetes.

4.7 Construction of NOD E. NOD-ASP and NOD-PRO Transgenic 

NOD mice.

I-E transgenic NOD mice were produced by isolating a 7.5 Kb Bg/1 fragment

containing the E a^ gene, 2 Kb 5’ and 2 Kb 3’ flanking sequences from Cos Id-2, which

was originally isolated from a genomic cosmid library together with Cos Id-1 (Hyldig-

Nielsen et al, 1983). These fragments were subcloned using cla I linkers into psk"*" and

used for injection into fertilised mouse embryos after removal of bacterial sequences 

(Figure 8.1 A). Progeny were used to establish transgenic lines and were screened for the

presence of the transgene by Southern blot analysis of tail DNA using ^^P labelled cDNA

probes to I-E^ (performed by Drs T. Lund, D. Kioussis and J. Picard). The progeny of 

two founders NOD-E-3 and NOD-E-9, both of which expressed the transgene at the RNA
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level were analysed to assess both that the insertion of E a^ restored expression of I-E on

lymphoid cells and its influence on IDDM.

NOD-1-3 clone was isolated from a genomic cosmid constructed from NOD /CRC 

liver DNA by screening with a 1.5 kbp BamH I-Hind m  fragment from the A6  gene 

containing exon HI and IV. For in vitro mutagenesis single stranded template of the A6 

exon n  subclone was isolated following superinfection with the VCM13 helper phage 

(stratagene). The mutagenesis was carried out using PRO primer or ASP primer and a 

mutagenesis system (Amersham) as recommended by the manufacturer (Figure 8 .1 B).

The A6 NOD-PRO and the A6 NOD-ASP transgenes were subcloned in three steps 

from the cos NOD-1-3. In the first step, a 11.0 kbp Ecor V fragment containing the 

structural gene for A6 NOD was subcloned using cla I linkers into psk-i- deleted for the sac 

n  site. For in vitro mutagenesis the 330 bp sac II fragment containing exon II was

subcloned into psk"*" and used to change the amino acid residue 56 from histidine to proline

or the amino acid residue 57 from serine to aspartate followed by recloning into the A6 

gene. The second step was to ensure sufficient 5' flanking sequences for tissue specific 

expression of the transgene a 4.2 kbp 5'BamH-l kpn I flanking fragment was modified by 

replacing the BamH-1 site with a SaL-1 site and inserting it into the SaL I-kpn I site of 

pTCF. In the third step the 10.4 kbp kpn I-cla I fragment of the A6 NOD-PRO/ASP genes 

were inserted into the kpn I cla I site of the 5' flanking subclone.The reconstituted A6 

NOD-PRO and NOD-ASP transgenes devoid of plasmid sequences was injected into 

fertilised mouse embryos.(Figure 8 .1C). Insertion of the two point mutations into the A6 

gene to generate the sequences encoding a Pro 56 instead of His or an Asp 57 instead of

Ser destroyed a restriction site for Ddel at this position in the A P^^^ gene. When spleen

DNA from transgenic mice was digested with Ddel an extra band was detected (as the 

DNA could only partially be digested by the restriction enzyme) on an elecrophoresis gel, 

which allowed assessment of those progeny that had inherited either of the transgenes. 

Several founder transgenic NOD mice carrying either one of the mutated AB genes were 

generated and the progeny of one of each, NOD-A-PRO-3 (NOD-PRO) and NOD-A-ASP- 

2 (NOD-ASP) were analysed in more detail. (These procedures were carried out by Drs T. 

Lund and D. Kioussis assisted by Dr E. Simpson, P. Chandler and J. Picard).
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4.8 In Vivo and Vitro Inhibition of the L-Arginine Metabolic 

Pathway.

4.8.1. Vivo Treatment of NOD Mice With L-NMMA. L-Arginine or D-NMMA. 

Groups of male NOD mice were irradiated (750 Rads) and given a diabetic spleen

ceU transfer following the protocol outlined above. Further groups of female NOD mice 

were administered cyclophosphamide. These mice were then administered 5mg of either 

L-Arginine (L-Arg) or a competitive inhibitor of the L-Arginine-dependent pathway for the

synthesis of inorganic nitrogen oxides, namely L-N^ monomethyl arginine (L-NMMA) or

the inactive inhibitor D ^ monomethyl arginine (D-NMMA) to act as control. All drugs

were given in 0.2mls PBS i.p. on the days required as indicated in chapter 7. Quantities 

of the D-NMMA enantiomer were restricted, in the later experiments it was substituted by

0.2mls PBS i.p. Mice were then monitored twice weekly for the presence of glucose in the 

blood and urine. L-arg, L-NMMA and D-NMMA were a kind gift from Prof. E. Liew 

(Department of Bacteriology and Immunology, University of Glasgow).

4.8.2 In Vitro Inhibition of Nitrite Release from LPS and IFN-y Stimulated

Macrophages From NOD and BIO.L-Lsh^ Mice bv L-NMMA.

4.8.2. (Ï) Media

RPMI 1640 (Dutch Modification, ICN Flow Laboratories, Irvine, Scotland), with 

20 mM L-glutamine, 100 U of penicillin per ml, lOOmg streptomycin per ml and 2- 

mercaptoethanol (referred to hereafter as RPMI) was supplemented further with fetal calf 

serum (Northumberland Biologicals).

4.8.2 Oil Elicited Peritoneal Macrophages.

Elicited peritoneal macrophages were obtained from 12 Week old NOD/CRC mice

(14 weeks of age) and NIO congenic BIO. L-Lsh^ mice (kindly supplied by Prof. J.

Blackwell and bred at the LSHTM, London) by administration of O.lmls of a 1% Biogel 

P 100 solution in PBS (Biorad) i.p. 4 days previously. Peritoneal macrophages were 

harvested by peritoneal lavage with 5mls of RPMI 1640-2% FCS on ice into 

polypropylene tubes (Falcon 2070; Becton Dickinson). Cells were spun at once (260 x g, 

12 minutes) and resuspended in RPMI 1640-10% FCS and counted. The concentration of
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cells from both mouse strains was adjusted to 5 x 10^/ml. 150|il of this cell suspension

was added as a ‘bubble’ to 13-mm-diameter thermolux coverslips (Miles Scientific) in 24 

well tissue culture plates (Nunc, Gibco, Paisley, United Kingdom). Liquid bubbles were 

left for 45 minutes to allow cell adherance, after which the wells were flooded with 0.5ml

of RPMI 1640-10% FCS and left standing for an additional 2 h at 37®C in 5% CO2

WeUs were then washed three times with RPMI 1640 before the addition of 0.5ml of

supplemented RPMI 1640-10% FCS to each well. Recombinant rat IFN-y (final

concentration 0, 10, 50, 100 u/ml) (TNO, Primate Centre, Netherlands) was added to the 

appropriate wells and/or LPS ( S. typhimurium phenolic extract, tissue culture grade, 

L6143 [Sigma]) to a final concentration of 0, 0.1, 1.0 ng/ml, with or without 200mM D- 

or L-NMMA. All assay conditions were in duplicate. Cultures were incubated for 48 h at

37°C in 5% CO2 and supernatants were collected for nitrite assays at 24 and 48 h.

4. 8.3. Measurement of Nitrites

Griess reagent (1% sulfanilamide [sigma], 0.1% naphthylenediamine 

hydrochloride [Sigma], 2.5% orthophophoric acid [Analar B.D.H., Dagenham, Essex, 

United Kingdom]) was freshly made prior to use. Griess reagent was added 1:1 with 

supernatant and left standing for 5 minutes at room temperature. Standards prepared by 

using sodium nitrite (Sigma) ( 0.7035 to 180 mM) were included on each assay plate. 

A570  values were read on a spectrophotometer (Dynatech).

4.9 Biotinvlation of Monoclonal Antibodies

Purified antibody was concentrated to 1 mg/ml in PBS. The antibodies were 

dialysed against O.IM sodium bicarbonate (Sigma) pH8.4 for 24 hours at 4®C. Biotin-X- 

NHS ester (Calbiochem) was dissolved in Dimethyl Sulphoxide (DMSO) to a 

concentration of 1 mg/ml. To 0.5ml of 1 mg/ml of antibody was added 50|il of Biotin-X- 

NHS dissolved in DMSO. This material was allowed to react with the antibody for 24-48 

hours at 4®C. After conjugation, unbound biotin ester was removed by extensive dialysis

against PBS. Finally the antibody was stored at 4®C either sterile or with 0.1% Sodium
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Azide (Sigma).

4.10 FACscan Analysis of Thvmic Cell Suspensions

Fresh thymus was digested in 0.5mg/ml collagenase (Sigma) and 0.02mg/ml 

deoxyribonuclease I (DNase I) (Boehringer Mannheim, Germany) for several minutes,

washed in BSS and frozen in 90% FCS /  10% DMSO and stored at -70®C.

For analysis vials were rapidly thawed, washed and resuspended at 10^-10^

cells/sample and stained by one of the following methods (Table 9.1, Chapter 9, gives an 

itemised list of reagents used for thymus analysis).

4.10.1. CD4/CD8/MRC OX-6 or Mac261/CD4/CD8

Cells were resuspended in 50|il biotinylated 0X6 (mouse IgGl, detects I-A

k,s,NOD II MHC)(l|ig/ml) in 1% normal mouse serum or (5|ig/ml) Mac261

(restricted to the recognition of I-A a^/I-A P^^^ MHC class II molecules, mouse Ig02a,

kind gift of Dr. G Butcher, Babraham, Cambridge) in 1% normal mouse serum and

incubated for 30 minutes on ice. They were then washed three times in lOOjLtl changes of

PBS/1 % BSA, followed by a 30 min. incubation with the triple label cocktail anti-CD4 

Phycoeryrithrin (clone YTS 191.1, IgG2b, 1/40, Coulter Clone, U.K.), anti-CDS FITC 

(clone 53-6.7, IGg2a,l/40, Becton Dickinson) and streptavidin R613 (1/100, Gibco BRL) 

which binds to the biotinylated 0X6 or Mac261. The cells were then washed a further 

three times and fixed in 1% formaldehyde.

4.10.2. OX6/B220 or Mac261/B220

Cells were labelled with biotinylated 0X6 (l|ig/ml), or biotinylated Mac-261

(5|ig/ml), washed and incubated with B220 FITC (clone RA3-6B2, identifies only the B

cell restricted determinant [Holmes and Morse, 1988], IGg2a, 1/40, Coulter Cytometry) 

together with avidin P.E. (1/80) (Biogenesis) and then stored as above.

4.10.3.B220/CD4/CD8

Cells were labelled with biotinylated anti-CD8 (l|Xg/ml) in 1% normal mouse

serum for 30 minutes, washed and incubated with a cocktail of, B220 FITC, anti-CD4 

P.E. and streptavidin R613. They were then washed and stored as before.
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4.10.4. OX6/B22Q/CD5. Mac-261/B22Q/CD5. TIB12Q/B22Q/CD5

Mononuclear cells obtained from peritoneal lavage from NOD mice and spleen

cells from NOD (I-A"°^ and C57BL/10 (I-A^) were stained with biotinylated 0X6, 

biotinylated Mac-261 or biotinylated TIB 120 (l|ig/ml; clone M5/114.152, rat IgG2b,

defines an allotypic determinant shared between Aa^AP^ and Ea^EP^ [Bhattacharya etaU

1981]) in 1% normal rat serum for 30 minutes on ice, and washed as before. This was 

followed by a further 30 minutes incubation with a cocktail of B220 FITC, streptavidin 

R613 and CD5 P. E. (clone 53-7.3, rat IgG2a which reacts with the Ly-1 differentiation 

antigen found at high densities on T cells of aU mouse strains and at low levels on a small 

population of B cells [Hardy and Kayakawa, 1986; Ledbetter et al, 1980] Pharmingen, 

U.S.A.). Cells were washed three times and fixed in 1% formaldehyde.

All samples were analysed by FACscan (Becton Dickinson), with fresh NOD 

spleen cell suspension stained with the above protocols to define the FACscan gate settings 

as described in chapter 9.

4.11 Immunohistochemistrv of NOD and Transgenic NOD Thvmus

One thymic lobe from NOD or transgenic NOD mice was snap frozen for 

immunohistology and the remainder used for FACscan analysis. Sections of thymus were 

prepared for immunohistology as described previously. Immunofluorescent staining of 

thymus cryostat sections permitted observation of all cell types in situ, without disruption 

of morphology, including cells that do not readily form suspensions, such as epithelial 

cells. Thymi were stained with the panel of antibodies contained in Table 9.1. Anti-keratin 

(rabbit anti-human [Dako]) was used to define the thymic epithelial cell network. The 

medullary epithelial cell network was defined with 4F1E4 and cortical epithelial ceU 

network with IVC4 (detected by tetramethykhodamine isothiocyanate [RTTC]-labelled goat 

antibody against IgM (H chain specific) [Southern Biotechnology Assoc. Inc]. B cells 

were detected with B220 directly conjugated to FITC (Coulter Clone) and surface Ig with 

rabbit Igs to mouse Ig directly conjugated to FITC (Dako). MHC class II was detected by 

MRC-OX-6 as outlined for FACscan analysis.
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Figure 4.1 Transfer of Diabetes Bv Spleen Cells From Diseased Donors.
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Diagram of the protocol of diabetic spleen cell transfer,  whereby 2 X 10^ spleen cells from overtly diabetic male or female NOD mice 
are administered  i.v. to d i s e a s e  free young (~ 2 months) male NOD recipients given 650 rads  the s a m e  or previous day.  This procedure 
p ro duces  d iabete s  within the reproducible time frame of approximately 4 weeks .



Table 4.1 Panel of Antibodies used for Immunohistology

Name molecular Specificity Ig class Cells Recognised Reference
YTS 191.1.1.2 CD4 + T cells 

(epitope p)
Rat lgG2b Th/Ti cells Cobbold et al, 1984

YTS 169.4.2.1 CD8+ T cells Rat lgG2b Tc/Ts cells Cobbold et al, 1984

YTS 154.7 allelic Thy-1 determinant Rat lgG2b All mouse I  cells Cobbold et al, 1984
YTS177.1.9.6.1 CD4+ T cells Rat lgG2a Th/Ti cells, non depleting Cobbold et al, 1990B
YTS 121.5 allelic Ly-1 (CD5) determinant Rat lgG2b All mouse T cells Cobbold et al, 1984
YTS 3.2.6 (Campath) CD7 Rat lgG2b most human T cells Benjamin et al, 1986A
F4/80 polyclonal, F4/80 antigen Rab Mature mouse macrophages Starkey et al, 1987
F4/80 monoclonal, F4/80 antigen Rat lgG2b Mature mouse macrophages Hirsch;1981, Austyn; 1981
Mac 1/70 C3bi receptor Rat lgG2b mouse neutrophils 

macrophages and NK cells
Beller et al, 1982

SER-4 sheep erythrocyte receptor Rat lgG2a stromal tissue macrophages 
in lymph node, liver and spleen

Crocker and Gordon, 1989

7/4 antigen 7/4 antigen on neutrophils Rat lgG2a murine PMN Hirsch and Gordon, 1983
YN1/1.7.4 MALA-2 Rat lgG2a activated lymphoctyes, homologue 

of human ICAM-1
Takei, 1985

V86 V66 Rat lgG2a Tcells expressing VB6 chains MacDonald et al, 1988
KJ16 VB8.1, 2 Rat lgG2 T cells expressing VB8.1, 2 Haskins et al, 1984
F23.1 V68.1, 2, 3 Mo. lgG2a T cells expressing VB8.1, 2, 3 Staerez et al, 1981
KT11 V811 Rat lgG2b T cells expressing VB11 Tomonari, Lovering, 1988
MRC-OX-6
(FITC)

monomorphic determinant 
of rat RTI-B antigen, and 

mouse I-A nod, s, k

Mo. IgGl MHC class II bearing cells, 
eg. B cells and macrophages

McMaster et al, 1979

Anti-mouse Ig 
(FITC)

Mouse Ig Rab Igs to Mo. Igs B cells, macrophages and other Ig 
or Fc receptor bearing cells.

purchased from Dako
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Table  4.1 cont inued

Name M olecular
Specificity

Ig Class 
Species

Cells Recognised R eference

Y17 l-Egb mouse IgG2b All I-E^ bearing cells Lemer et al, 1980 
Mineta et al, 1990

H81-20-8-22-6 I-Ek mouse IgG2a All I-E^ bearing cells Dev aux et al, 1984
CD5 (clone 53-7.3) Ly-1 antigen rat IgG2a Mouse T cells + subpopulation B 

cells
Hardy, Hayakawa, 1986

B220 (clone RA3-6B2) B cell restricted 
determinant of Ly-5

rat IgG2a Mouse B cells Holmes and Morse, 1988, 
Coffman and Weissman, 

1981
A nti-kera tin predominantly MW 

56KD and 64KD
rabbit anti-human 

polyclonal
whole thymic epithelial cell 

netw ork
Schlegel et al, 1980

IVC4 CTES II rat IgM subcapsular and medullary 
epithelial cells

Kanariou et al, 1989

4F1E4 CIESXX rat IgM Subcapsular, cortical, subset of 
medullary epithelial cells

Kanariou et al, 1989

Anti-mouse Ig Mouse Ig rabbit polyclonal All Ig bearing cell 
(B cells)

Dako

MRC-OX-6 

Mac 261

Class II MHC 
j_^k,s,nod

I-A«d, I-Apnod 
I _ A b , d , q ,  ; _ E d , k

Mouse IgGl 

Mouse IgG2a

All MHC class II bearing cells 

NOD MHC class II bearing cells

McMaster et al, 1979

Kind gift G. Butchter 
(AFRC, Cambridge)

TIB 120 (M5/114.15.2) rat IgG2b MHC class II bearing cells Bhattacharya et al, 1981
Ml/42.3 non-polym orphic 

determinants of MHC 
class I

IgG2a All MHC class I bearing cells Stallcup et al, 1981

(£
>

CTES-clusters of thymie epithelial staining patterns.
II: M. Ab. stains subcapsular and perivascular TEC (only one cell layer), in addition medullary TEC and Hassall’s corpusles (HC) are 
stained.
XX: Miscellaneous designation of staining pattern, eg. majority of subcapsular/ cortical TEC and minority of medullary TEC. 
Rab-Rabbit, Mo.- Mouse
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Characterisation of Pancreatic Islet Cell Infiltrates in NOD Mice: 

Effect of Cell Transfer.
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5.1 Introduction

Insulin-dependent diabetes mellitus (IDDM) is histologically characterised in its 

early stages by a mononuclear cell infiltration of the pancreatic islets denoted "insulitis"

(Von Mering, 1889) accompanied by selective p cell destruction. The presence of such an

inflammatory infiltrate suggested an autoimmune aetiology for IDDM. Furthermore cell- 

mediated autoimmunity may play an important role in the pathogenesis of the disease 

resulting in specific 6 cell degeneration and insulin insufficiency in both the human and 

animal models of IDDM. The initiating event and the role of specific immune cells in 

mediating 6 cell damage have yet to be delineated. Examination of new-onset type-1 

diabetes patients has demonstrated many abnormalities in T cell subsets in both the 

periphery and the pancreas. Elevated killer ceU (K) activity (Pozzilli gf a/, 1979), imbalance 

in T cell subsets (Gupta, et a l , 1982; Jackson e ta l , 1982; Donen e ta l , 1984; Rodier e ta l ,

1984 ) or the presence of activated T cells (la'*’) (Alviggi et al, 1984; De Berardinis et al,

1988A) have all been demonstrated in the peripheral blood of type 1 diabetic patients.

The frequency of insulitis in IDDM patients with recent disease onset observed by 

different studies is inconsistent In a study by Gepts (Gepts, 1965) 16 of 23 pancreata 

from patients with recent onset IDDM showed insulitis, however Doniach and Morgan 

(Doniach and Morgan, 1973) did not observe this phenomenon in the 13 patients they 

examined. The extent of insulitis within the pancreata of individual IDDM patients is 

variable, not all islets are equally affected and insulitis is more pronounced among young 

patients. Such discrepancies in the frequency and extent of insuhtis observed in human 

IDDM are reflected in the spontaneous animal model of the disease and thus appear to be 

due to the disease pathology. Indeed studies by Gepts (Gepts, 1965) revealed in some

pancreatic lobules islets devoid of p cells and insuhtis, in others many large intact islets

with only a few lymphocytes peri-islet, and yet others with partial insulin content and 

lymphocytic infiltration. Given these findings of a very patchy histopathology it is 

therefore not surprising that results from different studies are not in accordance.

Additionahy once P ceh destruction is complete ie. at chnical presentation of type 1 diabetes

about 70% of the islets contain no insuhn-secreting P cells and no infiltration. This is

presumably because the antigenic stimulus, the B ceh, has been removed by autoimmune 

destruction. There is a report suggesting insuhtis particularly affects those islets where

residual p cehs are sthl present (Fouhs etal, 1986) suggesting that some beta ceh antigen
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remains.

Very few studies have been reported regarding pancreatic lymphocyte infiltrates in 

the prediabetic period of the human owing to the difficulty in performing pancreatic 

biopsies. Bottazzo found Ig bearing lymphocytes, NK cells and all subsets of T 

lymphocytes, although mainly Tc/s (CD8+) cells, in the pancreatic lesions of a newly 

diabetic child (Bottazzo et al, 1985). Analysis of the pancreata from long term IDDM 

patients with recurrent disease who had received pancreatic transplants from their 

discordant, identical twins demonstrated the presence of macrophages and T cells (mainly 

CD8+) in the insulitis lesions (Sibley etal, 1985).

Studies have also shown that T cells from diabetic patients can inhibit glucose and 

theophylline induced insulin release from murine islets and are cytotoxic to rat islet cells 

(Boitard et al, 1982; Charles et al, 1983; Boitard et al, 1984). Indeed many studies have 

indicated that T cells play a fundamental role in the development of IDDM, particularly in 

the spontaneous animal models, the NOD mouse and BB rat. NK cells have also been

implicated in P cell destruction in the BB rat (MacKay et al, 1986). Insulitis commences at

about 5-6 weeks of age in the NOD mouse and is observed in more than 90% of both male 

and female NOD mice at 200 days. Development of overt diabetes due to 6 cell destruction 

is observed generally in 70-80% of females and 10-20% of males at 210 days (Tochino, 

1987).

Experimental evidence suggests that T lymphocytes play a major role in the 

development of diabetes in the spontaneous models of the disease as neonatal thymectomy 

prevents diabetes in both the NOD mouse (Ogawa et al, 1985) and the BB rat (Like et al,

1982). Treatment with anti-thymocyte serum or anti-Thy-1.2 antibody markedly 

suppresses the development of overt diabetes in NOD mice (Harada et al, 1986). Thus 

thymus dependent cell-mediated autoimmune mechanisms are responsible for the 

pathogenesis of insulitis in NOD mice, the primary change leading to the development of 

diabetes. In addition mononuclear cell infiltration of the lacrimal and submandibular glands 

is delayed by the same treatment regimes which diminish insulitis, suggesting that 

infiltration in various glandular tissues of NOD mice is also produced by T cell mediated 

autoimmunity (Hayward etal, 1988).

Conflicting data have been reported concerning the percentage of lymphocyte 

subsets infiltrating the pancreas. A longitudinal study by Signore of the NOD endocrine

pancreas showed that CD4"*", MHC class n"*" and surface IgM"*" cells are the predominant

subsets detectable in insulitis (Signore etal, 1989). Additionally he noticed that 30 % of T
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cells expressed surface H-2 receptors implying that they were activated. Once all the 6 cells 

had been destroyed, lymphocytes abandoned the islets. Hanafusa also investigated 

longitudinal changes in lymphocyte subsets in the NOD and pancreas found a predominant 

infiltration by activated T lymphocytes including ThA (helperAnducer) and Tc/s 

(cytotoxic/suppressor) observed in the early stages of insulitis (Hanafusa etal, 1987). NK 

cells were also detected in the lesion. In this study, Ig bearing cells were shown to 

increase in number with progression towards insulitis. Whereas T lymphocytes were 

localized close to islets, B cells appeared adjacent to blood vessels and around T cell 

clusters. The percentage of splenic T lymphocytes was also markedly increased in the 

initial stage of insulitis suggesting that T rather than B lymphocytes participate in the 

development of insulitis, accompanied by marked splenic T cell proliferation which 

corresponded to the beginning of T cell infiltration into islets. Like demonstrated activated 

T cells in the diabetic BB rat pancreas but B lymphocytes were observed infrequently (Like 

et al, 1979, 1986). Walker also observed mainly Th, Tc/s and macrophages in the 

prediabetic BB rat (Walker gW , 1988A). Although studies in the human, NOD mouse and 

BB rat conflict within species and between species the basic principle remains that the 

insulitis consists of T cells (both of the Th/i and Tc/s phenotypes), monocytes and B cells 

to varying degrees. It remains to be clarified what the role of each particular cell type is, 

and if indeed they can be assigned a role or are merely present in the lesion due to 

nonspecific inflammatory recruitment Therefore it is essential to observe the disease 

manifestations during its early phases to eliminate the latter possibility.

The essential requirement for T cells in disease manifestations in the NOD mouse 

was observed by Wicker et al (Wicker et al, 1986), who demonstrated that adoptive 

transfer of splenocytes from overtly diabetic NOD mice induces diabetes within 12-22 days 

in 95% of irradiated (650-750 rads) mice older than 6 weeks of age. If either T cell 

subset is depleted from the donor cell inoculum then neither severe insulitis, nor diabetes, 

results (Miller etal, 1988). Such an adoptive transfer system provides an excellent model, 

inducing diabetes within a defined and reproducible time frame to allow manipulation of 

the immune system aimed at regulating the onset of diabetes. The neonatal adoptive transfer 

system described by Bendelac is also dependent on both L3T4+ and Lyt-2+ T cell 

populations (Bendelac et al, 1987).

In this chapter I have characterised the normal pancreatic infiltrate in the male and 

female NOD mouse longitudinally by immunohistochemistry of cryostat sections with 

monoclonal antibodies to T cell subsets, class I MHC antigens, class n  MHC antigens, 

macrophages and B cells. My findings for the T ceU subset analysis are similar to those of
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previous authors but it is essential to characterise the time course of infiltration for each 

NOD mouse colony as the disease incidence is so variable. Normally, pancreatic 6 cells of 

mice constitutively express low levels of class I, but do not express class II antigens 

(Faustman et al, 1980). However given that over-expression of class I MHC proteins on 

pancreatic islet cells is characteristic of autoimmune type I (insulin dependent) diabetes 

mellitus in humans who die soon after diagnosis (Bottazzo etal, 1984, 1985; Foulis etal, 

1987A,B), it was of interest to examine if this phenomenon occurred in the NOD 

spontaneous animal model of IDDM. It is difficult to discover whether class I MHC 

antigen over-expression is due to the presence of inflammatory cells or whether both are 

secondary to another event such as virus infection. These are aU important questions that 

are difficult to resolve in humans because the pathology is invariably far-advanced at 

clinical presentation and pancreatic tissue is rarely available. However class I MHC antigen 

over-expression is also present in the animal models of Type I diabetes in the BB rat ( Ono 

etal ; 1988) and in the multi-low dose STZ mouse (Campbell et al ; 1988A, Cockfield et 

al ; 1989). These observations and my own studies on the NOD mouse provide the 

opportunity to relate the expression of class I MHC antigens to other pathological changes

associated with p cell destruction. Much controversy surrounds the expression of MHC

class n  on pancreatic P cells in both the human and the NOD mouse. My studies in the

transfer system have hopefully, delineated more precisely the class II MHC antigen 

expressing cells within pancreatic infiltrates.

The incidence of diabetes at 30 weeks of age in the NOD/CRC colony is 80% for 

females and <10% for males. Given that the full manifestation of diabetes is not evident 

until 30 weeks of age the adoptive transfer model provided me with an excellent 

experimental model for reproducing diabetes. Therefore I characterised the pancreatic 

infiltrates present in the irradiated recipient pancreas at weekly intervals after the transfer of 

diabetic spleen cells. Having completed this study the time interval between transfer and the 

first evidence of insulitis was ascertained thereby providing a time point or "window" for 

commencement of immunogenic regimes to prevent the onset of disease. Such 

investigations will be discussed in the next chapter.
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5.2 Results

5.2. Ki") Spontaneous Progressive Pancreatic Infiltration In Female NOD Mice.

Female NOD/CRC mouse pancreata were analysed at 1,3 and 5 months of age by 

immunohistochemistry of pancreatic cryostat sections by the methods previously 

described. It can be seen from Table 5.1 A that at 1 month of age 26% of islets from the 

pancreata of female NOD mice demonstrated the presence of peri-islet infiltration and 4% 

the presence of intra-islet infiltration when stained with MRC-0X6 which detects NOD I- 

A. However by 3 months of age 56% of islets from NOD female mice demonstrated 

moderate peri-islet infiltration and 28% moderate intra-islet infiltration with complete 

destruction of 23% of islets. This 6 cell destruction continued until at 5 months 44% of 

islets in female NOD mice had been destroyed with only 9% of islets being completely 

unaffected. MHC class II expression was not observed on 6 cells or the endocrine cells of 

female NOD pancreas at any of the time points analysed. A similar pattern of infiltration 

was observed following the fate of CD3+ T cells. At 5 months of age 60% of islets 

demonstrated moderate peri-islet infiltration and 28% moderate intra-islet infiltration (Table 

5.2A). In addition to class 11+ ceUs and T cells, cells bearing the F4/80 marker (mature 

macrophages) also demonstrated a progressive infiltration of pancreatic islets in female 

NOD mice with 95% and 14% demonstrating severe peri- and intra-islet infiltration 

respectively at 5 months of age (Table 5.3A). Accompanying this mononuclear cell 

infiltration, expression of class I MHC antigens in the pancreas underwent a marked 

change. Normally class I MHC antigen is expressed on resident macrophages but during 

insulitis it is not only expressed on infiltrating cells but also on pancreatic endocrine and the 

surrounding exocrine, tissue. Such hyperexpression of class I MHC antigen was observed 

in 81-82% of islets in 3-5 month old female NOD mice (Table 5.4A).

5.2.1 fifi Spontaneous Progressive Pancreatic Infiltration In Male NOD Mice

Male NOD/CRC mouse pancreata were analysed at 1, 3, and 5 months of age by 

immunohistochemistry of pancreatic cryostat sections by the methods previously 

described. It can be seen from tables (5. IB, 5.2B, 5.3B, 5.4B) that the pattern of 

lymphocytic infiltration in the male NOD pancreas follows a more prolonged time course 

and is less severe when compared to age matched female NOD mice (Figure 5.1C,D). At 

1 month of age only 10% of male NOD islets had peri-islet infiltration and 1% intra-islet 

infiltration when stained with MRC 0X6 (Table 5.IB), compared with age-matched 

females which had 25% and 4% moderate peri- and intra-islet infiltration respectively. This 

trend could be demonstrated at later time points in the male NOD mouse as at 3 and 5 

months 47% and 58% of islets respectively demonstrated no peri-islet infiltration compared
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to female NOD mice in which only 32% and 9% respectively had no peri-islet infiltration. 

In addition, absence of intra-islet infiltration in the male ranged from 87-98% from 3-5 

months whereas in the female ranged from 71-46%. Thus the male NOD mouse 

demonstrated a progressive increase in peri-islet infiltration with minimal-moderate intra

islet infiltration. This is consistent with the observed low incidence of diabetes in the male 

of <10% compared to 70% for females which demonstrate predominantly severe intra-islet 

infiltration at 5 months of age. Such a pattern of predominantly peri-islet infiltration 

observed in the male NOD mouse could also be demonstrated at 5 months of age since only 

3% of islets demonstrated moderate presence of T cells at intra-islet locations (detected 

with a mo. Ab to CD3 present on the surface of T cells) (Table 5.2B) and macrophages 

respectively (Table 5.3B). It has to be noted that there is a constitutive population of 

macrophages present at peri/intra-islet locations in both male and female NOD mice 

independent of progression to diabetes, which can accumulate to moderate numbers (70% 

in male NOD mice at 5 months of age) this will be described later in this chapter. However 

hyperexpression of class I MHC antigen could be observed in 57% of male NOD mice at 5 

months of age whereas 81% of female NOD mouse islets demonstrated hyperexpression of 

class I MHC antigens (Table 5.4B). Thus all the elements of the immune response; T cells, 

macrophages and class 1 / II MHC antigen positive cells, are present at peri-islet locations 

in the male NOD mouse but in most animals do not progress to intra-islet sites.

5.2.2 Diabetic Spleen Cell Transfer-Time Course of Inflammatorv Events

We utilised the adoptive transfer model of Wicker et al (1986) to facilitate a 

histological analysis of the temporal relationships between pancreatic lymphocytic and 

macrophage influx and the expression of MHC antigens and adhesion molecules in the 

prediabetic period before disease onset in recipient mice. Seventeen non-diabetic

sublethally irradiated, male NOD mice aged 10-14 weeks were injected i.v. with 2x10^

spleen cells from diabetic adult donors and killed randomly at weeks 1, 2, 3 and 5 for 

histological analysis. Four age-and sex-matched control irradiated NOD mice were injected

i.v. with 2x 10^ syngeneic, non-diabetic spleen cells from adult mice and analysed 5

weeks after transfer.
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Histological changes occurring in the pancreas from the time of diabetic spleen cell 

transfer until the onset of diabetes.

5.2.2Ci) T cell sub-DODulations

All mice which received the non-diabetic spleen transfer remained normoglycemic

with only 36% and between 9% and 18% of islets displaying peri and intra-islet infiltration

respectively (Table 5.5). This minimal insulitis is that which would be expected of male

NOD mice of this age.

Pancreata fi*om mice which had received diabetic spleen cells displayed neither

lymphocytic infiltration nor evidence of beta cell destruction until week 2, however class II

MHC antigen expression was observed on blood vessel associated cells adjoining intact

islets at week 1. Class II expression on blood vessel-associated cells was not seen in the

recipients of non-diabetic spleen cells at week 5 suggesting that this observation was a

result of the homing of the diabetogenic effector cells. At 2 weeks after transfer 67-75% of

islets analysed had peri-islet infiltration of both L3T4+ and Ly-2+ T lymphocytes (Figure

5.1 A, B). Lymphocytic infiltration of islets was rapid and 75% of recipients were diabetic

3 weeks after transfer. At this point only 19% of islets were not infiltrated with 60-65%

demonstrating severe intra-islet infiltration. T cells in the inflammatory infiltrate were
(data not shown)

positive for IL-2 receptor expression. Five weeks after transfer all remaining recipients of 

diabetic spleen cells were diabetic and 58% of islets examined contained remnants devoid 

of beta cells with little remaining mononuclear cell infiltrate. Those islets retaining beta 

cells showed extensive intra-islet infiltration and destruction of islet morphology (Table 

5.5). Residual islets were not observed in pancreata from non-diabetic spleen cell recipients 

and aU islets analysed had full insuhn content. Irradiation of recipients was found to be 

essential for disease transfer as non-irradiated recipients did not develop diabetes or 

manifest this pattern of intra-islet infiltration and beta cell destruction (Table 5.6). Few B 

cells were detected, those observed were at peri-islet locations

5.2.2 fii) T cell receptor VB usage bv Islet infiltrating cells 

To characterise in further detail, the T cell subpopulations present in the pancreatic 

inflammatory infiltrates in the NOD mouse, histological analysis of the pancreas was 

performed using the monoclonal antibodies KJ16, 44.22.1 and KTl 1 which recognise T 

cell receptors using V68.1,2, V66 and V611 chains respectively. Examination of non

diabetic 4 month old male NOD mice revealed that T cells representing all of these V6 

chains were present in the pancreatic infiltrate. Such intra-islet infiltration observed was 

minimal with most infiltration being predominantly peri-islet.

Recipient pancreata were examined at various time points following transfer, for T
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cell receptor VB usage. Table 5.7 summarises the data from two different transfer 

experiments. Initially V68.1,2 bearing T cells were present in greater number in peri-islet 

locations than V66 and VBll bearing T cells which were almost undetectable at week 1. 

By week 2, V68.1,2, V66 and VBll were all present peri-islet. This predominance of 

VB8.1,2 was also demonstrated at intra-islet locations at later time points. Since the 

heterogeneity and extent of VB usage also reflected the proportion of all three VB bearing T 

cells present in the peripheral blood of NOD mice, this implies that there was no unusual 

bias toward usage of these three VB chains (Table 5.7 ) Such a heterogeneous pattern of 

infiltration was also observed in islets of spontaneously diabetic female NOD mice.

5.2.2.riiil The Presence of Macrophages In The Inflammatorv Infiltrate.

The best characterised of the macrophage antibodies utilised is Ml/70 which defines 

the glycoprotein antigen, macrophage 1 molecule (Mac-1) found on the surface of 

macrophages, monocytes, granulocytes and NK cells. The MAb F4/80 binds to F4/80 

antigen present on mouse macrophages but not detectable on polymorphonuclear 

leukocytes or lymphocytes.

SER-4 is a MAb which recognises the sheep erythrocyte receptor present on 

stromal macrophages from lymph node, liver and spleen. The MAb 7/4 defines a 

polymorphic neutrophil differentiation antigen expressed by neutrophils in the bone 

marrow, blood and inflammatory exudates. The specificities of these antibodies are 

described in greater detail in chapter 4.

In the normal pancreas of NOD and CBA mice, cells expressing Mac-1+ and F4/80 

are found lining the exocrine pancreatic acini, connective tissues and vasculature, while 

SER-4+ cells have a characteristically different distribution and appear as stromal 

macrophages (Figure 5.2 A, B, C).

A marked change in the distribution of cells expressing Mac-1 and F4/80 was 

observed in the prediabetic pancreas following transfer of diabetic spleen cells. Cells 

positive for Mac-1 and F4/80 were present at peri-islet locations at 1 week after transfer. 

Within two weeks of the transfer of diabetic spleen cells a large number of class II positive 

cells appeared at peri-islet locations and additionally some were present at intra-islet 

locations. This influx of class II bearing cells coincided with the massive recruitment of 

cells positive for Mac-1 and F4/80 at both peri- and intra-islet sites (Figure 5.2 D, E, F, 

Table 5.8). Double immunofluoresence studies revealed that the majority of these cells 

were positive for both the F4/80 and Mac-1 antigens suggesting that the infiltrate was 

predominantly of mature macrophages and not NK cells as the latter cells do not bear the 

F4/80 antigen. At 4 weeks in this particular transfer 75% of recipients were diabetic
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(transfer A); those islets that remained were heavily infiltrated with both T cells and 

macrophages, and few insulin containing 6 cells remained.

Immunoreactive insulin was identified in some cells bearing the F4/80 antigen 

suggesting that these cells were scavenging dead or dying 6 cells. Disease progression and 

6  cell destruction led to a reduction in the numbers of macrophages and T cells. The 

distribution of SER-4+ cells did not alter during this prediabetic period. If the SER-4+ cells 

were 'fixed' then they would not come into contact with dying cells and consequently 

would not show signs of phagocytosis despite perhaps having the potential. This would 

imply that there are two distinct macrophage subpopulations present in the NOD pancreas;

the Mac-1"*", F4/80'*', SER-4" population which were recently recruited and actively

phagocytic and Mac-1", F4/80", SER-4"*' representing a non-migratory "fixed" tissue

population. Few neutrophils (7/4 positive cells) could be demonstrated in islet infiltrates of 

all pancreata analysed, suggesting that these cells do not have a functional role in B cell 

destruction.

Age and sex matched animals receiving a syngeneic, non-diabetic, spleen cell

transfer showed minimal intra- and peri-islet infiltration of Mac-1"*" or F4/80"*" cells.

Histological analysis of pancreata from six spontaneously diabetic NOD mice 

revealed a similar distribution of macrophages to that observed in the transfer studies. Cells 

positive for Mac-1 and F4/80 were observed both peri- and intra-islet. Double positive

Mac-1"*" and F4/80"*" cells were also observed in the peri-islet infiltrates of four month old

male NOD pancreas.

5.2.3 Expression of MHC Antigens.

Expression of class I and class II MHC antigens was assessed 

immunohistochemicaUy at various times following transfer of diabetic spleen cells. Class I 

MHC is poorly expressed in the normal pancreas of CBA mice of any age and in young 

NOD mice and is mainly located on the vascular endothelium and on those macrophages 

which are constitutively present (Table 5.9). However, in spontaneously diabetic, female 

NOD mice class I MHC expression was not only observed on the pancreatic infiltrate and 

within infiltrated islets but it was also present on endocrine cells and adjacent exocrine 

tissue. Hyperexpression of class I MHC could not be demonstrated on the pancreata of 

age- and sex-matched recipients of normal, syngeneic, non-diabetic spleen cells. In 4 

month old male NOD mice, expression was limited to the peri-islet infiltrate. 

Hyperexpression of class I MHC appeared only to be associated with intra-islet infiltration
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and was not seen on non- infiltrated islets. Sequential analysis of pancreata from transfer 

recipients demonstrated a progressive increase in the number of islets hyper-expressing 

class I MHC from 0% at week 1 (Figure 5.3 A) to a peak of 73% at week 2 (Figure 5.3 B) 

correlating with the influx of T cells and macrophages at this time.

Class II MHC antigen expression was not observed on either the endocrine or 

exocrine tissue of the normal pancreas. Following transfer of diabetic spleen cells class II 

expression was observed, but appeared to be restricted to the macrophages present in the 

inflammatory infiltrate and vascular endothelium. Expression of class II MHC was never 

seen on 6 cells.

5.2.4 Expression Of ICAM-1.

Utilising the monoclonal antibody YNl/1.7.4 which detects the mouse homologue 

of ICAM-1 the presence of this adhesion molecule was assessed in normal, prediabetic and 

diabetic pancreata (Table 5.10). Transfer recipients demonstrated a progressive increase in

the number of islets with ICAM-1'*' cells at peri-islet locations fi*om 39% at week 1 to 60%

at week 2 after cell transfer (Figure 5.3C). At this time 22% of islets demonstrated intra

islet infiltration. Double immunofluoresence staining of pancreas with insulin demonstrated 

that there was no evidence of ICAM-1 expression on 6 cells themselves. However staining 

with the M. Ab F4/80 suggested that the cells expressing the ICAM-1 antigen were 

macrophages. In control animals receiving a syngeneic non diabetic spleen cell transfer 

19% of islets examined had a peri-islet infiltrate of ICAM-1 + cells and expression of 

ICAM-1 on 5 month old male NOD pancreas was almost exclusively limited to the peri- 

islet infiltrate present on 48% of the islets examined.
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5.3 Discussion.

From the histological analysis of female NOD mouse pancreas at 1, 3 and 5 months 

of age it was apparent that there was a progressive influx of T cells, macrophages and class 

n  positive (non macrophage) cells which in my opinion resulted in the observed 

hyperexpression of class I MHC and 6 cell destruction. The pattern of infiltration in the 

male NOD mouse did not precisely follow that outlined for the female. Male NOD mice 

developed insulitis at approximately the same age as female NOD mice and the infiltrate 

was not significantly different in terms of its cellular constitution. However the insulitis 

remained at peri-islet locations and did not progress intra-islet thus no 6 cell destruction 

was observed even at 5 months of age.

There are many hormonal factors which would obviously influence the disease in 

the male and female as ovarectomy prevents disease and castration increases the incidence 

of overt disease (Maldno etcd, 1981). Thus there would appear to be two separate events, 

1) insulitis occurring in both male and female NOD mice at 5-6 weeks of age and 2) the 

progression to overt diabetes occurring predominantly in the female population. Recent 

genetic mapping analysis has suggested that insulitis may be under the control of many 

genes not hnked to the MHC. Idd- 2 (Prochazka et al, 1987) is thought to control the 

frequency and severity of insulitis, Idd-3 also affects insuhtis and Idd-4 is considered to 

influence the frequency of insulitis and the progression of severe insuhtis to diabetes 

(Todd et al, 1991) and may control a protective suppressor T ceU response to the 

autoimmune process. It is possible that some of the cells constituting the peri-islet infiltrate 

in the male NOD mouse are suppressor ceUs keeping in check ceUs which would actively 

destroy the 6 ceU. Perhaps the female pancreatic lesion lacks or has insufficient numbers of 

such cells to prevent 6 cell destruction. The requirement for such facihtation regimes as 

cyclophosphamide and irradiation to effect rapid disease induction in the NOD mouse 

would seem to suggest that immunoregulation may play a role in IDDM. There is now 

clear evidence from Boitard (Bach et al, 1990; Boitard et al, 1990) and Hutchings 

(Hutchings et al, 1991) that CD4+ T cells are capable of depressing the ability of diabetic 

spleen cells to transfer disease. It is therefore possible that the peri-islet infiltrates observed 

in normoglycemic male NOD mice which do not progress to intra-islet locations may not be 

entirely constituted of autoaggressive T cells but contain a regulatory population of T cells. 

How this suppression is effected remains to be resolved but CD4+ T cells are known to 

regulate a variety of autoimmune responses (Parish et al, 1988). A subpopulation of CD4+ 

T cells (Thl) (Gajewski and Finch , 1988) has been shown to control the expansion of 

another subpopulation of CD4+ T cells (Th2) by the secretion of IFN-
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Y, and could represent an example of negative regulation. Additionally CD 8+ T cells 

produce large amounts of IFN-y, and as they are present in the insulitis lesion could

represent the poorly characterised CDS’*” suppressor T cell which could act as an

intervening regulatory ceU in the THl to TH2 negative feedback pathway. It would be 

interesting to isolate such cells from the pancreas of young male NOD mice and observe if 

they were able to protect female mice from diabetes or delay disease onset Further 

Pankewycz has shown that T cell clones isolated from NOD mouse islet infiltrates can 

either promote or prevent accelerated diabetes (Pankewycz etal, 1991). Additionally in situ 

hybridisation could be used to investigate whether the peri-islet infiltrate in male NOD mice

contained more or less y-IFN synthesising cells than the infiltrates in female mice.

Spleen cells fi*om diabetic NOD mice are capable of transferring IDDM to irradiated 

NOD recipients (Wicker era/, 1986). Although this system does not provide an insight into 

the initiating events leading to the development of IDDM it provides clues to the effector 

phase of the response.

Detailed histological analysis of recipient pancreata taken at weekly intervals after 

spleen ceU transfer demonstrated that T cell invasion of the pancreas was not evident until 

two weeks after cell transfer. Thereafter, infiltration was rapid as the primed T cells were 

able to home to their targets. The initial peri islet infiltration rapidly progressed to an intra

islet location and increased in severity until week 3 when 75% of recipients were diabetic. 

T cells utilising V68.1,2, V66 and V611 were detected in the peri and intra-islet infiltrates 

of transfer recipients, spontaneously diabetic female NOD mice and the peri-islet infiltrates 

of male NOD mice. Although there was a predominance of V68.1,2 compared to V66  and 

VBll expressing T cells, infiltrates were heterogeneous and merely reflected the 

proportions of T cells expressing these VB chains in the peripheral blood and spleen of 

NOD mice. T cells bearing these particular VB T cell receptor chains did not show any bias 

towards CD4+ or CD8+ T cells. Thus at the particular time points analysed, there was a 

rather heterogeneous use of VB genes in the T cells of the pancreatic infiltrates and a large 

percentage of the T cell inflammatory infiltrate are presumably antigen non-specific.

Subsequent to my studies additional TCR Vp specific antibodies have become available

and studies with them have confirmed my original observations. One cannot exclude the 

possibility of a restricted use of VB genes in T cells capable of destroying pancreatic B 

cells, as they may be present at low numbers and at the earliest point of infiltration. Since
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publication of my studies (O’Reilly et al, 1991) other researchers have demonstrated that 

the pancreatic infiltrates of even the youngest NOD mice are characterised by the

expression of multiple Vp gene segments as assessed by polymerase chain reaction

analysis with 18 Vp-specific oligonucleotide primers (Waters et al, 1992). There

also remains the possibility that a single p cell antigen-H-2 complex interacts with a

specific TCR V a chain. The observations of Candeias (Candeias etal, 1991) and Nakano 

(Nakano et al, 1991) of islet-derived T cell clones which specifically recognise pancreatic 

islet cell antigens derived from NOD mice have demonstrated unrestricted TCR Vp and V a

usage and thus do not support V a repertoire restriction. These observations would

indicate that there is little hope of abrogating harmful T-cell responses with anti-TCR V 

segment antibodies, suggesting that TCR-targeted immune therapy may not prove useful. 

Thus my studies and the later results of others collectively support the suggestion that 

insulitis culminating in the onset of diabetes is initiated by a T cell population bearing

diverse TCR P chains. The use of heterogeneous TCR by islet-reactive T cells in the 

inflammatory infiltrates perhaps suggests that the P cell has multiple antigenic epitopes or

that multiple TCR P chains are capable of recognising the same diabetogenic autoantigen.

Therefore preventative therapy should be directed towards identification of such molecular 

features and identification of disregulation of the immune system components.

The expression of MHC class II molecules on vessel associated cells at 1 week 

after transfer was the earliest event observed in recipient pancreas and preceded overt T 

cell infiltration. This phenomenon has also been described by Bedossa (Bedossa et al, 

1989) in the NOD mouse and by others in the BB rat (Dean etal, 1985). Class II MHC 

molecules were probably expressed by macrophages which were present at peri-islet 

locations at this time. Pancreatic macrophages could be divided into two distinct

populations on the basis of their location at diabetes onset. Mac-l"*", F4/80'*’ cells were 

recruited to the sites of infiltration and were distinct from the SER-4"^ resident tissue

macrophages. Peri and intra-islet infiltration of Mac-l"*", F4/80"*" cells peaked at 2 weeks

after transfer although infiltration was patchy and some islets were more affected than 

others. An initial interaction in which the autoantigen is presented to transferred T cells by 

resident macrophages could trigger recruitment of inflammatory macrophages. This
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sequence of events closely mirrors that seen in the spontaneously diabetic BB rat where it 

has also been demonstrated that EDI"*" macrophages (equivalent to Mac-l"'"/F4/80'*" cells in

the mouse) infiltrating the islet are distinct from the ED2"*" tissue macrophages (equivalent

to SER-4'*' cells in the mouse) of the pancreas. The infiltration in rat is also initially not

uniform, some pancreatic lobules being more severely affected than others (Walker et a/, 

1988A). Our finding of a resolution of the inflammatory infiltrate with the disappearance 

of 6 cells in NOD mice is also in accord with the findings in the BB rat. The macrophage 

pancreatic infiltrate arose by host recruitment rather than wholly from the donor spleen cell 

inoculum since if the latter are depleted of adherent cells prior to injection disease transfer 

still occurs (P. R. Hutchings personal communication).

Evidence that activated macrophages are present early in the disease process and 

data implicating them in 6 cell destruction have been documented in both human (Sibley 

etal, 1985) and rodent (Kiesel etal, 1986; Lee e ta l , 1988A; Haneberg etal, 1989; Nagy 

et al, 1989) diabetic pancreas . Furthermore the ability of agents such as silica or 

desferrioxamine (which affect macrophage function) to prevent disease onset 

(Oschilewski et al ; 1985, Nomikos etal, 1986; Charlton etal, 1988A) suggests a key role 

for these cells in the development of IDDM. Since there is convincing evidence of B cell

susceptibility to the cytotoxic effects of cytokines TNF-a and IL-1 particularly when in

combination with y-IFN, an effector role for macrophages cannot be excluded (Bendtzen

era/, 1986; Campbell gra/, 1988B; Vvk&\etal, 1988; Appel gfa/, 1989).

Class I MHC antigens were expressed on the endocrine and surrounding exocrine 

tissue of NOD islets which contained an inflammatory infiltrate. Locally produced

cytokines such as y-IFN, IL-1 and TNF could effect the upregulation of class I MHC

which may play a role in immunopathogenesis and render the B cell a better target for

CD8"*" T cells. Leiter observed an IFN-y inducible (“occult”) expression of class I like cell

surface antigen on cultured NOD pancreatic p cells (Leiter etal, 1989). Over-expression of 

MHC class I has also been documented in cyclophosphamide-induced diabetes in NOD 

mice. Disease in this model can be prevented by in vivo administration of anti-IFN-y

(Campbell etal, 1991; Debray-Sachs et al, 1991) which also prevents class I MHC over

expression. This observation is consistent with the view that class I MHC over-expression
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is effected by cytokines secreted by activated inflammatory cells (Kay at al, 1991A).

Indeed similar class I MHC antigen expression in the pancreas is found in both the 

prediabetic BB rat and the diabetic human (Schwizer et al, 1984; Campbell et ai, 

1986A,B,1988; Foulis etal, 1987B; Ono etal, 1988; Walker era/, 1988B). Interestingly 

Allison has shown that transgenic class I MHC expression on beta cells in mice carrying 

the same MHC haplotype resulted in disease development in the absence of lymphocytic 

infiltration, suggesting a non-immune role for class I molecules in the impairment of beta 

cell function (Allison etal, 1988). Although class I over-expression may not be required 

for insulitis, it may however be required for amplification and the full development of

pathology, as it would enhance targeting of cytotoxic T cells to p cells bearing the

autoantigen. Evidence from Shimizu (Shimizu era/, 1987) and Hayakawa (Hayakawa er 

al, 1991) from immunohistochemical and immunoelectron microscopical techniques

suggests that Lyt-l"*" cells are responsible directly for selective p cell destmction in the 

NOD mouse. Shimizu observed pseudopodia-like protmsions of Lyt-2'*' cells into the 6

cells resulting in degeneration of those ceUs whereas Lyl"*" cells were merely in loose

contact with 6 cells (Shimizu et al, 1987). Furthermore islet-associated lymphocytes 

extracted from NOD mice have been shown to recognise and destroy islet cells in vitro with

MHC class I as the restricting element (Nagata et al, 1989) and in vivo adrninistration

of anti -  prevents spontaneous and cyclophosphamide induced diabetes in NOD mice 

(Taki era/, 1991).

Class n  MHC molecules are normally expressed on the surface of antigen 

presenting cells such as macrophages, dendritic cells, B lymphocytes and Langerhans cells 

of the epidermis. In certain autoimmune diseases aberrant expression of HLA-Dr antigens 

has been reported, in particular on thyroid follicles in Graves disease (Hanafusa et al,

1983). It has been reported that class II MHC antigens are expressed on the beta cells of 

diabetic humans (Bottazzo et al, 1984) and in the BB rat on both vascular endothelium 

preceding infiltration and beta cells in partially destroyed islets (Dean etal, 1985), although 

this finding could not be confirmed by some groups (Baird, personal communication). 

Previous work showed that DR, la and RT antigens were found not to be expressed in

normal human, mouse or rat islet cell lysates (Baekkeskov gr a/, 1981). y-IFN has been

shown to induce class II expression on murine islet cells (Wright gr a/, 1986), BB rat islet
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cells in vitro (Walkerera/, 1986) and rat insulinoma cell lines (Varey et al, 1988 ) and (in 

combination with TNF-a) on human P cells (Pujol-Burrell et al; 1987). Furthermore

(CBA/J X N0D)F1 islet cells lost IFN-y inducibility of I-A implying suppression was

mediated by a transacting factor from the CBA/J genome (Leiter et al, 1989). Both 

experimental studies in vitro, and pancreatic in situ hybridisation studies in the BB rat 

which have shown the presence of cells expressing IL-1, TNF and IL-6 in the pancreatic 

inflammatory infiltrate, suggesting that cytokines are present and may play a role in the

pathogenesis of autoimmune p cell destruction (Jiang et al, 1991). Therefore they could

have the capacity to ‘up-regulate’ MHC antigens on beta cells to pathologically significant 

levels. However Hanafusa (Hanafusa etal, 1987) has shown class II expression from 5 

days of age on both female and to a lesser extent male NOD mouse beta cells, whether or 

not infiltration was observed. Further Formby and Miller (Formby and Miller, 1990) have 

demonstrated that single cell islet cells from male and female NOD mice express class II 

MHC ectopically as early as four weeks of age, suggesting that this represents a 

mechanism for targeting class H-restricted autoreactive CD4+ T cells to beta cells and 

initiating pancreatic insuhtis. However Signore (Signore et al, 1989) found no class II 

molecules on insuhn containing cells of female NOD mice from 5-36 weeks of age. 

Additional studies have indicated that class II MHC expression in the NOD mouse pancreas

was not observed on CD45 ’ islet cells at any stage (anti-CD45 recognises the leukocyte

common antigen present on cells of the leukocyte differentiation pathway and includes B 

lymphocytes, T lymphocytes, macrophages and dendritic cehs) indicating that ah the class 

n  positive cehs are lymphoid cells which infiltrate the islet (Mclnemey et al, 1991). The 

author confirmed my own observations that pancreatic endocrine cells did not express class 

n  MHC molecules and also noted the increase in MHC class I on 6 cells. My own studies 

(O’Reilly et al, 1991) indicate no evidence for aberrant expression of class II MHC on beta 

cehs in our transfer mice or in our analysis of spontaneous diabetic female or nondiabetic 

male NOD mice. Macrophages containing immunoreactive insuhn were observed in our 

studies and those of others.

Indeed In’t Veld has shown by electron microscopy that the MHC class II expressing cells 

containing insuhn were macrophages and dendritic cehs (In’t Veld et al, 1988). This may 

provide an explanation of the previous findings based on the detection of class II bearing 

cehs containing immunoreactive insuhn. Islet class II MHC expression could be a 

secondary phenomenon not preceding insuhtis but present as a result of macrophage and
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lymphocytic invasion and subsequent engulfment of dead or dying 6 cells.

Whether 6 cells can present self or other antigens has remained an active area of 

interest for some researchers and the recent finding that ICAM-1 can be detected on NOD

mouse 6 cells following culture with TNF-a and y-IFN (Campbell etal, 1989) and can be

induced de novo on human islet P cells (Vives etal, 1991) provided some support for this

thesis. We have no evidence for such expression on 6 cells in vivo in the NOD mouse 

during the prediabetic period. All ICAM-1 expression appeared to be restricted to 

macrophages in the inflammatory infiltrate.

This is consistent with the observations of Dougherty (Dougherty et al, 1988) who 

has shown ICAM-1 on activated accessory cells. These authors suggest that in the course 

of T ceU activation, accessory cells express ICAM-1 first which facihtates interaction with 

LFA-1 on T cells, thus stabilising T cell-accessory cell contact resulting in T-cell activation.

Although aU the elements of the immune response ie. CD4'*', CD8 '*' T ceUs and

macrophages were present at peri-islet locations in non-diabetic male NOD mice, no 6  cell 

destruction resulted. These T cells did not express the IL-2 receptor, suggesting that they 

were not activated, in contrast to the finding of IL-2R positive T cells within islets in both 

non-diabetic and diabetic female NOD mice. The peri-islet IL-2R negative cells in male 

NOD mice may represent B cell specific but anergic T cells, which are characteristically IL- 

2R negative (Ramsdell and Fowlkes 1990). This suggests that a critical triggering event 

is required for intra-islet invasion and beta cell destruction.

Having demonstrated the ceUular phenotypes constituting the pancreatic infiltrates, 

the next stage was to assess what contribution each cell type made to the disease process. 

If a particular type could be eliminated from the inflammatory lesion would the 

disease follow a more protracted time course or be prevented altogether ?
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F IG U R E  5.1 : Cryostat Sections of the Pancreata from Diabetic Spleen Cell Transfer 

Recipients and Male NOD Mice.

Cryostat sections of the pancreata from diabetic spleen cell transfer recipients two weeks 

after transfer, stained by the indirect immunoperoxidase method for CD4"*' T cells (A) and

CDS’*" T cells (B) using the rat anti-mouse M. Abs. YTS 191.1 and YTS 169.4

respectively, demonstrating both peri- and intra-islet infiltration of these T cell 

subpopulations.

Figure 5.1 (C) and (D) show pancreata from 5 month old male NOD mice stained for CD4 

and CD8 respectively, using the methods described above and showing peri-islet 

infiltration only. Magnification 400x.
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FIGURE 5.2 (A) : Macrophage Expression in the Non-Diabetic NOD Mouse 

Pancreata

Cryostat sections of pancreata obtained from recipients one week after diabetic spleen cell 

transfer stained by indirect immunofluorescence with the rat anti-mouse M. Abs. Mac-1 (A) 

and F4/80 (B) demonstrating the normal distribution of these macrophage subpopulations 

lining the pancreatic acini and tissue vasculature. Figure 5.2 (C) shows the expression of 

the resident mac r ophage subpopulation labelled with the rat anti-mouse M.Ab. SER-4 

(C*) three weeks after transfer. Magnification 400x, * 200x.
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FIGURE 5.2 (B) Macrophage Expression in the Diabetic NOD Pancreas

Double immunofluorecent staining of recipient pancreata two weeks post diabetic spleen

cell transfer stained with Mac-1 (D) and F4/80 (E) (green) surrounding the rhodamine

labelled insulin containing P cells (red). Arrow represents residual insulin containing p

cells in the partially destroyed islet. The figure shows peri- and intra-islet infiltration of the

MAC-1'*' and F4/80'*' macrophage subpopulations in NOD mice just prior to diabetes onset.

Figure 5.2 (F*) shows F4/80 positive cells present at both peri and intra-islets locations of 

partially destroyed islets five weeks after diabetic spleen cell transfer.

Magnification 200x, * 400x.
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FIGURE 5.3 : Pancreatic Expression of MHC class I in the NOD Mouse 

Section of pancreata from NOD mice one week after transfer of diabetic spleen cells stained 

by indirect immunofluorescence for MHC class I with the rat anti-mouse M. Ab. Ml/42.3 

(green) and insulin (red) demonstrating normal expression of class I MHC (A). Figure 5.3 

(B*) shows hyperexpression of MHC class I on pancreatic endocrine and exocrine of an 

NOD mouse two weeks after diabetic spleen cell transfer.

Arrow represents residual insulin containing p cells.

Figure 5.3 (C) shows a section of male NOD pancreata two weeks after transfer of diabetic 

spleen cells stained by indirect immunofluorescence for the expression of ICAM with the 

rat anti-mouse M. Ab. YNl/1.7.4, showing predominanly peri-islet infiltration of cells 

expression this adhesion molecule.

Magnification 400x, * 200x.
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TABLE 5.1 A Percentage of blets with Class II Positive Cells at Peri- and Intra-
Islet Locations in Female NOD Mice

Age
(mths)

No of 
mice

No of
islets
counted

Residual

%
Peri-islet Infiltration 

%
Intra-Islet Infiltration 

%
none mode

rate
severe none mode

rate
severe

1 5 200 0 74 25 1 96 4 0

3 3 128 23 32 56 11 71 28 1

5 5 100 44 9 82 9 46 50 36

T A B L E  5.1 B Percentage of Islets with Class II Positive Cells at Peri- and Intra- 
Islet Locations in Male NOD Mice

Age
(mths)

No of 
mice

No of
islets
counted

Residual

%
Peri-islet Infiltration 

%
Intra-Islet Infiltration 

%
none mode

rate
severe none mode

rate
severe

1 5 135 0 90 10 0 99 1 0

3 5 101 7 47 49 4 87 13 0

5 4 82 0 58 32 10 98 2 0

Peri- and Intra-Islet Infiltration

Moderate: percentage of intact islets with 0-40 class II positive cells.

percentage of intact islets with >40 class II positive cells.Severe:

Residual: percentage of total number of islets analysed that displayed massive
disruption of islet morphology and concomitant p cell destruction with 
loss of immunoreactive insulin.
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TABLE 5.2 A Percentage of Islets with T Cells (CD3 Positive) at Peri-and Intra-
Islet Locations in Female NOD Mice

Age
(mths)

No of 
mice

No of 
islets 

counted

Residual

%
Peri-islet Infiltration 

%
Intra-Islet Infiltration 

%
none mode

rate
severe none mode

rate
severe

1 5 98 0 92 7 1 100 0 0

3 3 41 7 16 73 21 74 21 5

5 5 56 43 15 60 25 66 28 6

T A B L E  5.2 B Percentage of Islets with T Cells (CD3 Positive) at Peri- and Intra- 
Islet Location in Male NOD Mice

Age
(mths)

No of 
mice

No of 
islets 

counted

Residual

%

Peri-islet Infiltration 

%
Intra-Islet Infiltration 

%
none mode

rate
severe none mode

rate
severe

1 5 129 0 98 2 0 100 0 0

3 5 101 6 57 30 3 94 6 0

5 4 95 0 58 33 9 97 3 0

Peri- and Intra-Islet Infiltration

Moderate: percentage of intact islets with 1-20, CD3 positive T cells.

percentage of intact islets with >20 CD3 positive T cells.Severe:

Residual percentage of total number of islets analysed that displayed massive
disruption of islet morphology and concomitant P cell destruction with 
loss of immunoreactive insulin expression.
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Table 5.3 N  B Macrophage Infiltration of NOD Pancreatic Islets.

Table 5.3A Percentage of Islets With Macrophages (F4/80 positive) at Peri- and Intra-islet 
Locations in Female NOD Mice.

Age No. Mice No. Islets Peri-islet infiltration Intra-islet infiltration
(Months) Analysed Analysed None Moderate Severe None Moderate Severe Residual

1 5 76 33 63 4 86 14 0 0
3 3 49 4 21 75 34 49 17 2
5 5 73 0 5 95 38 48 14 17

Table 5.38 Percentage of Islets With Macrophages (F4/80) positive at Perl- and Intra-Islets 
Locations in Male NOD Mice.

Age
(Months)

No. Mice 
Analysed

No. Islets 
Analysed

Peri-islet Infiltration Intra-islet nfiltration
None Moderate Severe None Moderate Severe Residual

1 5 151 15 73 12 54 46 0 0
3 5 117 6 52 42 36 62 2 2
5 4 81 4 43 53 23 70 7 0

o
CM

Peri islet-lnfiltration
Moderate: % of intact islets with 1-5, F4/80 positive cells. 
Severe: % of intact islets with >5, F4/80 positive cells.

Intra-islet Infiltration
Moderate: % of intact islets with 1-5, F4/80 positive cells. 
Severe: % of intact islets with >5, F4/80 positive cells.



Table 5.4 A /B Expression of MHC class I in NOD Mice.

Table 5.4A Percentage off Islets Expressing Class I MHC Molecules in Female NOD Mice.

Age No. Mice No. Islets MHC class 1 Expression
(Months) Analysed Analysed % Normal % Expression 

on Infiltrate 
only

% Hyperexpression 
on exocrine/infil/ 

residual islets
1 5 96 84 7 9
3 3 56 2 1 6 82
5 5 66 0 9 91

Table 5.4B Percentage of Islets Expressing Class I MHC Molecules In Male NOD Mice.

C\J

Age No. Mice No. Islets MHC Class 1 Expression
(Months) Analysed Analysed % Normal % Expression 

on Infiltrate 
only

% Hyperexpression 
on excorine/infil/ 

residual islets
1 5 124 76 24 0
3 5 107 41 23 36
5 4 69 14 29 57

Pancreata from male and female NOD mice were analysed by immunofluorescence for insulin 
(rhodamine) and the presence of class I MHC (M 1/42.3) (FITC) by the methods outlined previously.. 
Normal: MHC class I expression at peri- and intra-islet locations was normal and infiltrate if present 
Infiltrate: MHC class I expression on islet infiltrating cells.
Hyperexpression: MHC class I expression observed on pancreatic infiltrate, endocrine and also 
hyperexpression over the surrounding exocrine.



TABLE 5.5 Sequential Pancreatic Infiltration of L3T4+ and Lv-2 + T Cells after 
Transfer of 2x10? Diabetic Snleen Cells to Irradiated 10-14 Week Old Male NOD 

Receinients

Time (wks) 
after 

transfer

No of mice

Pancreas Histology (% of total islets counted)

% residual 
islet

% Diabetesno insulitis peri-
insulitis

intra-insulitis

mild severe

1 4 100(100) 0(0) 0(0) 0(0) 0(0) 0

2 5 33(25) 50(50) 11(25) 44(50) 11(10) 0

3 4 19(19) 35(25) 0(0) 65(60) 30(30) 75

5 4 0(0) 45(33) 0(9) 90(100) 58(58) 100

5* 4 64(54) 36(36) 9(18) 0(0) 0(0) 0

Twenty-one non-diabetic male NOD mice aged 10-14 weeks were injected i.v. with 
2x10^ spleen cells from diabetic adult donors and killed randomly at weeks 1 ,2 ,3  and 5 
for histological analysis.
* Control mice were age-matched and were injected i.v. with 2x10^ non-diabetic 

spleen cells from adult mice and analysed 5 weeks after transfer. Data represent the 
percentage of islets with L3T4+ T cell infiltration, data in brackets represent the 
percentage of islets with Ly-2‘*‘ T cells infiltration. Twenty islets were analysed 
from each group. Peri-insulitis refers to lymphoid infiltration peripheral to the islet, 
which may also be associated with intra-islet infiltration. Intra-islet infiltration 
refers to lymphocytic infiltration into the islet which was either a) mild, 1-10  

positively staining cells located within the islet or b) severe, >10  positively staining 
cells located within the islet with islet disruption. Residual refers to massive 
disruption of islet morphology and concomitant P cell destruction with the loss of 
immunoreactive insulin expression.
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TABLE 5.6 Effect of Irradiation on Diabetic Spleen Cell Transfer

Treatment %No Infiltrate % Peri-islet
% Intra-islet 

(severe) % Residual % Diabetic
Irradiation § 0 83 60 13 50
No Irradiation § 68 32 0 0 0
Irradiation* 0 80 90 20 50
No Irradiation* 84 16 0 0 0

2 X10^ diabetic spleen cells were administered i. v. to 9, two month old male NOD recipients, 
of which 5 had received 650 Rads of irradiation the day previously.

Animals were sacrificed 4 weeks after transfer the pancreata prepared for immunohistology 
and stained for CD4 and CD8 positive T cells by the immunoperoxidase method.
50% of the irradiated animals were overtly diabetic at this time point, whereas none of the 
non-irradiated recipients were hyperglycemic and displayed no intra-islet infiltration.
No infiltrate: % of islets that had no peri- or intra-islet infiltration.
Peri-islet infiltration: % of islets demonstrating peri-islet infiltration.
Intra-islet infiltration (severe): % of islets demonstrating severe intra-islet infiltration 
ie. >10 positive cells.
* pancreatic sections stained for CD8.
§ pancreatic sections stained for CD4.
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TABLE 5.7 Percentage of islets with Vp8.1.2.. V|36 or v p i l  Positive Cells at Peri- 

and Intra-islet Locations in Transfer Recipients and 4 Month Old Male NOD 

Pancreata.

Time (wks)* % 1-10 positive cells peri-islet % >6 positive cells intra-islet

V38.1.2. VP6 vpii V38.1.2. VP6 vpii

A.2 36 18 12 10 1 0

3 21 23 31 12 6 0

4 23 8 23 23 0 4

B.l 22 5 0 0 0 0

day 10 38 9 10 0 0 0

2 42 35 8 2 0 4

4 38 41 39 12 16 5

4** 43 33 17 0 0 0

Male NOD 4 
month

32 21 18 0 0 0

* Time in weeks after transfer of 2x10^ diabetic spleen cells into irradiated male 
NOD recipients at which pancreata were analysed. Two transfer experiments were 
analysed, A and B.

** Age matched control irradiated male NOD recipients which had received 2x10^ 
non-diabetic syngeneic spleen cells.
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Table 5.8. The average number of macrophages detected bv the markers Mac-1 and F4/8Q 

at peri, intra or residual locations in transfer recipients. CBA mice, spontaneously diabetic 

female NOD mice and 4 month old male NOD mice.

Mac-1 F4/80

No.Mice
Animal*

No.of islets 
analysed

Peri Intra Residual Peri Intra Residual %Diabetes

Wk 1* 4 77 2.7 0.6 0 2.7 0.8 0 0

Day 10* 5 50 6.2 1.1 0 7.1 1.2 0 0

Wk2 * 5 64 14.7 2.3 1.4 14.8 2.7 1.2 0

Wk 4* 4 44 4.9 1.8 10.8 5.7 2.2 11.1 75

Wk 4** 3 35 8.8 0.8 0.5 7.5 0.9 0.5 0

CBA 6 38 0.7 0 0.1 0 0 0 0

SPON.
DIAB.NOD

2 35 5.2 3.2 4.6 8.9 3.6 7.1 100

4 MONTH 
MALE NOD

5 77 6.9 1.2 0 7.9 2.2 0 0

Data expressed as the average number of positive cells per islet. It should be noted that islet 

infiltration was patchy initially some islets being, more affected than others,

*Time in weeks after transfer of 2x10? diabetic spleen cells into irradiated male NOD 

recipients at which pancreata were analysed.

**Age matched control irradiated male NOD recipients which had received 2x10^ 

non-diabetic syngeneic spleen cells.
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Table 5.9. Percentage of islets expressing class I MHC molecules in CBA. NOD and 

Transgenic NOD.

CLASS I MHC.

Animal No.mice No. Islets Normal Expression on ' Hyperexpression ' residual

wkl* 4 39 41 57 0 3

Day 10* 5 63 8 38 56 0

wk2* 5 44 0 27 73 0

wk4 * 4 31 0 3 32 65

wk4+ 4 25 28 72 0 0

CBA 2 12 42 58 0 0

Spon. Diab 6 14 0 0 14 86

male NOD 5 89 20 80 0 0

female NOD 9 256 23 12 23 42

Normal:- Distribution of class I MHC expression at peri and intra-islet locations was 

normal.

Infiltratei-Class I MHC expression on islet infiltrating cells.

Hyperexpression:-Class I MHC expression observed on pancreatic infiltrate, endocrine and 

also the surrounding exocrine tissue.

‘ Pancreata were analysed from irradiated male NOD mice which had received 2x10^ 

diabetic spleen cells (+ or 2x10^ syngeneic non-diabetic spleen cells) at the time stated. 

Male NOD mice were 4 months old.Female NOD mice were 6-7 months old. NOD Ea3 were 

10-11 months old. NOD PROL-3 were 4-5 months old.
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Table 5.10 Percentage of islets infiltrated with ICAM-1 positive cells at peri, intra and 

residual islet locations in transfer recipients. CBA mice, spontaneously diabetic female NOD 

mice and 4 month old male NOD mice.

Time No. mice 
(wks)*

No. Islets 
analysed

Negative Peri-islet Intra-islet Peri + % Residual 
Intra-islet

1 4 44 57 39 0 4 0

Day 10 5 35 40 51 0 9 0

2 5 37 8 59 22 5 5

4 4 30 43 3 0 27 27

4** 3 26 62 19 4 15 0

CBA 2 16 94 6 0 0 0

spon.diab
NOD

6 18 0 0 6 0 9

4 month 
male NOD.

5 99 48 48 2 2 0

* Time in weeks after transfer of 2x10^ diabetic spleen cells into irradiated male NOD 

recipients at which pancreata were analysed.

**Age-matched control NOD recipients which had received 2x10^ syngeneic, non-diabetic 

spleen cells.
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In Vivo Treatinenf of Diahefic Snleen Cell Transfer Rccinients With 

Monoclonal Antibodies to T Cell Subsets: Effect on Pancreatic 

Infiltration
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6.1 Introduction.

There are two major subsets of peripheral T cells in both man and rodents, which 

differ in the way they recognise foreign antigens. One responds to antigens in the context 

of class II MHC molecules (I-A, I-E (mouse) or HLA DP, DQ, DR (human)) and 

expresses the differential surface molecule CD4 (Dialynas etal, 1983A,B). This subset of 

mature T cells which provides help for other effector functions promoting humoral and

cellular immunity is termed Th/Ti or more appropriately, GEM"*" T cells. The second subset

recognises antigen in the context of class I MHC molecules (H-2K, H-2D (mouse) or HLA 

A, B, C (human)), expresses the CDS differentiation antigen and is classically linked with 

generation of cytotoxic T cells, and is called Tc/Ts or CD8+ T cells.

The previous chapter established that CD4"*" and CD8 "̂  T cells were present in the

inflammatory pancreatic lesions of spontaneously diabetic male and female NOD mice and 

in the pancreas of diabetic spleen cell transfer recipients. It was necessary to establish the 

exact sequence of events in the transfer model in order to determine the optimal time point

to intervene and prevent disease manifestation. Infiltration of CD4'*' and CD8"*' T cells was

evident at two weeks after transfer in recipient pancreata (O’ Reilly et al, 1991). Therefore 

it could be argued that any immunological regime which would prevent further destmction 

by deletion or tolerisation should be administered before this time point. In vivo 

administration of rat anti-mouse monoclonal antibodies specific for particular T cell subsets 

(CD4 or CD8) seemed the most logical approach, since both were clearly present in the 

insulitis lesions. This protocol would determine whether they were essential for disease 

pathogenesis or merely present due to some nonspecific inflammatory recruitment.

There are now available several mouse CD4 specific M. Abs, namely YTS 191.1 

(Cobbold etal, 1984), GK1.5 G2b (Dialynais etal, 1983A,B), GK1.5 G2a (Alters etal, 

1989) and YTS 177.1 (Cobbold etal, 1990B). All are rat anti-mouse CD4 antibodies of the 

IgG2b isotype except YTS 177.1 and GK1.5 which are IgG2a. The corresponding 

antibody to mouse Tc/s, namely YTS 169.4 is a IgG2b rat monoclonal antibody to the 

mouse Lyt-2 antigen (Cobbold et al, 1984). Cobbold (Cobbold et al, 1984) has 

demonstrated that unmodified YTS 191.1 and YTS 169.4 are effective in independently

depleting CD4'*' and CDS"*" T cell lineages respectively in vivo. Extrathymic CD4"*" and
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CDS"  ̂ cells are saturated with M.Ab and are rapidly depleted from the spleen and lymph

node. Anti-CDS administered at the optimal dose (x2, 0.5mg doses i.v, 1 week apart) 

gave specific depletion of 96% of target cells 3 weeks after antibody administration. A 

similar depletion could be achieved with anti-CD4 in CBA mice (Cobbold et al, 1984). 

Animals remain functionally depleted for 3 months after M.Ab injection. Rat IgG2b M. 

Abs can therefore be very effective in vivo, they would be good candidates for human 

therapy, because this Ab. subclass is the only one known to fix human complement and 

activate ADCC in vitro {Hughes-Jones etal, 1983). Similarly, >90% CD4 depletion was 

achieved in both spleen and lymph node 2 days after a single i.p. injection of O.lmg of GK 

1.5G2b (Ranges et al, 1987). Depletion is variable as replenishment of depleted 

populations occur over a span of time that is strain dependent var^n^ from 30 days in 

DBA/1 mice and 2 months in BALB/c mice with GK 1.5. (Ranges? 1987).

M.Ab therapy is generally complicated by the development of host immunity to 

xenogeneic immunoglobulin which has adverse side effects ranging from mild 

anaphylactoid reaction in humans to frank anaphylaxis in mice. However an exception is 

the treatment of mice with rat M.Ab to L3T4 which fails to elicit a humoral anti-globulin 

response (Benjamin et at, 1986). Anti-CD4 additionally blocks humoral immunity to certain 

other antigens that are administered concurrently and thus may facilitate the administration 

of other xenogeneic M/Ab given under this ‘umbrella’ of anti-CD4 (Benjamin and 

Waldman, 1986). Indeed such treatment could induce tolerance to constant region 

determinants on rat IgG2b M.Abs preventing the early anti-idiotypic response to cell- 

binding M.Abs.

Such effects of anti-CD4 on immune function were also noted by Gutstein, 

namely blockade of the primary response to SRBC, soluble protein antigens and the 

secondary response to T dependent antigens. Less profound effects were observed with T- 

independent antigens. In addition anti-CD4 delays but does not prevent allograft rejection 

of skin grafts and reduces but does not block Tc generation (Gutstein et al, 1986).

Carteron (Carteron et al, 1988) demonstrated that F(ab')2 anti-CD4 (2C7) has 

similar functional characteristics to the intact anti-CD4. Including binding to CD4+ T cells, 

tolerance induction to other rat Ig administered at the same time and induction of long 

lasting antigen-specific immune tolerance even when rechallenged 19-23 weeks after first
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exposure to antigen. This form of the M.Ab is non-depleting and if antigen is presented 

after, rather than during, F(ab’)2 anti-CD4 treatment, the immune response to that antigen 

is not impaired. This makes it possible to restore normal immune responses to new antigen 

within 3 days of cessation of therapy thus allowing rapid reversal of the immune 

suppression. It has also been shown that deletion may not be the only mechanism which 

accounts for immunosuppression, binding of anti-CD4 could induce a down-regulation 

signal to the T cell preventing immune function (Haque et al, 1987). However once the 

circulating titre of inhibitory Ab. has declined, a pool of auto-antigen primed T cells 

protected from deletion in lymph node would be free to reestablish the disease, thus the 

need for long-term therapy for sustained immunosuppression and the attendant risks of 

intercurrent infection.

The immune system is characterised by the capacity to respond to "non-self" while 

remaining unresponsive to "self". Self-tolerance operates through processes which 

inactivate lymphocytes either centrally in the thymus and bone marrow or peripherally for 

antigens more restricted in their expression in other tissues (reviewed chapter 1). Two 

main areas of research, transplantation and autoimmunity, have benefited enormously from 

in vivo depletion of target T cells with M.Ab technology. It is possible to re-establish 

tolerance in autoimmune diseases while maintaining responsiveness to exogenous antigens 

or to guarantee tolerance to a transplanted allograft and thus dispense with such drastic non

specific measures as long-term drug immunosuppression, irradiation, anti-lymphocyte 

globulin or thoracic duct drainage.

Both CD4'*' and CD8^ T cell populations participate in the allograft rejection

process (Michaelides etal, 1981; Loveland ^  a/, 1981; Tyler et al, 1984). Such allogeneic 

reactions, responsible, for example, for bone marrow rejection, can be prevented by in 

vivo depletion of recipient T cells with anti-CD4 and CD8 M.Abs leading to specific 

tolerance (Cobbold gf a/, 1986). Cobbold e tal (1990A) have additionally demonstrated that 

for grafts differing in multiple transplantation antigens or differing in minor transplantation 

antigens plus class I MHC, the need to establish some degree of haematopoietic chimerism 

can be achieved with parenteral administration of CD4 and CD8 M.Abs. This was achieved 

by using a M.Ab cocktail to give maximal depletion (Qin et al, 1989). The cocktail 

contained two anti-CD4 M.Abs (YTS 191.1 and YTA 3.1.2) and two anti-CD8 M.Abs
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(YTS 169.4 and YTS 156.7) reactive to non-overlapping epitopes of the CD4 and CDS 

molecules respectively. It has to be noted that although anti-CD4 is a potent 

immunosuppressive agent associated with the creation of a tolerogenic environment, 

tolerance for example to HGG given under the cover of a short course of non-depleting 

anti-CD4 has to be reinforced by repeated injections of HGG and is lost in the absence of 

any further exposure to antigen. This reversal of tolerance with time, presumably due to 

new T cells being exported from the thymus, is avoided with tolerance to marrow and skin 

grafts (Qin et aU 1990) as the grafts act as a continuous source of antigen. The tolerant state 

is permanent suggesting that specific peripheral T cells that are anergic participate in 

reinforcing this state by competing at sites of antigen presentation. Additionally Cobbold 

(Cobbold gf a/,1990A) demonstrated that skin grafts incompatible across the whole MHC 

could survive using a combination of depleting and non-depleting antibodies, where each 

alone was unsuccessful. Therefore T and B cell tolerance is maintained by the cells being in 

an unresponsive or anergic state. Tolerization of memory, or recently activated T cells, 

therefore offers new opportunities for intervention in transplantation.

Many animal models of autoimmune diseases have already been successfully treated 

with M.Abs to T cell surface surface antigens. EAE can be inhibited in Lewis rats 

immunised with purified MBP (myelin basic protein) by treatment with W3/25 an M. Ab 

to rat CD4 (Brostoff et al, 1984). W3/25 did not mediate its effect by clearing the blood of 

W3/25+ cells as this Ab. (which is of the IgGl isotype) is non-cy to toxic. This antibody 

has been shown to inhibit an MLR in vitro (Webb et al, 1980) and to prevent in vivo 

activation of cells that mediate the transfer of EAE from sensitised donors to naive 

recipients. Additionally, clinical signs of EAE in the SJL/J mouse model were prevented 

when GK1.5 was administered before disease onset, and reversed when administered after 

the first signs of EAE appeared (Waldorgf a/, 1985). GK1.5 not only reduced the numbers 

of CD4+ T cells in the spleen and lymph node, but prevented clinical and histological 

manifestations of EAE when the Ab. was administered after the appearance of autoimmune 

T cells capable of selectively transferring EAE.

Repeated injections of anti-CD4, in addition to depletion of circulating target cells, 

also reduced auto-antibody production, retarded renal disease and prolonged life in B/W 

female mice (NZB/NZW) without provoking an undesirable and potentially hazardous 

immune response to the antibody (Wofsy and Seaman, 1985). Type II collagen-induced
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arthritis (CIA) in mice and rats is an inflammatory polyarthritis with similar characteristics 

to the human autoimmune disease, rheumatoid arthritis. CIA is associated with a cellular 

and humoral response to type II collagen which can be prevented if anti-CD4 is 

administered before immunisation with type II collagen (Ranges et aU 1985). Antibody 

administration resulted in a decline in disease incidence and delayed onset of CIA which 

was associated with lower IgG Ab. titres to type II collagen. Anti-CD4 treatment after the 

antibody response to type II collagen was underway, but before disease onset, did not 

affect disease expression indicating that the humoral response to type II collagen is a 

necessary prerequisite for CIA development but not predictive of disease.

Given the potential of in vivo M.Ab. to CD4 and CDS subpopulations (both 

depleting and non-depleting) in transplantation and various autoimmune diseases, It seemed 

logical that this form of therapy could have much to offer in the treatment of autoimmune 

IDDM, since it has already been established that both CD4 and CDS populations are 

essential for disease manifestation in the NOD mouse. Clearly, one major goal in 

understanding autoimmunity is to characterise the self or cross-reacting environmental 

antigens that generate the critical diabetogenic peptide epitopes. In the case of IDDM, 

where the diabetogenic antigen has not yet been identified, anti-CD4 treatment may

specifically be able to anergize those CD4'*' T cells which recognise such an antigen and

prevent the cellular interactions leading to beta cell destruction.

In this chapter I will demonstrate that treatment of diabetic spleen cell transfer 

recipients with depleting anti-CD4/CDS and non-depleting anti-CD4 is able to prevent 

disease manifestation. It was established in the previous chapter that the V6 S gene family 

predominated in the insulitis lesioaTherefore in vivo depletion of transfer recipients using 

a M.Ab. specific for T cells using V6S chains in their TCRs was additionally carried out. 

This did not prevent disease, the implications of which will be discussed.
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6.2 RESULTS

6 .2 .1  In vivo administration of depleting anti-CD4 prevents disease 

in diabetic snleen cell transfer recipients.

The diabetic spleen cell transfer was carried out as indicated in chapter 4, using 12

male NOD mice. The rat monoclonal antibody to the mouse cell surface antigen,CD4

(YTS 191.1) was diluted in PBS such that treated mice received 400pgin a final volume of

200 m1 i.v. on the first day of treatment and the same amount intraperitoneaUy on the 2

days following. Four transfer recipients received anti-CD4 commencing either the day after

transfer or 1 week after transfer. The control group of 4 mice received no further treatment

other than the spleen cell transfer. Fluorescence activated cell sorter (FACS) analysis showed that

spleen cells from Ab. untreated m ice  had 17% CD4+ T cells compared
^ t  week 3

with 0.1% in spleen cells from mice treated in vivo with YTS 191.1 (anti-CD4). All animals 

were sacrificed at 7 weeks after diabetic, spleen cell transfer at which point 75% of the 

animals in the control group were diabetic compared to 25% and 0% for groups receiving 

anti-CD4 treatment commencing at days 1 and 8 respectively. Pancreata were snap frozen, 

sectioned and stained by the immunoperoxidase technique (as outlined in materials and 

methods) for the CD4 and CDS T cell surface antigens. Treatment with anti-CD4 not only 

prevented diabetes but reduced the percentage of residual islets from 26-33% in the control 

group to 3-8% and 0% in the groups treated on day 1 and day 8 respectively. Intra-islet 

infiltration by CD44- cells was absent in 67% and 95% of islets from animals treated 

with anti-CD4 on days 1 and 8 respectively, compared to 31% of islets from untreated 

animals (Table 6.1 A). Similarly prevention of intra-islet infiltration by CD8+ T cells was 

evident in 63% and 95% of anti-CD4 treated is le ts  on days 1 and 8 respectively, 

compared to 17% in non-treated animals. However treatment with anti-CD4 at either time 

point appeared to have little effect on peri-islet infiltration by either CD4 or CD8 T 

cells (Table 6.1 A). If treatment with anti-CD4 was given directly after diabetic spleen cell

transfer, not only was severe intra-islet infiltration by CD4^ and CD8 '*' T cells prevented

but macrophage recruitment was also delayed. Seventy three to 95% of islets from anti- 

CD4-treated animals had no intra-islet infiltration of Mac-1+ cells, whereas only 40% of 

islets from untreated animals were unaffected by macrophage infiltration (Table 6 . IB).
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6.2.2 In vivo administration of non-deoleting anti-CD4 prevents

disease in diabetic snleen cell transfer recipients.

Spleen cell suspensions from overtly diabetic female NOD mice were prepared in 

Hank's balanced salt solution and injected i.v. into 18 disease free male NOD recipients 2- 

4 months old previously given 650 rads from a cobalt source. The non-depleting anti-CD4 

monoclonal antibody (Nd -YTS 177.1) was of the IgG2a subclass and 2mg was given i.v, 

i.p, i.p. on consecutive days and thereafter i.p. three times weekly. Groups of 4-5 mice 

either received no treatment after diabetic spleen cell transfer (group 1) or Nd anti-CD4 

(non-depleting anti-CD4) starting at day 12 (group 2) or received no treatment after 

transfer but were sacrificed at day 12 (group 3). Animals in groups 1 and 2 were sacrificed 

4 weeks after transfer for histological examination of pancreata by double 

immunofluorescent staining for insulin and 0X6 (detects MHC class H positive cells) or 

anti-CD3 (detects T cells) (Figure 6 .1 A/B). At week 4 50% of the animals were diabetic 

in group 1 (1 animal had already died of diabetes ) but none of those receiving M.Ab. 

therapy were hyperglycemic. Results presented in the previous chapter have established 

that by 10-14 days after transfer macrophages and lymphocytes had infiltrated the pancreas 

and some intra-islet infiltration had occurred. These observations were confirmed in this 

study, as the control animals sacrificed at 2 weeks receiving no Ab. treatment had >10 

class II positive cells at peri-islet sites in 40% of intact islets. Thus peri-islet infiltration was 

already extensive and 23% of the total islets analysed were residual and devoid of 6 cells 

(Table 6.2A).

In order to determine whether Nd CD4 could arrest the destructive process, mice 

in group 1 sacrificed at week 4 after transfer were analysed. All islets examined 

demonstrated severe peri-islet infiltration of MHC class II positive cells and 83% of the 

remaining intact islets showed severe intra-islet infiltration with 70% of the total islets 

devoid of 6 cells. Pancreata from animals given non-depleting anti-CD4 fi*om day 12 

onwards and killed at 4 weeks after transfer, were indistinguishable from the group 

analysed at two weeks after transfer having 19% islet remnants, and 36% and 7% of 

islets demonstrated severe peri- and intra-islet infiltration of MHC class II positive cells 

respectively. Similarly analysis of pancreatic sections from all 3 groups stained for insulin 

and T cells revealed a similar pattern of infiltration to that obtained by staining for class II
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MHC antigen'’’ cells. Table 6.2B shows that although there was considerable peri-islet

infiltration in the anti-CD4 treated group, 49% of islets had >10 T cells at peri-islet 

locations compared to 77% for untreated controls at week 4. Severe intra-islet infiltration 

was also reduced from 59% of islets (control group at week 4) to 4% for those treated with 

Nd CD4 which is comparable to that observed in control animals analysed at week 2 (2%). 

Thus Nd.anti- CD4 can both independently reduce peri and prevent intra-islet infiltration by 

class n-h cells and T cells in diabetic spleen cell recipients and thereby prevent diabetes.

6 .2 .3  In vivo treatment of diabetic spleen cell recipients with 

depleting anti-CD8 protects against disease induction.

The diabetic spleen cell transfer was carried out as indicated in chapter 4 on a 

cohort of 21, 9 week old male NOD mice. The rat monoclonal antibody to the mouse cell 

surface antigen Lyt-2 (anti-CD8-YTS 169.4) was diluted in PBS such that each animal 

received 400 M g in a final volume of 200 m1 i.v. on the first day of treatment and the same 

amount intraperitoneaUy on the 2 days following. Control mice were similarly treated with 

YTH3.2.6, an isotype-matched rat monoclonal antibody to human CD7. Fluorescence 

activated cell sorter (FACS) analysis showed that spleen cells from Ab untreated

mice had 11.8% CD8’’’ T cells compared with 0% in spleen cells from animals
at week two after transfer

treated with YTS 169.4 (anti-CD8)  ̂ Recipient mice of diabetic spleen cells were treated 

with anti-CD8 , beginning on day 1 (3 mice), day 8 (5 mice), day 15 (4 mice), day 22 (4 

mice) or untreated (5 mice). In another experiment a group of 5 diabetic spleen cell transfer 

recipients were treated with anti-CD8 commencing at day 12 after transfer (Table 6.2A/B). 

The pancreata were examined histologically 5 weeks after transfer. Pancreatic sections from 

all experimental animals were prepared and stained by immunoperoxidase^reviously for 

CD4 and CD8 or by immunofluorescence for insulin, and the macrophage markers Mac-1 

and F4/80.

It can be seen from Table 6.3A that mice were afforded significant protection with 

anti-CD8 as 80% of untreated mice were diabetic at week 5 whereas none, 20%, 75% and 

25% of mice treated with anti-CD8 on the next day, week 1, week 2 and week 3 

respectively were diabetic (Figure 6 2 ). Some protection was observed in mice treated 

after two w eeks. Animals treated with anti -
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CDS from day 12 onwards, although not overtly diabetic, displayed evidence of 

considerably more 6 cell destmction (51% islet remnants) (Table 6.2A). Severe peri-islet 

infiltration by MHC class n+ cells was observed in 60% of islets, although intra-islet 

infiltration was the same as in the non-depleting anti-CD4 treated animals in the same 

experiment (Table 6.2A, B). Histological examination at week 5 of the first experiment 

described showed a much reduced infiltrate in mice treated with anti-CDS immediately after

transfer. The pancreata of these mice had no severe intra-islet infiltration of either CD4"*̂  or

CDS’*" T cell populations and 25-45% of islets demonstrated no peri-islet infiltration

compared to untreated controls which had 33% of islets demonstrating severe intra-islet

infiltration by CD4‘‘‘ and CDS'*' T cells. The later the anti-CDS was administered after

diabetic spleen cell transfer the less protection was afforded as administration at 1 week 

resulted in only 10% of islets without detectable 6 cells (“residual islets”) whereas delaying 

treatment with anti-CDS for 2 or 3 weeks resulted in 15% and 31% residual islets 

respectively (Table 6.3A). Additionally treatment with anti-CDS prevented severe 

macrophage infiltration as detected by Mac-1 and F4/S0 staining if administered on day 1 

after transfer compared to later time points (Table 6.3B). Thus anti-CDS treatment can

arrest disease if administered in time to prevent total destruction of the p cells .

6.2.4. In vivo treatment of diabetic spleen cell transfer recipients

with YTH 3.2.6.

In order to determine that the observed protection from both diabetes and insulitis 

by the rat anti-mouse M.Abs. to the T cell surface antigens CD4 and CDS was not due to 

some non-specific effect of administration of a rat monoclonal antibody, the monoclonal 

antibody YTH 3.2.6. (rat IgG2b) specific for human CD7 was administered in vivo to 

transfer recipients using 400 Mg/mouse in 200 m1 PBS i.v. the day after transfer and i.p. on 

subsequent days. Control animals received no further treatment. Four weeks after transfer 

mice were sacrificed and the pancreata examined by immunoperoxidase staining as 

described previously. At this point 100% (4/4) of control animals were diabetic as were 

83% (5/6) of animals receiving YTH3.2.6. Control animals demonstrated 36-46% islet 

destmction, 79% and 62% of islets showed severe intra-islet infiltration by CD4 and CDS 

T cells respectively. Animals treated with YTH 3.2.6. demonstrated 49-50% islet
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destruction, and 63% and 41% of islets showed severe intra-islet infiltration by CD4 and 

CD8 T cells respectively (Table 6.4). Thus the isotype matched antibody YTH 3.2.6. 

specific for human CD7 does not influence the severity of diabetes or insulitis in transfer 

recipients compared to non treated control animals and thus can be utilised as an appropriate 

control in vivo M.Ab.

6.2.5 In  vivo depletion of VR8 + T cells in diabetic snleen cell

tran sfe r recipients.

The complement fixing mouse 72a monoclonal antibody F23.1 which recognises

V6 8 .1,2,3. (Staerz et al, 1985) was used to deplete the V68 '*' cells in the donor and

recipient of diabetic spleen cell transfer. Donor animals were injected with 500 Mg F23.1 

i.p. 3 days before transfer to deplete V68+ cells. Twenty four hours after transfer of 

diabetogenic spleen cells into 650 rad irradiated recipients, these animals were also injected 

with 500 Mg F23.1 i.p. to ensure depletion. Control mice (donors and recipients) were 

injected with a comparable volume of PBS. Two experiments were carried out, each with 

five F23.1-depleted recipients and five control recipients. At week 5 (experiment 1) 

animals were sacrificed for pancreatic histology at which point 60% of F23.1 recipients 

were diabetic compared to 80% in the control group. At week 4 in experiment 2, animals 

were sacrificed for pancreatic histology at which point 80% of F23.1 recipients were 

diabetic compared to 100% in the control group. Two weeks after transfer pooled PEL 

from experiment 2 were stained with KJ16 (anti-VB8.1,2), 8% of lymphocytes were 

KJ16-k in the untreated group and 0% positive in the treated group. At 3 weeks after 

transfer this number had risen to 0.43% in the F23.1 treated group but was significantly 

less than the 7.1% KJ16+ cells of the control group. Thus depletion of V68 bearing T cells 

did not significantly diminish the incidence of diabetes. Analysis of blood and pancreas 

showed that depletion of V68 bearing cells had been accomplished. Intra-islet infiltration of 

F23.1 treated recipient diabetic pancreas was fi*ee of V68+ cells (100% of islets from 

F23.1 recipients in experiment 2 had no intra-islet infiltration by such cells compared with 

3% in untreated animals) but contained larger proportions of V66 and V611 bearing cells 

present at peri and intra-islet locations compared to control animals (Table 6.5). Thus V68 

bearing T cells would appear not to be necessary for 6 cell destruction.
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 Discussion.

Considerable evidence from both human and animal studies would seem to suggest 

that T cells play a fundamental role in the development of IDDM. Removal of T cells at 

birth by neonatal thymectomy prevented the spontaneous occurrence of IDDM in BB rats 

(Like et al, 1982), similarly athymic NOD mice did not develop insulitis or diabetes 

(Ogawa etal, 1985). Furthermore' anti-thymocyte serum (ATS) and anti-Thy 1.2 M.Ab. 

both independently reduced the spontaneous diabetes incidence in female NOD mice 

(Harada gW/, 1986).

Conclusive evidence for the essential role of T cells in disease development was 

demonstrated by Harada and Makino (1984) followed by studies by Wicker (Wicker etal, 

1986) and Bendelac (Bendelac et al, 1987) with syngeneic adult and neonatal, adoptive

transfer models of diabetes respectively. Furthermore both CD4"  ̂ and CD 8"*" T cells are

necessary to facilitate transfer of adult diabetic spleen cells to irradiated young NOD male 

recipients (Miller etal, 1988). Spleen cells alone or in combination with smaller numbers of 

lymph node cells produce severe hyperglycemia in young BB rat recipients, but as is the 

case for some other autoimmune diseases such as EAE in rodents, spleen cells need to be 

activated first with the T cell mitogen Con. A (Koevary etal, 1983, 1985)

Long-term treatment with Ab. to Th (anti-CD4) prevents IDDM in the NOD mouse 

even though insulitis has been established (Shizuru etal, 1988). Koike (Koike etal, 1987) 

also demonstrated that administration of anti-CD4 could prevent insulitis and diabetes in the 

NOD mouse. Other studies demonstrated that BALB/c islets function and prevent disease 

recurrence when transplanted under the kidney capsule of NOD mice if the recipients are 

treated with anti-CD4 (GK1.5) (Wang et al, 1987) (providing further evidence that 

autoimmune diabetes and allograft rejection in the NOD mouse are CD4-dependent).

Since administration of anti-CD4 together with exogenous antigen has been 

shown to establish specific tolerance to that antigen (Cobbold et al, 1984), it seemed 

logical to investigate the possibility that this system could serve as a means of re

establishing tolerance to self-antigens, such as the putative diabetogenic autoantigen. There

is some data suggesting that NOD CD4'*" T cell clones are capable of destroying NOD 

pancreatic grafts alone (Haskins et al, 1988), a CD4"^ T cell clone established from a
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patient with IDDM was capable of causing lysis of haplo-identical islet cells (De Berardinis 

et aly 1988). However neonatal transfer studies indicate that a form of T ceU-T cell

interaction is required for P cell destruction. Thivolet (Thivolet et al, 1991) suggested a 

distinct function for each diabetogenic T cell subset. He thought CD4^ T cells had the

capacity to home to the pancreas, and promote in turn the influx of CD8"*' effector T cells

that do not by themselves accumulate in this organ. My own studies have shown that 

CD4+ T cells are present in the islet lesion, and that in vivo treatment of transfer recipients 

with depleting or non-depleting anti-CD4 can prevent diabetes. In the latter case 

recruitment of T cells and macrophages was prevented without impairing the immune 

response to other antigens or by immunocompromising the host (Hutchings etal, in press). 

In addition, the non-depleting anti-CD4 was more effective in that administration did not 

need to commence until 12 days after transfer, but was still able to arrest insulitis and

confer long lasting protection from diabetes. Clonal anergy of Vpil"^ T cells specifically

recognising the 1-E+ component of a pancreatic allograft has also been documented using 

GK1.5 (Alters 1991).

In contrast, to Thivolet’s model, the data presented here shows recruitment of

inflammatory cells into the islet was also dependent on CD8'*" T cells (Hutchings et al,

1990A). The studies of Miller and colleagues (Miller et al, 1988) have shown that both

CD4"*" and CD8"*" T cells are required to transfer diabetes in the NOD mouse, Reich (Reich

et al, 1989) also suggested that both CD4"*" and CD8 '*" NOD T cell clones are required to

transfer insuhtis to NOD mice. Our studies have shown that in vivo administration of anti- 

CD8 to transfer recipients even as late as two weeks after transfer prevents macrophage 

accumulation in the islet lesion, intra-islet recruitment by all cell types and the development

of IDDM. The exact role of the CD8 "̂  T cell in the development of diabetes is unknown but

they are present in approximately equal

numbers with the CD4'*' T cell in the insulitis lesion. Since T cell clones are known to 

secrete y-lFN and TNFa following stimulation it is possible that the apparent specificity of
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islet toxicity seen in Haskin’s and de Berardinis’ experiments is attributable to the release of 

these cytokines by activated T cells. Neither of these papers document specific beta cell 

destruction, merely a lack of destruction of pituitary or EBV-transformed haploidentical 

targets respectively. They failed to show that glucagon and somatostatin-containing cells 

were not also destroyed.

As CDS'*" T cells recognise antigen in association with MHC class I it is probable

that the diabetogenic autoantigen is expressed in association with class I on the beta cell 

surface. Over-expression of class I MHC antigens has been noted by myself (O’Reilly et 

al, 1991)) in the prediabetic pancreas of the NOD mouse and in the pancreas of transfer 

recipients, in the prediabetic BB rat (Ono et al ; 1988, Walker et al ; 1988B) and in the 

diabetic pancreas of humans (Bottazzo etal ; 1984, 1985, Foulis, 1987B). Although class 

I MHC antigens are normally expressed on all mammalian nucleated cells, expression in the 

pancreas is low. The change in expression which preceded the onset of disease (at least in 

the animals) although focal is not confined to the beta cell and extends into the exocrine 

pancreas. It is therefore possible that infiltrating monocytes and lymphocytes may secrete 

cytokines which augment the expression of class I MHC antigen on surrounding cells. The 

presence of high levels of expression of MHC class I antigens on beta cells may make them 

more susceptible to attack by cytotoxic T cells.

Evidence that MHC class I restricted CD8'*' T cells may play a role as effector cells

in the NOD mouse stems from the experiments of Terada (Terada et al, 1988), who 

assessed the effect of donor H-2 antigen and the influence of autoimmune disease on 

survival of pancreatic grafts from various strains of mice transplanted into diabetic NOD 

mice which were treated with cyclosporine A to prevent allograft rejection. Pancreatic grafts 

from CBA mice which are incompatible with NOD at all class I MHC loci survived while

those sharing MHC class I with NOD such as C57BL/6 and BALB/c islets (share D^ and

respectively with NOD) were destroyed on transplantation. Similar data comes from the

observation that when bone marrow cells are transferred from NOD mice into (NOD X 

NON)Fl (Serreze et al, 1988C) or (NOD X C57BL)F1 mice (Wicker et al, 1988), beta 

cells of both parental types as well as FI are destroyed by an autoimmune process. This 

finding is compatible with a class I restricted killing process as parental strains share K or
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D class I loci respectively. Conflicting data comes from the observation that destruction of 

syngeneic islet grafts by spontaneously diabetic NOD mice (disease recurrence) is CD4+ 

and not CD8+ T cell dependent (Wang et al, 1987), and disease recurrence in islet tissue 

grafted to diabetic NOD mice was not restricted by islet MHC antigens (Wang et al, 1987). 

This data suggests that islet destruction depends on CD4+ effector T cells that are restricted

Jby MHC antigens on NOD antigen presenting cells. These findings argue against the CD8'*'

T cell as a mediator of direct islet cell damage and instead raise the possibility of a CD4^ T

cell dependent inflammatory response in the NOD mouse with perhaps cytokines or 

reactive oxygen intermediates produced by T cells and macrophages being responsible for 

beta cell destruction.

Depletion of 0X8"^ T cells (Tc/s, NK, thymocytes) or 0X19 (pan T cell) from DP

BB rats prevents diabetes. As virtually all of the 0X8'*' cells in this strain belong to the NK

subset due to the lymphopenia present the effect of 0X8 may be due to an effect on NK 

cell activity. This finding was therefore interpreted as suggesting that NK cells contribute to 

the mechanism of beta cell destruction. 0X19 reduced the number of Th cells suggesting 

that Th/i may be required to maintain NK activity possibly by lymphokine secretion (Like 

et al, 1986). Thus the data in the BB rat implies that both NK and ThA cells play a role in

beta cell destruction. In the human a role for CD8'*' T cells in beta cell destruction has also

been indicated. Analysis of sequential biopsies of pancreatic grafts between HLA identical 

twins or siblings and patients with IDDM (Sibley et al, 1985) revealed progressive

mononuclear cell infiltration composed largely of CD8'*" activated T cells together with a

few CD4"*" T cells and some macrophages. Our own studies (O’Reilly et al, 1990;

Hutchings et al [in press])and those of others have shown that both CD4'*' and CD8"*' T

cells are required for disease development in the NOD mouse. Other models of autoimmune

^  for the CD4'*' T cell subset only. Thus unlike these models of RA and MS, both the CD4"*" 
disease (ie. collagen induced arthritis and EAE transfer studies) indicate a need 
and CDS"*" T cells are required for diabetes development NOD mice.

If we consider the clinical situation, depletion of CD4"*" or CD8"*" T cells would be
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likely to render the recipient immuno-compromised, whereas if there was a particular T-

lymphocyte receptor segment implicated in disease manifestation it would be feasible to

carry out selective M.Ab therapy for people with a predisposition to IDDM.

It has been demonstrated that TCR usage by autoreactive T cells in the EAE 
in the PLJ mouse strain

autoimmune disease model is restricted to vp8.2-Dp-jp2 (Zamvil et al, 1986). The

autoimmune T cell response of H-2^ mice is biased towards to the dominant

encephalitogenic NH2-terminal nonapeptide of MBP (amino acids 1-9). A M.Ab specific

for the TCR VP8 subfamily is effective in preventing autoimmune encephalomyelitis in

these mice (Zamvil etal, 1988). The rat model of EAE exhibits a very limited heterogeneity

in response to amino-acids 68-88 of MBP and uses a VP gene homologous to v p 8 in the

mouse (Owhashi and Heber-Katz, 1988; Heber-Katz and Acha-Orbea, 1989). From the 

mouse and rat studies one could conclude that EAE is a monoidiotypic autoimmune disease 

conferred by the use of a particular V gene combination. Identification of separate TCR 6 

chain gene rearrangements does not necessarily imply phenotypic differences in 

antigen/MHC specificity. T ceU clones that differ in TCR gene rearrangements and mediate 

EAE express the same self-antigen specificity and MHC restriction. A minority of clones 

use a different V6 gene which can produce excellent responses if T cells expressing the 

preferred genes are unavailable. Thus because most of the clones use a common V6 gene in 

EAE it enables the use of a novel therapeutic approach. Such an approach cannot be used

in the NOD mouse as recent studies, including my own data, imply VP usage is

heterogeneous.

T cells without known antigen specificity have been isolated from brain and 

cerebrospinal fluid of M.S. patients and cloned in vitro. Such T cell clones did not 

rearrange their TCR V6 chain genes in a strictly clonal manner (Hafler et al, 1987; 

Rotteveel etal, 1987). However adoptive transfer studies of EAE showed that only a small 

percentage of T cells within the inflammatory CNS lesions are encephalitogenic (Bom et al, 

1985). The extent of heterogeneity in cloned T cells derived from the synovial fluid of 

autoimmune RA patients is also controversial (Van Làaietal, 1991). In addition in genetic 

studies in murine CIA it has been shown that despite the presence of a permissive MHC
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haplotype mouse strains that have a genomic deletion resulting in the loss of 50% of the V 

genes of the TCR P- chain loci are resistant to arthritis induction (Baneqee et al, 1988).

Further VP6 bearing T cells have been implicated as being necessary for induction of

disease (Baneijee et al ; 1988, Haqqi et al, 1988). There would therefore appear to be a

somewhat restrictive element in v p  gene use of T cells capable of mediating CIA.

However interpretation of the data has been contested and at least one other group of

investigators can find no evidence for a critical role for Vp6-bearing T cells in this disease.

It remains unclear whether the findings of limited heterogeneity of self reactive T cells 

mediating autoimmune disease seen in animal systems will be mirrored in human disease. 

Identifying the relevant population of T cells may be extremely difficult (reviewed Cooke, 

1991).

These results, implicating a role for particular subsets of TCR-bearing T cells in the 

induction and maintenance of autoimmune conditions in animal models, are provocative. 

However there are several points which make extrapolation to human conditions difficult. 

Firstly many studies on TCR usage in animals detect an involvement of a restricted T cell 

repertoire in the initiation or early stages of autoimmune disease. However in humans all 

the analyses are performed once the autoimmune response is underway. Therefore the 

response becomes more heterogeneous due to inflammatory recruitment and subtle shifts in 

repertoire expression more difficult to identify and relate to disease pathology. Secondly 

these animal models require immunisation with a specific antigen, often in the presence of 

adjuvant to elicit autoimmunity. By altering the immune response with a strong immunogen 

one may be favouring the preferential expansion and activation of particular clones of cells, 

which might not occur in normal disease pathogenesis. T cell antigenic epitopes for 

several autoimmune diseases have been identified, eg. the a subunit of the acetylcholine 

receptor in Myasthenia Gravis patients, and the P2 protein (amino-acid 66-78) which can 

induce autoimmune thyroiditis in mice (animal model possibly relevant to Hashimoto’s 

thyroiditis in humans) (Acha-Orbea et al, 1989; Kumar et al, 1989).

Thus in clinical situations where autoaggressive T cells can be identified and their 

repertoire is limited, antibodies to the antigen /  HLA or TCR may produce effective 

immunotherapy. I have investigated whether there was a predominance of a particular
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v p  subfamily in the insulitis lesion using some of the currently available anti-VP M.Abs.

As large numbers of vpS'*’ T cells were found at intra-islet locations it therefore seemed 

worthwhile attempting to modulate disease in NOD mice by depleting T cells bearing this 

v p  chain. An additional incentive for undertaking this experiment were the results of 

recent studies which suggested that the inflammation and destruction of pancreatic islet cells 

in NOD mice may be mediated by T cells expressing Vp5 (Reich etal, 1989) or vpS TCR

(Bacelj et al, 1989). However depletion of our transfer recipients with anti-VP8 (F23.1)

failed to prevent the onset of disease even though Vp8'*' T cells were eliminated

successfully from the peripheral blood and pancreas of recipients. This same antibody has 

been reputed to be able to reduce the incidence of insulitis and diabetes in the 

cyclophosphamide model of NOD diabetes despite, some animals developing

hyperglycemia which were depleted of Vp8+ T lymphocytes and animals treated with an

isotype control antibody being protected from disease development (Bacelj et al, 1989). 

This antibody also prevented the development of insulitis in NOD mice (Fukada et al,

1989).

My findings are consistent with the recent observations of Shizum (Shizuru et al, 

1991) employing backcross analysis utilising the parental strains: NOD mice (TCR V6b 

with 20-50 functional V6 gene elements) and SWR strains (V6a haplotype with extensive 

deletion of approximately 10 VB gene segments). Included in this deletion are TCR V6 

gene products previously implicated as being involved in the pathogenesis of disease in the 

NOD (V65 and 8). By studying second backcross intercross animals, Shizuru was able to 

demonstrate that congenital deletion of the TCR V6 gene segments 5, 8, 9, 11, 12 and 13

did not prevent development of insulitis or diabetes.

Thus in addition to cell clones or anti-VB directed M.Ab therapy, the 

usage of formal genetic analysis has demonstrated that diabetes can develop in the absence 

of T cells expressing gene segments from these families. Our findings (O’ Reilly et al,

1990) and those of others would seem to indicate that the anti-islet T cell response may be
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polyclonal at its inception and therefore, the “inductive” pathogenic T cells may not 

demonstrate predominant TCR V6 gene usage.

It is probably just a matter of time before the diabetogenic antigen/s are isolated. 

One could speculate that the putative auto-antigen on 6 cells is not expressed until such 

times as pancreatic infiltration takes place. Such infiltration may be in response to an 

antigen absent during early ontogeny due to a combination of genetic and environmental 

factors. It is then expressed in such a manner by APC that it appears as non-self. 

Immunisation with a soluble preparation of this auto-antigen under the umbrella of non

depleting anti-CD4 would induce tolerance in NOD mice and thus when the antigen did 

appear naturally on the 6 cell it would not provoke an autoimmune response, and the 

constant presence of the antigen would ensure anergy was not broken.

T cell monoclonal antibody therapy represents one way of preventing disease 

manifestation, by functionally deleting T cell populations. But as indicated in the previous 

chapter macrophages were also present in the inflammatory lesion. In order to determine if 

their role is 1) as an antigen presenting cell, involved in presentation of the auto-antigen, 2) 

inflammatory macrophage, involved in 6 cell killing by the release of the monokines lL-1 

and TNF, or 3) phagocytic macrophage, present purely in a “mopping up” capacity after 

the T cells have destroyed the 6 cell, various protocols were employed. In the next chapter 

I present results of experiments in which I investigate each of these possibilities and the 

potential to prevent disease by inhibiting one or more of the above macrophage functions.
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FIGURE 61

B

FKJUKL 6.1
Figure 6.1 ( A) depict.s a pancreatic section o f a control N O D m ouse which received dialxîtic 

spleen c e lls  but no antibody and w as sacrificed tw o w eeks after the transfer. The islets present 

on this cryostat section  o f  the pancreas were stained with guinea pig anti-in.sulin antibody  

which in turn w as detected by rhodaminated goat anti-guinea pig IgG (red). M HC class II 

expressing m ononuclear ce lls  detected using FITC conjugated 0 X 6  were located peri-islet 

(green).

Figure 6.1 (B ) depicts a pancreatic section o f  a N O D m ouse which received diabetic spleen  

cells  and a course o f  non depleting anti-CD4 antibody which w as initiated 12 days after cell 

transfer. T his anim al w as sacrificed 4 w eeks after the cell transfer. The cryostat section was 

stained as for (A ) again sh ow in g  peri-islet infiltration on ly  o f M HC c la ss  II exp ress in g  

m ononuclear cells. M agnification x40().
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F IG U R E  6.2 : Cryostat Sections of NOD Pancreas From Anti-CD8 Treated Diabetic 

Spleen Cell Transfer Recipients.

Cryostat sections of pancreata were stained with the following rat anti-mouse M.Abs. 

using the immunoperoxidase technique.

Figure (A) shows a section of pancreata analysed five weeks after transfer of non-diabetic 

spleen cells stained for CD4"*" T cells with YTS 191.1 showing mild peri-islet infiltration. 

Figure 6.2 (B) section of pancreata five weeks after transfer of diabetic spleen cells stained 

for T cells with the anti-Thy-1 Ab. YTS 154.7 (B) or the CD4'*' T cell subpopulation (C)

showing extensive intra-islet infiltration and destruction of P cells, p on figures shows the 

position of residual insulin containing islet beta cells.

Figure 6.2 (D) shows only mild infiltration of CD4'^ T cells and the preservation of islet

morphology, in a diabetic spleen cell transfer recipient 5 weeks after transfer. This 

recipient had received a course of depleting anti-CD8 commencing the day after treatment

which prevented p cell destmction.

Magnification 200x.
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FIGURE 6 2
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Table 6.1 A - Percentage of intact islets with peri- and intra-islet infiltration of 
CD4+ (CD8+) T cells in the pancreata of diabetic spleen cell transfer recipients

Treatment Peri-islet Infiltration Intra-islet nfiltration % Residual 
Islets0 1 to 10 >10 0 1 to 10 >10

None
Anti-CD4 day 1 
Anti-CD4 day 8

8 (0) 
13 (13) 
43 (45)

1 5 (42)
37 (54)
38 (47)

77 (58) 
50 (33) 
19 (8)

31 (17) 
67 (63) 
95 (95)

69 (83) 
27 (37) 
. 5 (5)

0 (0) 
6 (0) 
0 (0)

26 (33) 
3 (8)
0 (0)

Table 6.1 B - Percentage of intact islets with peri- and intra-islet Infiltration 
of Mac-1 positive (macrophaoes) In the pancreata of diabetic spleen transfer 
recipients with or without anti-CD4 treatment.

Teatment Peri-islet Infiltration Intra-islet nfiltration % Residual 
Islets0 1 to 10 >10 0 1 to 10 >10

None 10 25 65 40 55 0 36
Anti-CD4 day 1 5 54 41 73 27 5 4
Anti-CD4 day 8 45 40 15 95 5 0 4

Irradiated (650 Rads) male NOD recipients were given 2 X 107 diabetic spleen cells i. v. and 
either given anti-CD4 (YTS 191.1) beginning on days 1 or 8 or received no further treatment. 
Seven weeks after transfer, animals were sacrificed for pancreatic histology. Pancreatic tissue 
sections were stained for the presence of both CD4+ and CD8+ T cells, Mac-1 positive 
macrophages and insulin. The percentage of intact islets with 0, 1-10 or >10 positive staining 
cells at peri or intra islet locations was recorded. Percentage residual-% of islets completely 
destroyed with little or no immunoreactive insulin present, expressed as a percentage of the total 
number of islets counted.
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Table 6.2- Effect of Delaying Treatment With Non-depletina Anti-CD4 fYTS 1771 and 
Depleting Anti-CDS fYTS 1691 on Class II Infiltration In Male NOD Recipients Receiving 
2 X 107 Diabetic Spleen Cells i. v.

A. Percentage of islets with class II MHC positive ceils at peri* and intra-isiet§ locations 4 weeks 
after transfer.

T reatm ent No. of positive cells peri-islet* No. of positive cells intra-islet§. % Residual
(No. Islets counted) 0-10 >10 0-5 >5

None wk.4 (18) 0 100 17 83 70

Anti-CD4 >day 12 (87) 6 4 36 93 7 19

Antl-CD8 >day 12 (115) 40 60 93 7 51

None Killed 
day 12 (61)

60 40 97 3 23

B. Percentage of islets with T ceils (003  positive) at peri* and intra-islet§ locations 4 weeks after 
transfer.

T reatm ent No. of positive cell peri-islet* No. of positive cells intra-islet§ % Residual
(No. Islets counted) 0-10 >10 0-5 >5

None wk 4 (54) 23 77 41 59 59

Anti-CD4 > day 12 (80) 51 49 96 4 1 5

Anti-CD8 > day 12 (89) 66 33 94 6 12

None, killed 
day 12 (61)

77 23 98 2 15

Cryostat sections were prepared from the pancreata of NOD mice, 4 weeks after the transfer of 
2 X lO^diabetic spleen cells and following treatment with depleting anti-CD8 (YTS 169) or non
depleting anti-CD4(YTS 177) started at day 12. Control mice given diabetic spleen cells but no 
antibody, were sacrificed at week 4 ("None") or at the same time as antibody treatment was begun 
("None"-day 12). Peri-islet infiltration indicates that more than 10 class II or CD3 positive cells 
surrounded those islets that remained in intact and intra-islet infiltration indicates that more than 
5 class n  or CD3 positive cells were inside those intact islets remaining.
Residual islets were those in which there was no immunoreactive insulin remaining and were 
calculated as a percentage of the total analysed.
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Table 6.3- Effect of Delaying Treatment With Anti-CD8 (YTS 169) on CD4. CDS 
and Macrophage Pancreatic Infiltration in Diabetic Spleen Cell Transfer Recipients.

A. Percentage of Islets with CD4 and (CDS) at peri-islet and intra-isiet (1-10, >10 +ve cells) 
locations.
Treatm ent No

Infiltration
Peri-isiet
infiltration

Intra-islet Infiltration % Residual % Diabetes
1 to 10 > 10

None 0 (0) 50 (50) 67 (67) 33 (33) 50 (44) 8 0

Anti-CD8 day 1 25 (45) 75 (0) 64 (55) 0 (0) 0 (0) 0

Anti-CD8 day 8 0 (21) 75 (10) 95 (79) 5 (0) 10 (11) 20

Anti-CD8 day 15 0 (0) 85 (15) 67 (85) 23 (15 ) 15 (15) 75

Anti-CD8 day 21 0 (0) 56 (31) 69 (98) 31 (12) 31 (31) 2 5

B. Percentage of islets with MAC-1 + ceils (0, 1-10 or >10) at peri and intra-isiet locations.

T reatm ent No infiltration Peri-islet Infiltration Intra-islet Infiltration % Residual
Peri Intra 1 to 10 > 10 1 to 10 > 10

None 0 6 31 56 31 4 4 25

Anti-CD8 day 1 20 90 80 10 0 0 0

Anti-CD8 day 8 1 4 39 50 39 33 2 9 29

Anti-CD8 day 15 0 7 7 1 9 56 69 38

Anti-GD8 day 21 0 31 25 25 4 4 50 3 8

Mice were irradiated, given 2 X 10  ̂diabetic spleen cells and treated with anti-Ly-2 (TYS 169.4), 
beginning on day 1,8,15 or 21. Control mice received no antibody. Histological examination at week 5 
was carried out by the immunoperoxidase method for both CD4 and CDS T cells or for Mac-1+ cells by 
immunofluorescence.
Data show the percentage of islets with either no infiltration of CD4, CDS T cells or Mac-1-»- cells, peri- 
islet infiltration or intra-islet infiltration : moderate (1-10 +ve cells) or severe (> 10 + ve cells).
Residual refers to the percentage of the total number of islets counted that had no immunoreactive insulin 
remaining. Fourty islets were analysed at least from each group except in the group treated with anti-CDS 
On day 1 as fewer mice were treated at this time point (26 islets were analysed).
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Table 6.4- Effect of Administration of the Control laG2b Antibody (YTH 3. 2 .6) 
CAMPATH-1 to Diabetic Spleen Cell Transfer Recipients.

Table indicates the percentage of islets with CD4+ (and CD8+) T ceils at peri-islet and intra-isiet 
(1-10, >10 +ve cells) locations.

T reatm ent No Peri-islet Intra-islet infiltration % Residual
Infiltration Infiltration 1 to 10 > 10

Diab. Sp. Cells 0 (0) 45 (62) 19 (38) 79 (62) 36 (46)

YTH 3.2.6 5 (5) 49 (50) 32 (53) 63 (41) 49 (50)

All mice were irradiated, given 2 X 1 0 ^  diabetic spleen cells and either treated with YTH 3. 2. 6 
or given no further treatment. Histological examination at 4 weeks was carried out by the 
immunoperoxidase method for both CD4+ and CD8+ T cells.
Data show the percentage of cells with either no infiltration of CD4+ or CD8+ T cells, peri-islet 
or intra-islet infiltration : moderate (1-10 +ve cells) or severe (> 10 +ve cells).

Residual refers to the percentage of the total number of islets counted that had no immunoreactive 
insulin remaining.
Twenty six- thirty three islets from the non antibody treated group were analysed for each 
stain, and 38-41 islets from the YTH3.2.6 antibody treated group.

Table 6.5- Percentage of Intact Islets With Peri- and Intra-slet Infiltration of
VI) 8. 1. 2. 3. VR6 and V811 T Cells In the Pancreata of V88 depleted or Control Diabetic
Spleen Transfer Recipients.

Percentage of islets with VB8.1,2,3, V66 or V611 T cells at peri and intra (severe [>5 +ve cells]) 
in experiment 1 and in brackets experiment 2.

T reatm ent Staining Peri-islet Infiltration Intra-islet Infiltration % Residual
Antibody None 1 to 5 > 5 None 1 to 5 > 5

F23.1 VB8 37 (95) 53 (5) 10 (0) 77 (100) 17 (0) 7 (0) 17 (9)

None VB8 7 (4) 36 (9) 58 (87) 3 (0) 61 (22) 36 (0) 25 (9)

F23. 1 VB6 6 (0) 23 (28) 61 (89) 29 (4) 31 (45) 40 (74) 8 (43)

None VB6 13 (21) 41 (32) 50 (48) 25 (3) 53 (47) 22 (52) 6 (22)

F23.1 VB11 38 (33) 48 (30) 13 (37) 59 (26) 34 (44) 7 (26) 6 (39)

None VB11 24 (43) 72 (29) 4 (28) 64 (3) 28 (21) 8 (23) 11 (30)

All mice were irradiated , given 2 X 10^ diabetic spleen cells and either treated with anti-F23.1 or 
given no further treatment. Histological examination at week 5 (Experiment 1) or week 4 
(experiment 2) was carried out by immunofluoresence, staining for insulin and either VB8.1, 2, 3 ,
VB6 or VB11 T cells.
Data shows the percentage of cells with either no infiltration of VB8.1,2,3, VB6 or VB11 T cells, 
peri-islet infiltration or intra-islet Infiltration : severe (> 5 +ve cells).
Residual refers to the percentage of total number of islets counted that had no immunoreactive insulin 
remaining, but had infiltration.
Thiry-thirty-five islets were examined / group in experiment 1 and 24-27 islets in experiment 2.
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ciEiAiPTrm 1

An Investigation of Macrophage Function in Relation to Disease 

Pathology in the NOD Mouse.
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7.1 INTRODUCTION

Further to my studies in chapter 5 in which I described two distinct populations of 

macrophages present in the pancreata of NOD mice before the onset of diabetes, I decided 

to assess their function in relation to disease pathology. It was clearly demonstrated that 

macrophages were present at early points in the disease process in both the spontaneous 

disease and in the diabetic spleen cell transfer recipients at 1 week after transfer. Indeed two

distinct populations of macrophages could be identified, namely a Mac-l‘‘‘/F4/80'*'/SER-4‘

population which was recently recruited, actively phagocytic and present in inflammatory

infiltrates and a resident population which were Mac-1 "/F4/80VSER-4"*" (O’Reilly et al,

1991). These two populations corresponded to the EDI"*" and EDI"*" macrophage

populations respectively found in the prediabetic BB rat pancreas (Walker gf a/, 1988A).

However the function of the macrophage present in the insulitis lesion remained to 

be clarified. Macrophages have a unique place in the tissue response to external stimuli and 

have the capacity to perform a plethora of functions: a) They interact with many cellular 

molecules, internalise and submit them to intracellular metabolic changes during antigen 

processing, b) They secrete the growth regulatory factor lUl, pro teases and complement 

proteins, aU of which are important in inflammatory reactions, c) They interact with T and 

B lymphocytes and thereby intervene in immunological responses, d) They are critically 

situated in various tissues close to the microvasculature and epithelia and e) They have 

surface receptors for lymphokines which upon engagement result in macrophage activation 

and the acquisition of novel properties (reviewed, Unanue and Allen, 1987). It is unclear 

whether the macrophage functions as an antigen presenting cell presenting the putative 

diabetogenic autoantigen to the T cell, whether it is directly involved in 6 ceU destruction 

by the secretion of monokines, nitrite metabohtes and free oxygen radicals or whether it is 

present in a purely “mopping-up” capacity, removing cellular debris after T cell-mediated 

destruction. The macrophage may combine two or more of these functions. In an attempt to 

examine these possibilities I studied the effect on insulitis and diabetes incidence in the 

NOD mouse of (a) preventing macrophage influx into the inflammatory site after diabetic 

spleen cell transfer with a M.Ab 5C6 and (b) preventing nitrite metabolite production by 

administration of L-NMMA to diabetic spleen transfer and cyclophosphamide treated NOD 

mouse recipients.

Much evidence has accumulated to suggest that macrophages are involved in the 

development of diabetes particularly in animal models. Kolb (Kolb et al, 1986) has shown
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that early in the prediabetic period of the BB rat a “single-cell insulitis” is present, which on 

electron microscopy appeared to consist mainly of macrophages. Other ultrastructural

studies have described macrophages containing ingested p cell debris within islets of

diabetic BB rats (Kroncke et al, 1991). Walker (Walker et at, 1988A) showed that the 

major infiltrating cells in the islets of Langerhans during the early stage of insulitis were

EDI"*" macrophages. Hanenberg (Hanenberg etal, 1989) identified a non-random sequence

of events during infiltration of pancreatic p cells in BB rats. The initial phase was defined

by an influx of EDl"^, W3/25‘̂ , OX3"*"/6"*"/17"*", ED2" macrophages. A secondary stage 

was characterised by an increased macrophage infiltration concomitant with infiltration of 

0X19"*" T lymphocytes and 0X8"*" granular (NK ) lymphocytes and followed by a terminal

stage of additional massive infiltration of 0X12"*" B cells. Lee also suggested that

macrophages precede lymphocytes as the earliest recognisable step of islet inflammation. 

MHC class I hyperexpression associated with macrophage infiltration of islets was reported 

in this study and in an earlier study by Lee (Lee et al, 1988A) who also demonstrated the 

preferential infiltration of macrophages during the early stages of insulitis. He suggested

that there might be an initial change in the target p cells that precedes their immune

destruction, although amplification of the immune response by activated T lymphocytes and 

NK cells at a later stage would be required for clinical expression of the disease.

It has been recently postulated that a population of intravascular monocytes may 

induce vascular leakage and hence allow enhanced diapedesis of lymphoid cells from the 

circulation into the pancreas of susceptible BB rats (Majno etal, 1987). Walker (Walker gf 

al, 1988A) has speculated that this population of intravascular monocytes have been 

trapped in the vascular endothelia of Wistar rats as blood borne monocytes were present in 

inflamed (but not normal) islets. More concrete evidence that macrophages were necessary

for P cell destruction in BB rats came from the discovery that administration of silica

particles (which are selectively toxic to macrophages [Allison etal, 1960; O’Rourke etal, 

1978]) completely prevented IDDM in BB rats (Ochilewski et a l , 1985; Keisel et al, 1986; 

l ^ e t a l ,  1988B; Amano and Yoon 1990).

Macrophages are also thought to be active in the pathogenesis of diabetes in NOD 

mice and, as in the BB rat, appear early in the disease process. Treatment with silica from 4
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weeks of age could deplete or inactivate macrophages in NOD mice that may in turn abolish

the development of P cell-specific effectors in either host pancreatic islets or

transplanted pancreas. However later intervention with a short course of treatment did not

affect the spontaneous destruction of P cells by pre-existing effector cells after the

development of insulitis (Ihm et al, 1990). Macrophage directed immune intervention with 

silica particles in the NOD cyclophosphamide induced model of diabetes prevented disease 

in 95% of animals. This study demonstrated that macrophages are necessary but not

sufficient for P cell destruction, since regimes which deplete T cells are also capable of

preventing IDDM (Charlton et al, 1988A). An initial single-cell insulitis precipitated by 

STZ was followed by a slow development period of mostly macrophage-mediated 

cytotoxic events and then a massive lymphocytic insulitis which could be inhibited by 

administration of silica particles (Kolb-Bachofen et al, 1988; Oschilewski et al, 1986).

Macrophages are therefore essential for the development of P-cell specific cytotoxic

effectors in the initial phase of insulitis in NOD mice.

In all models of diabetes studied, macrophages are present at early points in the 

disease process, thus it seems reasonable to suggest that they may play a role in 

presentation, by uptake, breakdown and processing of the putative diabetogenic 

autoantigen for Th cell activation, and thereby activate other immunological effectors

including possible P cell specific Tc.

How macrophages are attracted to islets at the initial stage of insulitis is unknown

although release of antigenic stimuli from p cells may act as chemoattractants. The function

of the macrophage once present is still unknown. In order to clarify this point, I aimed to 

investigate whether macrophages are required to be physically present in situ (ie.would be 

most probably performing an antigen presenting function) or whether it was sufficient for 

the macrophage secretory molecules only to be present (ie. suggesting a secretory 

cytotoxic function for the macrophage). Thus the M.Ab 5C6 which is specific for the 

myelomonocytic adhesion promoting type-3 complement receptor (CR3 or CD 1 lb/CD 18) 

and thus able to prevent macrophage migration and trafficking was employed in vivo in the 

NOD mouse to distinguish between these two possibilities.

It has been previously demonstrated that the M.Ab 5C6 can prevent migration of
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macrophages to inflammatory sites (Rosen et al, 1987). This was achieved by inhibiting 

transendothelial migration without depletion of cells from the marrow or vascular 

compartment, and without inhibiting the secretory capacity of the macrophage. 

Sensitisation of T cells and antigen presentation by macrophages was also unaffected 

(Rosen et al, 1989). 5C6 would appear to exert its effect through blocking the adhesion

and trafficking of macrophages. To determine the role of the macrophage in p cell

destmction in vivo, diabetic spleen cell transfer recipients were treated with 5C6. As 5C6 

does not bind to T cells but to macrophages and neutrophils and neutrophils are not present 

in the inflammatory infiltrates the specific contribution of macrophages to diabetes can be 

assessed.

It has been suggested that IFN-y produced by T cells activates macrophages to

secrete TNF which in turn sensitises the same or other macrophages to secrete reactive 

oxygen species during the respiratory burst These reactive oxygen metabohtes destroy the 

immunogen through a process of lipid oxidation (Clark et al, 1986). However other 

mechanisms may also be involved and recently attention has turned to the potential role of 

reactive nitrogen intermediates such as the highly reactive nitric oxide (Higuchi et al, 1990; 

Kroncke etal, 1991) which could mediate the pathogenic effects of cytokines.

In 1987 Furchgott and Ignarro suggested that endothelium derived relaxing factor 

(EDRF) was nitric oxide (NO) and /  or NO related molecules (Furchgott et al, 1988; 

Ignarro et al, 1987). Palmer (Palmer etal, 1987) demonstrated both the release of NO by 

mammalian vascular endothehal cells and by leukocytes following stimulation with TNF

and IFN-y. TNF, interferons and endotoxin also stimulate NO production by macrophages,

neutrophils, Kupffer cells and hepatocytes (Moncada and Higgs, 1990).

In immunostimulated macrophages the amino acid L-arginine is converted to NO2 '

and NOg" and L-citruUine by the nonconstitutively expressed Câ "*” independent enzyme

NO synthase. The (nitric oxide) NO intermediate in this process is synthesised firom one of 

the terminal guanidino-nitrogen atoms of L- arginine (lyenger et al, 1987; reviewed Kolb 

and Kolb-Bachofen, 1992) (Figure 7.1). Synthesis of these nitrogen oxides is specific for

the L-configuration at the a-carbon atom and they have a wide range of biological activity

including neurotransmission and are a major defence molecule of immune cells against 

parasites, tumour cells and intracellular bacteria (Hibbs et al, 1987A). Arginine metabolism
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represents a pathway of cytocidal activity, effective against a wide range of targets. Large 
are

amounts of NO A released for longer periods of time during cell activation in comparison to 

the constitutive expression. It could therefore be hypothesised that pancreatic p cells might

be susceptible to NO and NO2" (Hibbs etal, 1987A, B; Stuehr etal, 1989).

The mechanism of NO-mediated non-specific killing and cytostasis of target cells 

remains to be clarified, however Hibbs (Hibbs et al, 1987B, 1990; Lancaster et al, 1990) 

postulated that NO reacted with Fe-S groups, resulting in the formation of iron-nitrosyl 

complexes that cause the inactivation and degradation of Fe-S prosthetic groups of 

aconitase and complex I/B of the mitochondrial electron transport chain. This could result 

in inhibition of mitochondrial respiration by inhibition of NADH. Alternatively, NO could

react with 02  to form the peroxynitrite anion (ONOO") which decays rapidly once

protonated to form the hydroxyl radical (OH ) and NO2 as suggested by Beckman et al

(Beckman etal, 1990). The selectivity of pathogen destmction by NO may be explained by 

the fact that NO is very short lived, (6-50 seconds) and target pathogens would therefore 

have to be close to the source of NO synthesis (Griffith etal, 1984). However sustained, 

high levels of NO production would also be expected to be damaging to the host cells and 

tissues.

The L-arginine effector pathway can be inhibited by ^G-monomethyl-L-Arginine

(L-NMMA) which is a competitive inhibitor of L-arginine metabolism, in particular of nitric 

oxide synthesis (Hibbs et al, 1987A, B; Palmer et al, 1988; Stuehr et al, 1989). The 

inhibitory effects of guanidino methylated derivatives of L-arginine are determined by

stmcture, the most potent of which is the former ^GMMA but aU are found to decrease or

prevent, in a dose-dependent manner, activated macrophage-induced inhibition of 

mitochondrial respiration in target cells except the inactive enantiomer D-NMMA.

L-NMMA has been demonstrated to inhibit the L-arginine effector pathway both in

vivo and in vitro in many systems. IFN-y- and LPS- activated macrophages have a

powerful cytostatic effect on the fungal pathogen Crvptococcus neoformans (Granger et 

al, 1986) and the protozoan Toxoplasma gondi (Adams et al, 1990), the microbiostatic 

effect being dependent on L-arginine and inhibited by the presence of L-NMMA.

Additionally mouse peritoneal macrophages stimulated in vitro with IFN-y in the presence
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of LPS are efficient at killing Leishmania and this can be abrogated with L-NMMA in a 

dose-dependant manner but not by its D-enantiomer (D-NMMA) (Green et al, 1990; Liew

etal, 1990A). Furthermore culture supernatants of macrophages activated by IFN-y contain

significantly increased levels of NO2 '  (Stuehr and Marietta, 1987; Drapier et al, 1988),

the production of which is inhibited by L-NMMA (Green etal, 1990; Liew etal, 1990B). 

Leishmania major promastigotes are killed when incubated in vitro at room temperature in 

PBS containing NO (Liew eta\, 1990). The importance of NO in vivo is demonstrated by 

the finding that disease in CBA mice infected with L  ̂major is exacerbated when L-NMMA

is injected into the lesions (Liew et al, 1990C). The ability of TNF-a to synergise with

LPS in the activation of macrophages to kill intracellular L  ̂major (Liew et al, 1990C; 

Bogdan et al, 1990) and L  ̂donovani (Roach et al, 1991) correlates with NO release.

TNF-a can also synergise with IFN-y in inducing leishmanicidal activity that can be

inhibited by L-NMMA but not D-NMMA (Liew et al, 1990D Roach et al, 1991). 

Additionally lymphokine-activated macrophages are also cytotoxic for the larval stages of 

the helminth Schistosoma mansoni (James et al, 1990). The killing is L-arginine 

dependent, inhibited by L-NMMA and nitrite is detectable in culture supernatants (James 

etal, 1989).

It is possible that high levels of NO may not only be toxic to undesired microbes, 

parasites or malignant cells, but may also damage healthy tissue. Lysis of pancreatic 6 cells 

by activated macrophages is such a model of inflammatory death of healthy tissue. 

Evidence has accumulated from in vitro studies suggesting that macrophages are effector 

cells in islet cell lysis. Lymphocytes from BB rats (Pukel et al, 1987) or NOD mice have

been shown to display non -MHC antigen restricted cytotoxic activity towards P cells. By

use of a quantitative radioassay and electron microscopy Appels etal. (1989) presented the 

first direct evidence that activated BB rat macrophages lyse normal, syngeneic, pancreatic

islets. Islet cells, notably P cells were particularly susceptible to the cell damaging effects

of IL-1, TNF or the radical oxygen species. Rabinovitch etal later provided evidence for in 

volvement of free radicals and lipid peroxidation in rat islet cell destruction (1992). In

vitro studies have suggested that ILl and TNF-a, two cytokines mainly produced by 

macrophages, induce structural changes in P cells and suppression of their insulin-releasing
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capacity (Mandrup-Poulsen et aU 1987; Spinas etaU 1987). There have been reports that 

administration of D-1 and TNF have pronounced anti-diabetic effects in vivo (Del Rey e t 

al, 1989). However recent work by Kroncke etal. (Kroncke etal, 1991) indicates that IL-1

and TNF-a do not contribute appreciably to the cytotoxic activity of macrophages towards

P cells in vitro, and it has also been shown that activated macrophages kill syngeneic

pancreatic islets in vitro via arginine-dependent oxide (NO) generation in vitro (Kroncke

etal, 1991). Co-cultivation of islet cells with chemicals that spontaneously release NO also

rapidly leads to cell death (Burkart et al, 1991). There is also now evidence to support a

role for NO in diabetogenesis in vivo. Lukic has shown that treatment with L-NMMA

suppresses the development of low dose STZ-induced autoimmune diabetes in CB A mice

(Lukic et al, 1991). Kolb has also demonstrated that daily injections of L-NMMA which

specifically inhibits NO synthase activity, suppressed diabetes development in this model

(Kolb et al, 1991, reviewed Kolb and Kolb-Bachofen, 1992). Therefore it is now widely

accepted that cytokines or NO or both factors contribute to 6 cell destruction during the

development of IDDM.

Studies in this chapter were designed to investigate whether the presence of

macrophages in the inflammatory lesion were essential to the development of disease in

diabetic spleen transfer recipients by inhibition of macrophage migration by the M.Ab 5C6.

Additionally, given that L-NMMA (which inhibits NO formation) prevented disease in the
the role of NO

STZ model of diabetes, it was decided to investigate in both the adoptive transfer model 

and cyclophosphamide models of diabetes induction in NOD mice
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7.2 Results

7.2.1 Treatment of diabetic spleen cell recipients with anti-CR3 (CDl lb.5C6^

An experiment was designed to test whether 5C6 could prevent the primary 

initiation of insulitis following transfer of diabetic spleen cells. Seven male NOD mice 2-3

months of age were given 500|ig 5C6 i.v., 3 control male NOD littermates were given

500|ig Campath-1 and a further control group of 3 NOD males were given 250|il PBS i.v. 

AU mice were sublethaUy irradiated with 650 rads from a cobalt source and reconstituted 

with 2X10^ spleen cells from overtly diabetic female NOD mice on the same day as the

first antibody injection. The seven 5C6-pretreated mice subsequently received 500|ig of 
^or Campath \

5C6 i.p. daily for 3 days after transfer, then every second or third day after transfer. One

of this group died although not of diabetes. Mice from both control groups were

subsequently pooled and glucose in the blood and urine was monitored in all mice. Mice

were sacrificed 14 days after transfer at which point all mice, both antibody treated and

non-treated were normoglycemic. Pancreata were snap frozen for immunohistology. To

assess the extent of macrophage infiltration in aU pancreata, a polyclonal rabbit anti-mouse

antibody F4/80 was utilised which detected the F4/80 antigen on mature mouse

macrophages on pancreatic sections double stained for insulin. The expression of Mac-1

(CR3) could not be detected directly with the rat monoclonal to CR3 as the goat anti-rat Ig

fluorescent conjugate picked up the residual rat anti-mouse 5C6 M.Ab in the pancreas

confirming that 5C6 had circulated through the pancreas. The use of a rabbit polyclonal

M.Ab circumvented this problem.

Pancreata from individual mice were analysed on day 14 after the transfer of 

diabetic spleen cells and the data pooled to form a total for each group either 5C6 treated or 

not. At this time, 40% of islets from 5C6 treated mice demonstrated the absence of intra

islet infiltration, whereas none of the control mouse islets were intact and 84% of the islets 

fi'om the 5C6 treated mice had rmld peri-islet infiltration compared to 57% for the control 

group. The most striking result was that 43% of control islets had severe peri-islet 

infiltration compared to only 11% for treated mice ( Figure 7.2, Figure 7.3). Thus it was 

clear from analysis of pancreata 14 days after the transfer of diabetic spleen cells that 5C6 

had prevented both severe peri-islet and intra-islet infiltration although it was too early to 

observe if hyperglycemia could also be prevented. Interestingly the septa lining the 

pancreatic lobules contained large accumulations of F4/80+ macrophages, demonstrating

162



that 5C6 had indeed prevented them traversing the vascular endothelium and migrating 

towards the islets. Therefore the experiment was repeated and extended to investigate 

whether diabetes could be prevented.

Seven two-three month old male NOD recipient mice were injected either with 5C6 

(3 mice, 4 mice) or PBS (4 mice) on day -1. On day 0 these mice and an additional 4 male 

NOD littermates were sublethally irradiated with 650 rads. All groups were reconstituted

with 2X10^ diabetic spleen cells except 4 of the 5C6-pretreated group which were 

reconstituted with 2 XIO^ 5C6-coated diabetic spleen ceUs. A further group of irradiated

male NOD littermates were reconstituted with 2X10^ spleen ceUs from non diabetic

donors. Both 5C6 pretreated groups were administered 5C6 the following day and three 

times per week throughout the experiment, a similar protocol was followed for those mice 

receiving PBS. Serum samples taken at weekly intervals confirmed that a high level of 

circulating monoclonal antibody in recipients was correlated with protection. Four weeks 

after transfer, when all untreated mice were overtly diabetic (blood glucose 21.8-22.2mM), 

both the 5C6 treated groups (blood glucose 7.4-S.3 mM, except one recipient where 

blood glucose was 14.1mM/Litre, but where urine was negative by Diastix) and animals 

receiving a non-diabetic spleen cell transfer were sacrificed and the histology of the 

pancreata compared. It was found that administration of 5C6 throughout the experiment 

had preserved the insulin-containing islets. Staining for CD3, class II MHC antigen or the 

macrophage specific F4/80 antigen revealed only a predominantly peri-islet infiltrate in 

5C6 treated mouse pancreata comparable to that seen in pancreata from age-matched, 

irradiated males reconstituted with spleen cells from non-diabetic NOD mice (Table 7.1, 

Figure 7.4). Untreated male recipients, however had very few intact islets remaining and

aU islets showed advanced intra-islet infiltration of class IT  ̂ ceUs and CD3+ cells (Table

7.1). Histological scoring of islet infiltration is shown in Table 7.1. Note that 84% of islets 

in control mice were scored as residual with intact glucagon and somatostatin but no insulin 

immunoreactivity, whereas only 20% of islets in 5C6-treated mice showed comparable 

destruction with complete loss of insulin. Staining for CD3 showed that with no 

macrophage infiltrate, intra-islet penetration by T ceUs was also inhibited. Similarly, severe 

intra-islet infiltration of cells expressing class II MHC antigen was reduced in 5C6 treated 

mice from 100% to 13% .

Two further experiments following this protocol were carried out. Twenty-two male
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2-3 month NOD recipients treated on day -1 with 400|ig 5C6 (11) or 400|ig Campath-1

(11) were given 625 rads and reconstituted with 2X10^ diabetic spleen cells the same day

as before. Injections were repeated on day 1 and three times weekly thereafter. On day 39 

aU mice that remained were sacrificed and the pancreata snap frozen. 7/11 from the 5C6 

treated group and 5/11 from the Campath treated group died during the course of the 

experiment, although not due to diabetes but probably the combined effects of the 

irradiation and excessive heat in the animal facility. From Table 7.2 (group *) it is clear that 

5C6 administration prevented not only diabetes but also insulitis, 46% and 41% of the 

treated group had only minimal peri and intra-islet infiltration respectively compared to 5% 

and 23% of the Campath-treated group. Additionally the extent of islet cell destruction was 

reduced from 40% to 1% in the 5C6-treated animals.

In an additional experiment four, two month male NOD mice received 500|Xg 5C6 

and a further group of 6 male NOD littermates received 500|ig Campath-1 i.v. on day -1.

All mice were given 650 rads and 2 X 10^ diabetic spleen cells as previously described,

and antibody injections given as before on day 1 and three times weekly until week 4 at 

which point 4/6 (67 %) of the control group were overtly diabetic. Peri-islet infiltration by 

F4/80+ cells was not prevented by 5C6 treatment although intra-islet infiltration was less 

severe and beta cell destruction was reduced from 40% to 1% in experiment 1 and from 

60% to 11% in experiment 2. Infiltration by class II +ve cells was also reduced as 67% of 

the 5C6 treated animals had no intra-islet infiltration compared to 18% of untreated animals

(Figure 7.2 , group Q. Overall in several experiments the incidence of overt diabetes in

5C6 treated animals was significantly reduced (from 93% to 8% p=0.00018, Fischer’s 

exact test).

7.2.2 Treatment of Diabetic Spleen Cell Transfer Recipients With an Inhibitor of 

Nitric Oxide Generation.

Twenty-one 8 week old male NOD mice were sublethally irradiated (750 rads, X-

ray source) and reconstituted with 2X10^ spleen cells from diabetic female NOD mice.

From days 9-13 seven mice received 5mg L-NMMA i.p, 5mg L-arginine (one of the L- 

arginine treated group died of a wasting disease) or 5mg D-NMMA i.p. In this experiment 

the control group receiving the inactive enantiomer (D-NMMA) did not show 100%
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diabetes until an unusually long period of time after transfer (day 48), although at day 14 

after transfer the D-NMMA treated group demonstrated higher blood glucose levels 

compared to the L-NMMA treated group. By day 48, 71% of the L-NMMA animals and 

67% of the control group receiving L-arginine were diabetic. However recipients were only 

treated from days 9-13 and by day 48 mice had received no treatment for 35 days. It is 

therefore perhaps not surprising that treatment effects could not be detected at such a late 

time point. The failure of this particular cell transfer could be due to insufficient 

diabetogenic T cells in the inoculum as some of the donor diabetic mice may not have been 

sufficiently diabetic for their spleen cells to cause disease in the irradiated recipients, 

although they were overtly diabetic (ie. blood glucose >12 mM/L and the urine positive by 

Diastix).

The experimental procedure was therefore repeated and twenty 11 week male

NOD mice were sublethally irradiated and reconstituted with 2X10^ diabetic spleen cells.

Seven mice were each given 5mg L-NMMA, or 5 mg L-Arginine and 6 mice were given 

5mg D-NMMA, daily from days 9-13 after transfer. As can be seen from Figure 7.5, at 3 

weeks after transfer 28% of both the L-NMMA and D-NMMA treated recipients were 

already overtly diabetic and by week 6-7, 71% of the L-NMMA, 67% of the L-Arginine, 

groups and 100% of the D-NMMA treated group were diabetic. Thus inhibition of nitric 

oxide formation by L-NMMA did not seem to affect the incidence of diabetes in diabetic 

spleen cell transfer recipients. The possibility remains that if L-NMMA treatment was not

maintained throughout the experiment macrophages could proceed with this pathway of p

cell destruction.

The treatment protocol was therefore extended such that sublethally irradiated 

transfer recipients received either 5 mg L-NMMA, 5mg D-NMMA or 0.2 mis PBS I P. on 

days 7-11 and three times weekly until day 35 at which point all animals were sacrificed. 

From figure 7.6 it is evident that L-NMMA failed to prevent diabetes in diabetic spleen cell 

recipients as 6/7 (86%) of mice were diabetic at termination of the experiment compared to
) d nm m a

4/7 (57%) of the PBS» treated group and 6/7 (86%) of the L-arginine treated group. Thus 

even extended treatment with L-NMMA failed to prevent diabetes. To exclude the 

possibility that for a beneficial effect to be received treatment had to commence 

immediately after the transfer and continue throughout the experiment, the protocol was 

again modified. Treatment with either L-NMMA, L-Arginine or PBS was commenced on 

days 1-5 and continued three times weekly. At week 3 after transfer 3/7 of the L-NMMA
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treated group were already overtly diabetic (Figure 7.7) and by day 34 all mice were 

diabetic.

7.2.3 Induction of Diabetes in NOD Mice bv Cyclophosphamide and Treatment

with L-NMMA

Female NOD mice aged 12-13 weeks were given 200mg/Kg cyclophosphamide 

i.p. on day 0 and 14. At weekly intervals from day 0, groups of 5 mice were sacrificed for 

pancreatic immunohistology. At weeks 1, 2, 3, and 4 , respectively 0, 80, 80 and 100% 

(one recipient died of diabetes at each of weeks 3 and 4) were diabetic as assessed by 

serum and blood glucose levels. From Table 7.3 it can be concluded that 1 week after 

cyclophosphamide treatment infiltration was either absent or mostly peri-islet for both class

ir*" (OX-6 positive cells) and T cells (CD3 positive cells). At 2 weeks the majority of islets

were residual and devoid of insulin expression and of the remaining islets 43% and 33%

had maximal peri-islet infiltration of class II“*'or CD3“‘‘ cells respectively. At week 3 the

tabulated values would seem to suggest that there was little peri or intra-islet infiltration by 

both class 114- and T cells, this is merely due to the fact that one animal had already died of 

diabetes and thus was not included in the immunohistochemical analysis and a further 3 

were severely diabetic with either no or very few islets present. The pancreas of one 

animal had virtually intact islets at this time and therefore affected the group scores. 

However by week 4 all islets were residual and all animals diabetic. Thus 

cyclophosphamide disease induction appears therefore to follow a similar time course to 

the diabetic spleen cell transfer and to be mediated by the same mononuclear populations 

such as inflammatory cells.

My previous studies showed that L-NMMA could not prevent disease induction by 

the diabetic spleen cell transfer. It was of interest to determine whether it could protect 

NOD mice from cyclophosphamide induced disease and thus to investigate if different 

mechanisms are involved in the two inductive models of diabetes. Thirteen female NOD 

mice at 9 weeks of age were given 200mg/Kg cyclophosphamide i.p. on days 0 and 14. Of 

these, 5 were given 5mg L-NMMA, 4 were given 5mg L-arginine and 4 were given 0.2 

ml PBS. All injections were i.p. and were administered on days 1-5 and then three times 

weekly until day 35 when diabetic animals were sacrificed. At this time, 80% of the L- 

NMMA treated group, 75% of the L-arginine treated group and 75% of the PBS treated 

group were diabetic (Table 7.4). Thus inhibition of nitric oxide formation by L-NMMA
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also failed to protect against cyclophosphamide induced diabetes, indicating that P cell 

destruction is probably not mediated by nitric oxides.

7.2.4 Inhibition of Nitrite Release From NOD and B10(L-Lsh^ Mouse Peritoneal 

Macrophages bv L-NMMA.

Since in vivo treatment of NOD mice with L-NMMA in both the transfer and 

cyclophosphamide induced diabetes models was unable to prevent disease, but apparently 

treatment could prevent diabetes in the STZ induced model. It would appear that two 

different mechanisms of beta cell destruction might be operating in the different models. In 

order to establish that the L-NMMA was indeed functionally active it was decided to

assess the activity of the L-NMMA in vitro. Four NOD and four BIO (L-Lsh^) female mice

of 3 months of age were administered 0.1 ml of a suspension of “Biogel” i.p. (this 

activates and recruits monocytes to the peritoneum). PEC were harvested 4 days later and 

allowed to adhere to covershps, and cultured in duplicate with increasing concentrations of

IFN-y and LPS either with 200mM L-NMMA or D-NMMA. Supernatants were harvested

at 24 and 48 hours and assayed for nitrite release. It can be seen in Figure 7.8, that at the

maximal LPS concentration of 1.0 ng/ml and at 25u/ml IFN-y release of nitrite at 48 hours

was inhibited from 139 mmoles with the inactive enantiomer D-NMMA to 67 mmoles with

L-NMMA in B10(L-Lshr) PEC (52% inhibition). At these concentrations of IFN-y and

TNF-a inhibition of nitrite from 74 mmolar to 57 mmolar (23% inhibition) in NOD PEC

was observed at 48 hours. At 24 hours cocultivation of PEC with cytokines and mitogens 

inhibition of nitrite release was also observed although it was not so dramatic. Thus, L- 

NMMA is active in vitro and failure to prevent disease in vivo is not due to lack of 

functional activity.
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7.3 Discussion

From the previous data it is suggested that 5C6 exerts its protective effect on 

diabetes in the transfer system by suppressing the early phase of macrophage migration into 

the islets, upon which later T cell-mediated events depend. Monocyte recruitment is 

followed by bulk migration of both sensitised and non-sensitised T cells to the islets. 

Analysis of the histology in 5C6-treated and control mice supports such a scheme where 

inhibition of macrophage recruitment to the pancreas prevents later intra-islet T cell 

accumulation.

The mechanisms by which the macrophage promotes T cell recruitment remain to be

clarified but several possibilities exist. Local production of cytokines such as TNF-a and

IL-1 by macrophages may affect expression of adhesion molecule VCAM-1 on vascular 

endothelium thereby facilitating mononuclear migration (Osborn et al, 1989). Additionally

it has been suggested that IFN-y produced by T cells activates macrophages to secrete TNF

which in turn sensitises the same, or a different, population of macrophages to secrete 

reactive oxygen species (Clark et al, 1986). Reactive oxygen intermediates produced by 

macrophages such as superoxide, cause vascular endothelial damage (Beckman et al,

1990). In particular, nitric oxide can profoundly affect blood pressure and flow (Vallance 

etal, 1989).

Culture in the presence of IFN-y increases MHC class I expression on islets

(Campbell et al, 1986A) which may itself play a part in p cell destruction (AUison et al;

1988, Hutchings et at, 1990). Macrophage accumulation in the pancreas may well have a 

major role in antigen processing and presentation to T cells (Charlton etal ; 1988A, Lee et

al', 1988) but in addition macrophages may themselves destroy P cells by release of

cytokines or free radicals (Nomikos et al, 1986). By preventing the CR3 dependent 

monocyte migration 5C6 treatment also inhibits the passage of lymphocytes into the islets 

and thereby arrests the subsequent cascade of cellular interactions which culminate in the

destruction of insulin-containing P cells. Later administration of 5C6, at a time when

recruitment is already advanced, failed to affect the onset of hyperglycemia (Hutchings e t  

al, 1990B). This is to be expected because 5C6, which lethally potentiates acute bacterial 

infections, fails to do so for listerial infections once granuloma formation has occurred 

(Rosen etal, 1989). Indeed the minimal infiltration and destruction observed in 5C6 treated
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animals could be due to antigen processing and presentation by the constitutive tissue

macrophages which could either be Mac-l‘‘'/F4/80'*’ or SER-4'*' present in the

normoglycemic animal. Further destruction is prevented since presentation cannot proceed 

as reconstituted macrophages are trapped within the vascular endothelium and cannot 

traverse to the site of antigen expression to potentiate the inflammatory process. These

observations do not preclude a direct role for macrophages or their secretory products in P

cell destmction once they have aggregated at the target site.

It is significant that 5C6 prevents some infiltration by T cells as well as 

macrophages, for CR3 is not expressed on T cells. The effect of 5C6 on T ceU recmitment 

is therefore probably indirect, with the macrophage being implicated, as there is little 

evidence of other CR3- bearing cells (neutrophils and NK cells) in infiltrates of diabetic 

pancreata. After administration of 5C6 is stopped, blockade of CR3 is reversed,

macrophage migration to the islets becomes possible and T ceU recmitment and p cell

destmction ensues. Recipients treated with 5C6 firom day 10 developed disease with an 

incidence comparable to untreated control animals (Hutchings etal, 1990B). This indicates 

that CD4+ and/or CD8+ effectors in the transfer inoculum are still potentially agents of 

destmction once macrophage migration to the islet becomes possible. These data highlight 

the essential contribution of both macrophages and T cells to the initiation of a complex 

autoimmune disease and suggest that therapeutic strategies should consider both cell types 

and their diverse mechanisms of tissue destmction. Debrick also demonstrated that in vivo 

depletion of phagocytic cells completely inhibits CTL responses suggesting a cognate 

interaction between macrophages and CTL precursors initiating a class 1 restricted immune 

response (De rick era/, 1991).

Having established that macrophages are mandatory for disease induction, it was 

attempted to elucidate their exact role in diabetes manifestation in the NOD mouse.

Numerous studies have demonstrated that macrophages are cytotoxic to P cells. Secreted

products potentially involved are the monokines lL-1 and TNF-a and the ‘respiratory

burst’ products : superoxide radicals and nitric oxide metabolites. As the enzymatic 

pathways leading to the synthesis of reactive oxygen and nitrite intermediates are distinct 

(Iyengar et al , 1987; reviewed Liew and Cox, 1991), it was decided to assess the

contribution of nitric oxide metabolism to p cell destmction in the cyclophosphamide and
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diabetic spleen cell transfer models of diabetes in the NOD mouse. In another accelerated 

model, STZ-induced diabetes, Lukic (Lukic et al, 1991 ) demonstrated that inhibition of

nitric oxide formation by L-NMMA prevented diabetes and insulitis in CB A mice.

My studies have indicated that treatment of transfer recipients with L-NMMA by 

any of the protocols described was unable to prevent insulitis and diabetes. Both the 

incidence and time of onset of diabetes in the L-NMMA-treated recipients was similar to 

that of the control animals receiving the native analogue of L-arginine and the inactive 

enantiomer D-NMMA. L-NMMA neither prevented insulitis nor diabetes in 

cyclophosphamide induced diabetes in NOD mice. This data would seem to suggest that

either macrophages do not mediate P cell destruction by nitric oxide formation or that the

particular batches of L-NMMA used were inactive. However in vitro studies demonstrated

that L-NMMA could inhibit nitric oxide formation from TN F-a and IFN-y stimulated

PECS from both NOD and BlOLsh^ mice. NOD PEC appeared to secrete significantly less

nitric oxide in response to IFN-y and LPS than BlOLsh^ mice. Although nitric oxide

formation was down-regulated by L-NMMA it was not completely inhibited in NOD mice. 

This result was surprising given that macrophages are numerous in the inflammatory 

infiltrate and I would have anticipated that NOD mouse macrophages would have been 

hyperactive with regard to NO production. This level of NO may mediate vascular dilation 

and permeability which has been demonstrated in prediabetic diabetes susceptible BB rats 

(Walker gr al, 1988 A) and which we found in the NOD mouse. It would be interesting to

investigate the potential production of D-1 and TNF-a by NOD macrophages compared to

other nondiabetic mouse strains to investigate this possibility. Baxter (Baxter, 199IB; 

Baxter and Mandel, 1991) in his doctoral thesis suggested that diabetes induced by multiple 

low-dose STZ occurred by an alternative mechanism than that of the natural process. He 

suggested STZ diabetes appeared to involve the dual action of incremental toxic destruction

and the induction of autoimmunity to a p ceU neoantigen (reviewed Kolb etal, 1987), such

as C-type retrovirus (Like and Rossini, 1976; Fujino-Kurihara et al, 1985). Since, the 

diabetogenic effect of STZ is not abrogated by cyclosporin, the major action of STZ in 

NOD mice appears to be toxic, rather than immune mediated. If this is the case then my 

own observations that L-NMMA could not prevent disease in both the diabetic spleen ceU 

transfer and cyclophosphamide induced models (which are immune mediated) whereas it
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could protect in the STZ model, would perhaps support this view (Kolb etaU 1991; Lukic 

etal, 1991).

My findings do not mle out the possibility that macrophages are potentially 

cytotoxic to the P cell. Shimada demonstrated that highly activated macrophages appear

before the development of overt diabetes in NOD mice (Shimada etal, 1991) and their free 

oxygen radical scavengers PEG-SOD (Lafferty et al, 1991) and N-acetylcysteine 

(Shehadeh etal, 1991) inhibit development of disease recurrence following transplantation 

of islets to spontaneously diabetic or cyclophosphamide induced diabetic NOD mice 

respectively. Two studies have shown that a 1% probucol containing diet prevents diabetes 

in the NOD mouse and hyperglycemia in the multiple low-dose STZ model (Fukuda et al; 

1991; Shimizu et al; 1991) by inhibition of free oxygen radical generation in islet cells 

theoretically induced by macrophages. Yamada has suggested that the hydroxyl radical 

scavengers nicotinamide, 3-amino benzamide and dimethyl urea protect islet cells from the

cytotoxic effect of IFN-y and TNF-a in vitro and attenuate MHC class I but not class II 

expression on P cells induced by these cytokines (Yamada et al, 1991). In contrast the

oxygen radical scavenger glutathione which inhibits IFN-y release from activated

lymphocytes, does not protect NOD mice from developing diabetes (Williams etal, 1991). 

Macrophages also secrete IL-1 which may be the major effector molecule in the

initiation phase of the immune-mediated destruction of P ceUs preceding overt IDDM.

Several recent studies have suggested that the presence of IL-1 p in the circulation and the 

islets of Langerhans (Reimers etal, 1991 A) may induce a diabetes-like condition by a time- 

dependent inhibition of p cell function, and may be involved in the initial steps of IDDM

pathogenesis in the BB rat. However treatment of BB rats with IL-ip has an insignificant

effect on the incidence of diabetes (Markholst et al; 1991, Reimers et al; 1991). Pociot 

(Pociot et al, 199IB) has demonstrated that differences in macrophage IL-1 response 

capacity is genetically determined and may be a contributory factor in IDDM pathogenesis.

He identified a diallelic RFLP in the 5 ^  exon of the human IL-1 gene with Taq 1 of which

the larger fragment allele represents a “high secretor” phenotype which may be an 

additional susceptibility marker in these patients. It would be of interest to assess the 

potential secretory IL-1 capacity of NOD mice compared to other non-diabetes prone
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mouse strains.

From these studies I would hypothesise that a) macrophages are essential for the 

development of diabetes in the NOD mouse and, b) they have to be present in the vicinity

of the islet for p cell destmction to occur. This destruction appears not to be mediated by

the L-arginine-nitric oxide metabohc pathway. Thus I suggest that the primary function of 

the macrophage is antigen presentation and that both the transferred diabetogenic T cells or 

T cells recognising the diabetogenic auto-antigen home specifically to the pancreas, where 

presumably the auto-antigen is expressed and presented on macrophages. Such T cells

cannot commence p cell destruction themselves as they need to recognise antigen in the

context of class H MHC antigens. Once activated they secrete IFN-y, activating the

resident pancreatic macrophage or dendritic cell population, which migrate up a 

concentration gradient and process the antigen which activates the Th cell which in turn

activates Tc to kill p cells. Note that CD4'*' T cells can induce insulitis of their own accord 

but for disease development CDS'*" T cell are also required (Thivolet et al, 1991). During 

this phase activated macrophages may secrete TNF-a recmiting more monocytes to the 

inflammatory site and eventually scavenge dead and dying P cells.
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Figure 7.1 Nitric Oxide Generation (NO) and the Possible Mechanisms 
of its Antimicrobial Effects.

(A)
02

L-Arginine

NO
Synthase

L-NMMA

Citrulline

NO' N02- + N03-

(B) NO' + enzyme [4Fe-4S] Enzyme

(C) 02 + NO ONOO- + H+ 
HO' + N02'

ONOOH 
N03 + H+

Macrophages produce nitrite and nitrate (Stuehr et al, 1985) which are derived from L-arginine 
and their production is blocked by structural analogues such as NG-monomethyl arginine 
(L-NMMA) (Hibbs et al; 1987A, 1990; Iyengar et al, 1987), NO has now been shown to be 

synthesized from one of the terminal guanidino-nitrogen atoms of L-arginine (Hibbs et al;
1987A, B, Palmer et al; 1989). The enzyme responsible (NO synthetase) is cytosolic, NADPH- 
dependent and results in the formation of L-Citrulline and NO which is rapidly converted to 
nitrite (N02-) and nitrate (N03-) (lyenger et al, 1978) (7.1A). There are two postulated 
mechanisms for this reaction (7.IB) NO may react with Fe-S groups forming iron- nitrosyl 
complexes and thus leading to inactivation plus the generation of Fe-S prosthetic groups of 
aconitase and complex I and complex II of the mitchondrial electron transfer chain (Hibbs 
et al, 1990). As an alternative (7.1C) NO could possibily react with 02- to form the 
peroxynitrite anion (0 N 0 0 -) which decays rapidly once it is protonated forming the highly 
reactive hydroxyl radical (HO') (Beckman et al, 1990)
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Figure 7 .2  E f fec t  of  5C6 on M acrophage  Pe r i - i s le t  Infil t iat iofL 
14  days  A f te r  Diabet ic  Spleen  Cell T r a n s f e r
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Seven male NOD mice of 2-3 months of age were administered 500ug 5C6 i. v., six 

control littermates were given either 500|ig of the control isotype matched antibody i. v. 

or 200)41 PBS. All mice were sublethally irradiated with 650 Rad from a cobalt source and

reconstituted with 2 X 10 ^ spleen cells from overtly diabetic NOD mice the same day. The 

5C6 treated mice subesquently received SOOjig 5C6 the next day and then every second or 

third day until day 14. The control Ab. recipients received 500ug of Campath-1 i. p. the 

day after transfer and on two subsequent days or PBS. Mice were sacrificed for pancreatic 

immunohistology. Sections were stained for insulin and the macrophage marker F4/80. 

The percentage of islets with (l)-none, (2)-moderate (1-10 +ve cells), or (3)-severe (>10 

+ve cells) peri-islets locations are shown above. It can be seen that 5C6 administration to 

diabetic transfer recipients afforded significant protection from severe peri-islet infiltration.
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FIGURE 7.3 : Histology of Islets From NOD Mice Treated With 5C6 For Two Weeks 

Histology of islets of pancreata from diabetic spleen cell transfer recipients stained by 

indirect immunofluoresence with polyclonal rabbit anti-mouse F4/80 (green) and insulin 

(red), 14 days after transfer. Recipients were treated with the control antibody Campath-1 

(A) or 5C6 (*B, C). The 5C6 treated mice showed very little peri-islet infiltration (C) or

were completely protected from F4/80"*' macrophage infiltration as in B. Magnification

200x, *400x.
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FIGURE 7.4 : Histology of islets showing protective effect of 5C6 

Photomicrographs of pancreatic cryostat sections double-stained for insulin (red) and 

F4/80 (green) from 5C6 treated mice (A) and control mice (B) four weeks after the adoptive 

transfer of diabetic spleen cells. In C (5C6-treated mice) and D (control mice) sections were 

stained with polyclonal rabbit anti-F4/80 alone (red). Islets from the control group (B and 

D) showed uniform intra-islet infiltration by F4/80+ cells, with loss of insulin and normal 

islet morphology. The 5C6-treated mice showed very little intra-islet infiltration but had a 

mixture of completely intact islets (as in A) or islets showing peri-islet infiltration (as in C). 

This pattern of infiltration is similar to that found in age-matched male NOD mice after the 

adoptive transfer of normal spleen cells. Magnification in A and B, lOOx; in C and D 

200x.

177



FIGURE 7-4

1 7 8



Figure 7. 5 Effect of L-NMMA. L-Arginine and D-NMMA 
on Diabetic Spleen cell Transfer.
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Figure 7 .6  Effect of Prolonged Treatment with L-NMMA. 
L-Arginine and D-NMMA on Diabetic Spleen Cell Transfer.
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Irradiated male NOD mice (8-9 weeks) were given 2X10^ spleen cells from diabetic donors and given 
either 5mg L-NMMA, 5mg L-arginine or 5mg D-NMMA (6 or 7 mice per group) from days 9-13 Figure 
7.5 or from days 7-11 and then three times weekly until sacrificed or animals had a blood glucose 
reading > 22.2 mM Figure 7.6.
Blood glucose was measured on the days indicated. A reading of >15mM coupled with a positive urine 
glucose reading (as measured by diastix) was considered to be an indicator of overt diabetes.
Two animals from both the L-NMMA and D-NMMA groups were sacrificed on day 31 as they were 
dying of diabetes and a further animal in the L-arginine treated group developed a wasting disease and 
died on day 21 -Figure 7.5.



Figure 7.7 Effect of L-NMMA and L-Arainine on diabetic spleen
cell t ransfer
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Treatment

Irradiated male NOD mice (10 weeks) were given 2X10 spleen cells from diabetic 

donors and given either 5mg L-NMMA, 5mg L-Arginine or 0.2mls PBS from days 

1-5 and then 3 times weekly until sacrificed. A further group were given 2X10 

spleen cells from non-diabetic syngeneic age-matched mice. Blood glucose was 

measured on the days indicated. A reading of >15mM/Litre coupled with a positive 

urine glucose reading (as measured by diastix) was considered to be an indication of 

overt diabetes.
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F IG U R E  7.8 Graphs Showing Nitrite Release From NOD and BIOL-Lsh^ Peritoneal

Exudate Cells Cultured With IFN-y and LPS and Either L-NMMA or D-NMMA.

Graphs show peritoneal exudate nitrite release (micromoles) from NOD (A, C) and BIOL- 

Lsh^ (B, D) mice cultured with increasing concentrations of IFN-y and l.Ong/ml LPS and 

either 200mM L-NMMA or 2(X)mM D-NMMA.

The nitrite concentration of the culture supernatant was measured with Griess reagent at 24 

hours (A, B) and 48 hours (C, D).
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TABLE 7.1 Im m unohistochem ical analysis of pancreatic islets from 5 C6 -treated and untreated N OD m ice 4 weeks after
transfer of d iabetic spleen cells

T r e a tm e n t No of mice No o f islets Islets w ith + Islets w ith 4-4- R esidual islets
e x a m in e d a n a ly s e d p e r i - i s le t  

in filtra tion  (% )
in t r a - i s le t  

in filtra tion  (% )
(%)

D ouble staining fo r insulin  and F4/80:
5C6 + d.sp. 7 2 1 6 84* I t 2 0
PBS 4- d.sp. 4 1 0 9 4 7 2 9 8 4
Non-d.sp. only 4 95 9 8 8 8

Double staining for insulin and CD3:
5C6 + d.sp. 7 1 2 9 76H 9§ 1 9
PBS + d.sp. 4 43 3 8 5 2 7 2
Non-d.sp. only 4 89 8 7 2 2 3

Double staining for insulin and Class II
5C5 + d.sp. 7 1 7 2 8 8 13 17
PBS + d.sp. 4 1 2 1 3 1 100 9 0
N on-diab.sp. only 4 1 1 7 9 1 2 2 0

CO
00

Irradiated male NOD mice were given 2 x 10^ spleen cells from diabetic donors (d.sp) or from non-diabetic syngeneic age-matched males. Pancreatic cryostat 
sections were double-stained with guinea-pig anti-insulin antibody and either rabbit anti-F4/80 which recognises mature mouse macrophages (prepared by P. Dri) 
or KT3, a rat anti-mouse CD3 monoclonal antibody (prepared by K. Tomonari). Those islets that did not contain immunoreactive insulin are designated residual 
and calculated as a percentage of the total analysed.

* Minimal infiltration of 0-20 F4/80"*" cells peri-islet
t  Maximal infiltration, namely 11 or more F4/80"*" cells intra-islet.

0-10 CD3"*" cells peri-islet
§ More than 6 CD3‘** cells intra-islet.
Grading of peri-islet and intra-islet infiltration was calculated as a percentage of those islets that remained. PBS, Phosphate-buffered saline



Table 7.2 Immunohistochemical analysis of pancreatic islets from 5C6-treated and untreated NOD mice

Islets with Peri-islet Infiltration Islets with Intra-islet Infiltration

Treatm ent No.Mice 
Examined

No. Islets 
analysed

0 1-10 11-20 >20 0 1-5 6-10 >11 Residual
islets
(%)

5C6 treated* 4 159 4 46 28 21 46 41 8 4 1

5C6 treated** 3 88 5 53 23 8 57 29 3 0 11

Campath* 6 274 0 5 31 23 9 23 12 16 40

Campath** 6 226 1 10 18 12 19 13 6 2 60

5C6 treated ^ 3 87 32 19 21 8 67 8 3 2 20

Campath ^ 6 245 7 8 13 10 18 10 5 5 62

00

Irradiated male NOD mice were given 2 X 10^ spleen ceUs from diabetic donors and either 5C6 or Campath-1, experiment^*) and experiment 2 

(**). Pancreatic cryostat sections were double-stained with guinea-pigj anti-insulin antibody and either rabbit anti F4/80 which recognises 

mature mouse macrophages or 0X6 which recognises NOD class II MHC (Ç, experiment 2 (**) only). Those islets that did not contain 

immunoreactive insulin are designated residual and calculated as a percentage of the total analysed Grading of peri-islet and intra-islet infiltration 

was calculated as a percentage of those islets that remained.
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Table 7.3 Immunohistochemical analysis of pancreatic islets from cyclophosphamide treated NOD mice

Week after 
Treatm ent

No. of mice 
exam ined

No. of islets 
analysed

No. of islets with 
++ peri-islet 

infiltration (%)*

No. of islets with + 
in tra -is le t 

infiltration (%)C

Residual Islets 
(%)

1 5 88 (82) 9 (17) 8 (7) 11 (15)

2 5 23 (22) 43 (33) 4 (9) 68 (86)

3 4 33 (20) 0 (6) 21 (5) 6 (10)

4 4 18 (15) 0 (0) 6 (0) 100 (100) in
00

Female NOD mice were given 200mg/Kg cyclophosphamide i.p. on day 0 and 14. At weekly intervals groups of mice 
were sacrficed for pancreatic immunohistology. Pancreatic cryostat sections were double-stained with guinea-pig 
anti-insulin antibody and either 0X6 which recognises NOD class II MHC or a rat anti-mouse CD3 monolonal 
antibody (figures in brackets) which recognises T cells. Those islets that did not contain immunoreactive 
insulin are designated residual and calculated as a percentage of the total analysed.

* maximal infiltration of more than 41 positive staining cells peri-islet.
C minimal infiltration of 1-5 positive staining cells intra-islet.
Grading of peri-islet and intra-islet onfiltration was calculated as a percentage of those islets that remained.



Table 7.4 Immunohistochemical Analysis of Pancreatic Islets From cvclophosDhamide 
Induced Diabetes in NOD Mice Treated With L-NMMA or L-Arginine

T re a tm e n t No. Mice %  Diabetic % of Islets with ++ 
Peri-islet Infiltration*

% Of Islets with + 
Intra-Islet Infiltration §

%  Residual 
Islets

L-NMMA 5 8 0 36  (13) 14 (33) 43  (17)

L-Arginine 4 7 5 59 (0) 12 (14) 53 (22)

PBS 4 7 5 32  (13) 12 (24) 42  (22)

Nine week old female NOD mice were given 200mg/Kg cyclophosphamide i. p. on day 0 and 14. 
Recipients were then administered either 5mg L-NMMA or L-Arginine or 0.2mls PBS i. p. the 5 
days following the first dose of cyclophosphamide and 3 times weekly thereafter until either the 
an im als  w ere  overtly d iabetic  o r day  42. At this point th e  rem aining an im als w e re  sacrificed . 
Pancreatic cryostat sections were double stained with guinea-pig anti-insulin antibody to locate 
islets and either 0X6 (recognises NOD class II, I-A) or F4/80 (recognises mature mouse 
macrophages) figures in brackets. Islet infiltration was graded and the number of islets of each 
grade expressed as a % of the total number of intact islets analysed (-residuals). Those islets 
which did not contain immunoreactive insulin were designated residual and calculated as a 
percentage of the total analysed.

* M aximal peri-islet infiltration of >20 +Ve staining cells.
§ Minimal in tra-islet infiltration of 1-10 +Ve staining cells.
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ciEiAiPTrmm s

An Immunohistochemical Analysis of the Effect of I-E and Modified I-A 

Transgenes on the Infiltration of Pancreas and Submandibular Glands 

in the NOD Mouse.
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8.1 INTRODUCTION

Extensive research has been carried out in patients with autoimmune conditions to 

understand the mechanisms and genetics of such complex polygenic diseases. This has led to 

the observation of an increased incidence of certain serologically defined lymphoid ceU-surface 

proteins encoded by the HLA-D region of the MHC and referred to as class II antigens in such 

patients. As described previously in Chapter 1 interaction between the T cell receptor, antigenic 

peptide and the class n  molecule leads to T cell receptor activation and an immune response to 

the antigen. Given that the primary sequence of the arnino-terrninal polymorphic domain of the 

MHC molecule is essential for T-cell recognition, the immunological responsiveness of a 

particular individual is partly determined by their polymorphic amino acids present in the class 

II molecules.

Susceptibility to autoimmune IDDM is determined by both environmental and genetic 

influences. The HLA-D region in particular contributes over 59% of IDDM heritabUity (Todd 

et al, 1989). Further about 95% of IDDM patients possess either HLA-DR3 and/or -DR4, 

compared to 45-54% of the normal population. The HLA-DQ genes, which are in linkage 

disequilibrium with HLA-DR are more strongly associated with IDDM than the DR genes, 

however no single determinant or RFLP has been found that is common to the several HLA 

haplotypes (DR4, 3 and 11) positively associated with the disease (Todd et at, 1987). DNA 

sequencing and oligonucleotide analysis of class II genes from population and family studies 

indicate that susceptibility to IDDM maps to the MHC and is closely linked to the DQAl locus 

and both DQBl and DQAl genes contribute to disease predisposition. Analysis of the 

nucleotide sequences of the DRBl, DQAl and DQBl genes showed that all IDDM patients had 

DRB 1*0406, DQAl*0301, and DQBl*0302, compared with only 14% of controls (Uchigata 

etal, 1992).

Further analysis of DNA encoding the first domain of the DQP chain from selected

multiple case Caucasian families of IDDM patients by PCR amplification, demonstrated that

haplotypes carrying an aspartic acid at position 57 (Asp-57) of their DQp chain were

significantly increased in frequency among nondiabetic haplotypes. Non-Asp-57 haplotypes 

were significantly increased in frequency among the diabetic haplotype (Morel et at, 1988). As 

amino acid 57 could determine a critical function of the DQ molecule, based on the proposed 

structure of class II MHC antigen, it is unknown whether Asp-57 alone wül confer decreased
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susceptibility. The amino acid sequence must determine the overall structure of the DQ

molecule, thus suggesting that DQP allelic polymorphisms, determine the specificity and extent

of the autoimmune response against islet cell antigens. Full HLA susceptibility to IDDM, is

correlated with the individual having two Asp-57 negative DQp alleles, especially if they are

from the DR4 and/or DR3 haplotypes. The fact that not all HLA identical siblings, as well as 

identical twins don’t develop IDDM, may indicate an effect of non-HLA-linked genes, low 

penetrance of HLA-linked linked genes, stochastic receptor rearrangements, or differences in

environmental exposure. However the use of DQP typing would be of great value in

determining susceptibility to diabetes.

As previously indicated in chapter 3, the NOD mouse does not express I-E molecules, 

thus the genetic control of immune responses in these mice is determined by the I-A molecules.

The I-Aa chain is identical to the I-Aa of H-2^ haplotype mice, therefore any abnormal

immune responses in these mice are most likely to be dependent upon the unusual I-Ap chain.

Studies by Acha-Orbea and M^Devitt (1987) have shown that the first external domain of the

NOD mouse I-AP contains histidine (His) and a serine (Ser) at positions 56 and 57

respectively, instead of proline (Pro) and aspartic acid (Asp) found in other strains. This

parallels the situation with the human DQP alleles associated with IDDM in that both the AP”^

and its human homologue lack Asp at position 57.

A model for class II MHC stmcture based on the crystal structure of the class I 

molecule, suggests a possible role for residue 57 in maintaining the integrity of the molecule 

and in binding of peptide antigens (Brown et al, 1988). Residue 57 is part of the helix that 

forms one side of the antigen-binding cleft. The Asp 57 side chain appears to form a salt bridge

with conserved Arginine at position 80 in the a  chain. One of the predicted consequences of

this substitution at residue 57 is altered immune responsiveness.

These sequence differences may alter the nature of the trimolecular complex formed by

antigens, TCR and MHC antigen in NOD mice. Thus, the unique AP*̂ ®̂  chain might have a

higher affinity for islet antigens and efficiently present these to autoreactive T cells or 

conversely a low affinity interaction could affect central tolerance resulting in no deletion or
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anergy or peripheral tolerance resulting deficient activation of Ts or regulatory cells. Equally it

may be assumed that (Pro) 56 gives rise to a different conformation of the I-Ap chain than

does His 56 as described above.

The observation that both NOD mice treated with and-I-A^ during the first two months

of life (Singh et al; 1990) and long-term administration of anti-class H antibodies specific for 

NOD I-A antigen (Boitard et al, 1988) prevents IDDM is further evidence that the unique I-

AP chain contributes to disease susceptibility in NOD mice. Anti-class II monoclonal

antibodies have been used to prevent disease in other animal models of diabetes including the 

BB rat (Boitard etal, 1985) and in C57/KSJ-db/db mice (Singh and Cliffe, 1986; Singh etal,

1986).

We therefore constructed transgenic NOD mice in which either the transgene encoded a 

modified Ap^®^ with Pro56 or a modified Ap*'®  ̂with Asp 57, and studied their effects on the

development of IDDM (Lund et al, 1990B). Mice carrying mutated ApS^ genes were

generated by two point mutations introduced into the NOD AP to generate the sequence 

encoding Pro-56 instead of His or Asp-57 instead of Ser. This destroys a restriction site for 

Dde I at this position in the Ap*'®  ̂ gene and allowed detection of the transgene carrying

progeny. NOD mice carrying the Ap^ transgene (ie. pro-56, asp-57) still develop insulitis,

which may have been due to low expression of Aa^ Ap^ (Uehira et al, 1989). It is therefore

likely that normal I-A expression cannot inactivate or delete autoreactive T ceUs, whereas I-A87

molecules may be involved in the generation of such cells. Thus the role of normal I-A antigens 

in the prevention of autoimmune insulitis remains to be clarified.

The NOD mouse does not express I-E molecules and no mRNA for the a-chain of I-E

is visible in Northern blot analysis (Hattoii et al, 1986). Selective expression of I-E molecules 

in NOD mice without the introduction of other genes on chromosome 17 was achieved by

backcrossing the I-E expressing C57BL/6 transgenic mice [B6(Ea^)] to NOD mice. Such I-E

expressing NOD mice failed to develop autoimmune insulitis or diabetes (Nishimoto et al,

1987).
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Establishment of MHC class n  NOD transgenic mice by either continuously 

backcrossing [Ea^ B6 transgenic mice X N0D]F1 to NOD or directly by micro-injecting the

E a^ gene into fertilised NOD eggs, also prevented autoimmune insulitis (Uehira et al, 1989).

Therefore expression of I-E alone is sufficient to prevent the development of insulitis (Uehira 

etal, 1989; Lund et al, 1990B).

To further explore the protective effect of I-E in NOD mice, we constructed transgenic

NOD mice carrying an Ea^ transgene which restored expression of I-E.

In addition to the pancreas, certain exocrine glands in the NOD mice such as salivary, 

lacrimal, peribronchial and vaginal glands, are consistently affected by cellular infiltration 

(Asamoto et al\ 1984; Hanafusa etal\ 1985, 1989; Miyagawa etal\ 1986). These inflammatory 

infiltrates consist of focal accumulations of lymphoid cells around vessels and secretory ducts 

and thus closely resemble peri-insulitis. All of these glands share common physiological and 

anatomical features as well as antigenic determinants with the exocrine pancreas (Ludwig et al, 

1977; Oxazaki et al; 1990). The presence of antibodies to salivary duct in this mouse strain 

coupled with salivary gland infiltration (Hanafusa et al ; 1989, Yaimda. et al; 1985) raised the 

possibility that the NOD mouse might also be regarded as an animal model (Sugihara et al, 

1988; Goillot et al, 1991) of human Sjogren’s disease (Whaley et al; 1973). Although this 

syndrome is more commonly associated with connective tissue disease, a recent study has also 

suggested an association with IDDM (Binder et al; 1989 ). Added to the simultaneous cell- 

mediated transfer of siahds and insulitis in NOD neonates, (Goillot et al; 1991) these 

observations could suggest that at least a partly common molecular defect underlies both 

extrapancreatic and pancreatic inflammatory lesions in NOD mice.

Strain combination studies have confirmed that sialitis is an important disease marker in 

the NOD mouse and suggest that peri-insulitis is part of the diffuse inflammatory process 

(Garchon et al, 1991). Both the peri-insulitis and sialitis traits were influenced by nod and b 

haplotypes at the Bcl-2 locus on chromosome 1 mapping between Bcl-2IDlNds2 and 

DlNdsl. This locus was the major determinant of sialitis although additional genes appear to 

be involved in the occurrence of peri-insulitis. Thus successive stages in the progression of 

diabetic disease appear to be controlled by distinct genes or sets of genes.

The histological features of the cellular infiltration of the exocrine glands seen in the 

NOD mouse are similar to that described for human Sjogren’s syndrome: There is focal
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lymphocytic infiltration in the periductal and perivascular areas, leading eventually to functional 

impairment and fibrotic changes. In human Sjogren’s syndrome the infiltrates consist

predominantly of T cells, with the majority of these belonging to the CD4'*' subset. Small

numbers of B cells and macrophages have also been reported (Moutsopoulos et al, 1986). The 

spectrum of cells in the NOD mouse salivary infiltrates is comparable with that of Sjogren’s 

patient salivary gland (Sugihara et al, 1989; Goillot et al, 1991). Class II MHC antigen 

expression is also seen on salivary epithelium of both NOD mice and patients with Sjogren’s 

disease (Rowe et al; 1987, Johnsson et al; 1987) and in both situations corresponds to those

areas of maximal infiltration perhaps indicating that such expression is induced by IFN-y

produced by the infiltrating T cells. It therefore seemed appropriate to examine in more detail 

the autoimmune response to salivary gland in the NOD mouse and to assess the effect of the 

transgenes if any on this lymphocytic lesion.

This chapter will describe the histologic analysis of three classes of transgenic NOD

mice, two carrying a modified I-A§^ with either amino acid position 56 altered from His to Pro

(NOD-Pro) or at position 57 altered from Ser to Asp (NOD-Asp) respectively, or NOD mice

carrying an Ea^ transgene (NOD I-E). Lymphoid tissues were assessed for the presence of I-E

in NOD E transgenic mice and aU three transgenic lines assessed by histological examination 

for autoimmune insulitis and the presence of class l/Q MHC antigens in the pancreas and MHC 

class II expression in the salivary gland.
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8.2 Results

8.2.1 NOD E Transgenic Mice - Demonstration of I-E^ on Lymphoid Tissues and 

Establishment of Lines.

The genomic constructs used for in vitro mutagenesis of NOD mice to make the NOD-

Ea^, NOD-ASP and NOD-PRO transgenic are shown in Fig ure 8.1 A, B, C. Spleen sections

from NOD E mice (but not NOD mice) were stained in the B cell area with both the monoclonal

antibodies Y17 (anti-I-Ep^) and H81.208.22.6 (anti-I-E^) (Figure 8.2 A, B) and showed a

similar expression pattern to that found on CBA mice, a mouse strain that endogenously 

expresses I-E. Spleen sections from all three of the above strains were stained with MRC-0X6

(anti-I-A*^®^^^^). The I-E transgene product, like normal class II gene products was

expressed in B cells, but not T cells of NOD E mice. Immunofluorescent staining of NOD E 

thymus with Y 17 and H81 demonstrated expression of I-E on thymic epithelial cells of both the 

cortex and the medulla similar to the staining pattern obtained for 0X6 (Figure 8.2 C, D, E). 

Confirmation that I-E was expressed on the epithelial cells was achieved by double staining for 

class n  MHC and IVC4 (subcapsular and medullary epithelial cells) and 4F1E4 (subcapsular, 

cortical and a subset of medullary epithelial cells). The pattern of expression with I-E and I-A 

specific M.Abs was similar to that of the NOD mouse thymus stained with 0X6. 

Hyperexpression of MHC class II on thymic epithelial cells and on clusters of cells in the 

medulla and at the cortico-medullary junction was not observed on the CBA thymus. This 

peculiarity of the NOD-E thymus will be discussed in greater detail in the following chapter.

Having established transgenic lines of NOD E mice which had incorporated the E a^  transgene

into the genome, characterisation of the transgenic products demonstrated normal expression 

on spleen and thymic tissue. This was important since a variety of transgenic mice have been 

produced that have incorporated the transgene but have failed to express the transgene products 

(Palmiter and Brinster, 1986).

193



8.2.2 Expression of the I-E Transgene Prevents Insulitis in NOD Mice.

Pancreata from age and sex-matched NOD-E transgenic lines or non-transgenic 

littermates were analysed by immimohistochemistry. Cryostat sections were stained for insulin 

and the presence of the MHC class II I-A molecule by MRC-OX6 FUC (Figure 8.3 B). Class 

n  pancreatic infiltration in NOD-E transgenics was reduced to such an extent that 10-11 and 12 

month female NOD-E-3 pancreatic islets had 13% and 1% peri-islet infiltration respectively 

and none had severe intra-islet infiltration, compared to 61% for 9 month old female NOD

mice, (Table 8.1 ). NOD-E-9 mice were similarly protected from MHC class 11̂  peri-islet

infiltration. Intra-islet infiltration did not exceed 20 cells per section of islet in NOD-E

transgenic mice and no evidence of p cell destruction was detected. In contrast 69% of islets

from 9 month female non-transgenic littermates were residual, containing no insulin.

T cell infiltration in the NOD E transgenics was reduced to an even greater extent, 1-7% 

of islets from 3-12 month male and female NOD-E-3 and 1% of 3-4 month female NOD-E-9 

islets showed peri-islet infiltration. No grade HI (severe) intra-islet infiltration of T cells or

evidence of P cell destruction was observed in these transgenic mice. By comparison 20-61%

of 3-10 month male and female NOD non-transgenic littermates demonstrated peri-islet 

infiltration and 6-63% of islets were residual (Table 8.2) (Figure 8.3 A). Expression of the I-E 

transgene would therefore seem to prevent pancreatic infiltration of both class II MHC 

expressing cells and T cells.

8.2.3. Introduction of an Ea^ Transgene in NOD Mice prevents pancreatic 

Hyperexpression of class I MHC.

In NOD mice as described previously in Chapter 5, over-expression of class I MHC 

molecules occurs adjacent to the areas of infiltration by mononuclear cells (T cells and 

macrophages). In the pancreas class I hyperexpression is observed on the infiltrating cells, 

within infiltrated islets and extends into the adjacent exocrine tissue. The over-expression of 

MHC class I molecules observed in the prediabetic NOD pancreas varies from 71-100% in 6-7 

and 9-10 month female NOD mice (Figure 8.4, Table 8.3) and was never observed in NOD-E- 

3 or NOD-E-9 transgenic mice. Expression of MHC class I in NOD E transgenics was 

restricted to normal tissue macrophages and the minimal infiltrate at peri-islet locations.
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8.2.4 Expression of I-E Does Not Prevent Development of Salivary Gland Infiltration

in NOD Mice.

In addition to developing pancreatic infiltration, NOD mice also develop infiltration of 

the submandibular salivary glands. MHC class 11 expression was observed on focal infiltrates 

scattered throughout the submandibular gland and is also observed on the stratified cuboidal 

epithelial lining of the salivary excretory duct, located in the interlobular septa and lobules 

themselves in both the NOD mouse and human patients. In both situations the MHC class n  

expression corresponds to those areas of maximal infiltration, perhaps indicating that such

expression is induced by IFN-y produced by the infiltrating T cells. 1-A and 1-E expression

were observed both on the ductal cells adjacent to salivary gland infiltrates and on the infiltrâtes 

themselves in NOD 1-E mice, increasing in frequency and size with age. Not all transgenic 

mice showed infiltration of class n  positive cells and both the extent and frequency of 

infiltration was variable, which is also characteristic of such infiltrates in the NOD mouse 

(Table 8.4 , Figure 8.5). In comparison control CBA mice demonstrated only minor 

lymphocytic infiltration, with no infiltrate exceeding 20 class n  positive cells and no 

hyperexpression of class n  MHC on the tubular epithelia. Thus the transgene had no influence 

on salivary infiltration. Its product displayed tissue specific expression and responded normally 

to inductive stimuli.

8 .2.5.Introduction of The 1-E Transgene Prevents Diabetes in NOD Mice.

Sixty-five NOD-E-3 mice (36 females and 29 males) were examined at weekly intervals 

for diabetes, up to 9 months of age. None developed the disease, demonstrating complete 

prevention of the spontaneous disease by introduction of this transgene. Comparable results 

were obtained with similar numbers of NOD-E-9 mice. Although female NOD mice have a 

higher incidence of IDDM than male NOD mice, disease can be induced in males following 

administration of high doses of cyclophosphamide or transfer of diabetic spleen cells. When 

NOD mice were treated with 200mg/Kg cyclophosphamide (200mg/Kg administered 

intraperitoneaUy on days 0 and 14) it induced IDDM in 4/10 animals. However, none of the 11 

NOD-E-3 transgenic mice treated with cyclophosphamide developed IDDM. When diabetic 

spleen cells from NOD mice were transferred to 5 irradiated (650 Rads) NOD E recipient 

mice, none became diabetic by day 26. At this point 100% (3/3) of NOD non-transgenic 

littermate control mice were hyperglycemic, 2/3 had already died of diabetes and 60% of the
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islets from the remaining animal were residual. Sixty-five percent of islets from the irradiated 

NOD-E diabetic spleen cell recipients showed mild peri-islet infiltration (1-20 cells) and 82% of

islets examined had no intra-islet infiltration, although there was some evidence of P ceU

destruction. In comparison 80% (4/5) of irradiated NOD-E recipients which had received 2

XIO^ NOD non-diabetic spleen cells died of an apparent lethal graft versus host disease

(GVHD); seventy percent of islets from the remaining animal had no peri-islet infiltration, 

none of the infiltrates were >20 cells per islet and there was no intra-islet infiltrate or evidence

of p cell destruction. Blast cells were observed in the spleens from recipient NOD E mice,

presumably due to recognition of I-Ea4

This suggests that the transgene presence did not alter recognition of antigenic 

determinants on the P cell by NOD diabetic spleen cells, as the latter homed to the pancreas.

8.2.6 Construction of NOD-PRO and NOD-ASP Transgenic Mice and Establishment 

of Lines.

NOD mice carrying a mutated Ap*’®̂  gene were constructed. The transgenes were

expressed in these mice, as amplification using the polymerase chain reaction (PCR) of 

complementary DNA generated from spleen RNA of NOD-PRO or NOD-ASP mice, gives a 

product which could only partially be digested by Dde I. This was detected by an 

oligonucleotide probe specific for sequences encoded by the mutated region of the transgenes. 

Any Ddel-sensitive components present in both the NOD-PRO and NOD-ASP progeny derive

from the endogenous Ap*̂ ®̂  gene.

8.2.7 Mutated NOD Ap Prevents Insulitis in NOD-PRO but not NOD-ASP Mice.

Histological analysis of the pancreas stained for insulin and class II MHC with MRC- 

0X6 of NOD-PRO and NOD-ASP transgenics demonstrated differing effects of the transgenes 

on pancreatic infiltration. Twenty-two percent of intact islets of 6 month female NOD-PRO

showed peri-islet infiltration witli class II positive cells, with no P cell destruction, whereas 

69% of age and sex matched NOD-ASP transgenic islets showed peri-islet infiltration and 9%
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of islets were residual. The infiltration of cells expressing class IIMHC observed in NOD-ASP 

transgenics was not significantly different from littermate NOD mice which had not inherited 

the transgene (Figure 8.3 C, D) cf. Table 8.5 with Table 8.1.

Histological analysis of pancreatic cryostat sections stained for insulin and anti-CD3 

(which detects T cells), further showed that NOD-PRO but not NOD-ASP transgenics were 

protected from T cell infiltration. One to six percent of NOD-PRO mice at 4-10 months of age

had peri-islet T ceU infiltration and no evidence of p ceU destruction, compared to 14-39% of

NOD-ASP 4-11 month old mice which also displayed evidence of severe intra-islet infiltration

and p cell destruction (Table 8 .6).

Comparative analysis of the different transgenic mice revealed differences with regard 

to the extent of pancreatic infiltration. Although transgenic NOD-PRO mice, showed no

evidence of p cell destruction, they demonstrated a more frequent and extensive peri-islet

infiltrate than NOD-E mice. The PRO substitution protected against severe insulitis as there 

was a marked reduction in both the frequency and severity of peri-islet infiltration and none of 

these animals developed diabetes in over 200 mice studied. Accumulation of mononuclear cells 

in a peri-islet location is common in the pancreas of NOD mice from 5 weeks of age and occurs

irrespectively of the subsequent development of diabetes. The presence of a mutated NOD Ap

with the Aspartate substitution did not prevent insulitis or P cell destruction and IDDM

although disease development was delayed and reduced in incidence (10-12%, >200 animals 

studied).

8.2.8. Hvperexpression of Class I MHC is Prevented in NOD-PRO but not NOD-ASP 

Transgenics.

Over-expression of class I MHC was only observed on 2% of islets from 6 month male 

NOD-PRO mice, the total incidence from all the NOD-PRO pancreata of varying ages analysed 

was 0.4% (2/552 islets from 27 mice). This is in comparison to 42% over-expression in 4-6 

month male NOD-ASP transgenics and a total incidence of 23% for all NOD-ASP pancreata 

analysed (129/554 islets from 27 mice). MHC class I expression in the pancreata of NOD- 

PRO mice was almost exclusively restricted to the minimal peripheral islet infiltrate (Table 8.7) 

in comparison to NOD mice.
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8.2.9. Modified NOD-I-Ap Does Not Prevent Salivary Gland Infiltration In NOD 

Mice.

Analysis of the submandibular gland from both NOD-PRO and NOD-ASP transgenic 

mice stained for class II MHC with MRC-0X6 showed that inheritance of either of the 

transgenes did not prevent sialitis. Both the frequency and severity of class II MHC infiltration 

of salivary glands from transgenic NOD mice was comparable to that observed from both NOD 

and NOD-Frag mice (NOD mice which had inherited a fragment of the I-E transgene). Many 

infiltrates consisting of 51-100 or >100 cells were observed, although the extent of infiltration 

was variable within a group of mice (which represents the normal pattern of expression during 

the earlier stages of the disease). In comparison CBA mice which do not develop a Sjogren’s 

type syndrome had only minimal infiltration of 1-20 positive ceUs (Table 8.4, Figure 8.5). 

Arrow in Figure 8.5C shows induction of MHC class II antigen on salivary duct epithelium.
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8.3 Discussion

At least 5 genes contribute to IDDM susceptibility in the NOD mouse. Idd-1 is located 

within the MHC on Chromosome 17 (Hatton, 1986) and could be a gene complex with at least

one susceptibility locus, I-Ap. Idd-1 is thought to be dominant with low penetrance and is

associated with insulitis (Wicker et al, 1987). Controversy still surrounds the second 

susceptibility gene (Idd-2), Prochazka (Prochazka et al, 1987) claimed that Idd-2 is linked to 

the Thy 1/Apolipoprotein A-1 gene (Alp-1) cluster but subsequent backcross studies have failed 

to find a significant association, although different strains were used for the backcross (Todd 

et al, 1991). The third susceptibility gene (ldd-3) maps to an interval on Chromosome 3. It is 

flanked by the IL-2 and Tshb genes and contains D3Ndsl, and affects both insulitis and 

diabetes. It maybe the susceptibility gene (or gene complex) that was proposed previously to be 

essential for the development of insulitis. The fourth susceptibility gene (ldd-4) maps between 

the Acrb and MPO loci near D llN d s l  on Chromosome 11 and is thought to influence the 

frequency of insulitis and may control progression to overt diabetes (Todd et al, 1991). Finally 

the fifth susceptibility locus (ldd-5) has been mapped to the proximal region of chromosome 

1, which contains DlNds4, MIT-L2 and at least two candidate susceptibility genes, the IL- IR  

gene (IL-lrl) and the Lsh/lty/Blg gene. The latter encodes resistance to bacterial and parasitic 

infections and affects the function of macrophages. This latter effect may be of importance 

considering the results of my own studies in the previous chapter showing that macrophages 

are essential for disease development. Idd-5 influences the development of insulitis and may 

act in a predominantly additive way with/dd-3 and 4 (Comall gr a/, 1991).

From the above genetic studies it is clear that pancreatic infiltration is controlled by a 

gene which is not linked to the MHC but the severity of infiltration is modified by an MHC 

linked gene. My studies in transgenic NOD-E mice would support these findings. Introduction 

of the I-E transgene resulted in a typical pattern of class II expression in lymphoid organs and 

the immune system of these mice was intact (Lund et al, 1990B). They were therefore deemed 

to be an appropriate model in which to study the involvement of I-E in IDDM. Introduction of 

the I-E transgene not only reduced the frequency of insulitis but also the severity of MHC class 

n  and T cell pancreatic infiltration, although minimal infiltration is still seen around some islets. 

No islet cell destruction was observed in transgene carrying mice compared to nontransgenic 

littermates. This is consistent with the observations of Nishimoto (Nishimoto, 1987) that no 

insulitis was observed in I-E bearing NOD mice at 25 weeks of age. Thus, I-E expression
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appears to prevent the onset of insulitis rather than delay i t  Hyperexpression of class I MHC

associated with insulitis and p cell destruction was not observed in NOD-E transgenic mice

either. This finding is probably not surprising as I have previously shown that expression of 

MHC class I on exocrine tissue was associated with insulitis. Therefore if pancreatic infiltration 

was minimal one would not probably expect to observe hyperexpression of class I MHC, as 

upregulation of class I MHC expression is probably an epiphenomenon as a result of

lymphokine production such as TNF and IFN-y released from the infiltrating cells not the cause

of infiltration per se.

The mechanism underlying the protective effect of expression of the I-E transgene 

remains unclear. Expression of I-E modifies the peripheral T cell repertoire by deletion of T

cells expressing certain T cell receptor Vp genes (Tomonari and Lovering; 1988, Bill et al;

1989; Tomonari and Fairchild, 1991). In particular T cells displaying vpS"*" TCRs are

negatively selected in the thymus of mice expressing I-E. Thus one suggestion is that the

diabetogenic anti-islet clones would be deleted intrathymically when the wild type E a gene was

introduced into NOD mice. The inabihty to induce disease in NOD-E-3 transgenics with high 

doses of cyclophosphamide suggests protection is complete and is consistent with such a 

deletion mechanism by negative intra-thymic selection of autoreactive T cells. This protection 

afforded by the I-E gene could be the result of positive selection of a protective (suppressor) T 

cell or removal of an autoreactive T cell possibly by intrathymic negative selection. Evidence

from fluorescence-activated cell sorting (FACS) analysis of vp  use in peripheral T cells, does

not suggest a clear candidate for Vp deletion with the limited range of Vp-specific monoclonal

antibodies used in this study (Lund et al, 1990B). Furthermore, Bohme has described wild-

type I-Ea^ and promoter mutated AX, AY or Sma I-Ea^ transgenes backcrossed onto the

NOD genetic background and found almost complete protection from insulitis when wild type 

I-E was expressed on all class II expressing compartments (thymic epithelia, thymic medulla, 

B cells and macrophages). When expression was lacking from any one of the compartments, 

however, no protection was afforded. Little I-E mediated negative selection occurs on the NOD

background and only moderate deletion of vp5-bearing T cells was observed in NOD I-Ea^
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transgenic mice. Therefore the data is inconsistent with the hypothesis that I-E protects by 

clonal deletion of T cells (Bohme etal^ 1990). No depletion of Vp6 /Vpll'*' T cells was 

evident in these transgenic mice or those of our own although the NOD mouse carries only Mtv 

3 and 17 (Dyson gf a/,1991). Although the AX, AY and Sma transgenes did not protect from

insulitis they demonstrated the same moderate deletion of Vp5 bearing ceUs as in the wild type

I-Ea^ transgenic mice which did protect The data suggests that if expression of I-E is absent

from a particular cell type required for deletion of autoreactive T cells within some 

compartments of the transgenic mice that (should) be positive for I-E, then autoreactive T ceUs 

would be allowed to escape.

Alternatively the mechanism of protection may not be via deletion in the thymus but 

may involve a peripheral presentation step such that the mechanism of protection in these mice 

requires I-E expression on both thymic and peripheral ceU compartments such as dendritic ceUs 

(Van Ewijkef al, 1988). The I-E molecule would then have a positive influence rather than the 

negative one usually proposed.

Taken together, these data suggest that the protective mechanisms of these transgenes

may be even more complex. It is possible the T cell receptors using other Vp and/or V a genes

are deleted or that the introduction of new restriction elements has subtly altered the pattern of T 

cell responses. Kaye and colleagues suggest that the presence of the new I-E restriction element 

in NOD transgenic mice renders the mice more susceptible to Leishmania donovani. reflected in 

the relative inability of the transgenic mouse to form granulomas in the liver and clear the 

parasite (Kaye et aï, 1992). Thus presentation of antigens (including autoantigens) on a new 

restriction element may alter the pattern- of immune responsiveness such that a different 

cytokine profile is elicited. Such an alteration in the balance of cytokines may profoundly affect 

the inflammatory response. The presence of the new I-E restriction element might result in 

competition for binding of diabetogenic peptides. A higher affinity interaction between the 

peptide, MHC and a T cell could lead to enhanced tolerance induction to self antigens during 

ontogeny. The importance of the presence of I-E restricting elements was underlined by the 

finding that NOD E thymus protected against diabetes when grafted into neonatally 

thymectomised NOD mice. But when both NOD I-E thymus and NOD thymus were double 

grafted into neonatally thymectomised NOD recipients, no protection from diabetes was
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afforded (Kurner et al, 1989). It was therefore suggested that T cells maturing in NOD I-E 

thymus cannot suppress T cells maturing in nontransgenic NOD thymus, implying that 

protection from I-E is due to negative selection and must be imposed by thymic epithelium 

since the bone marrow compartment was derived from the NOD recipient system. However 

studies by Parish (personal communication) suggest that NOD I-E thymic grafts do not protect 

NOD mice from diabetes and that peripheral tolerance mechanisms are of greater importance.

Finally it is possible that I-E molecules may cross-react with an epitope formed by the

interaction of the P cell antigen and MHC molecules. Thus, the expression of I-E in the early 

neonatal stage can make T cells tolerant to autologous P cells or the expression of I-E could

induce suppressor cells which prevent the generation of auto-P-cell-rective helper cells.

It is clear that although deletion of T cells bearing particular TCRs by I-E cannot be 

ruled out, it is increasingly likely that the presence of new restriction elements and peripheral 

monitoring mechanisms are more probable candidate mechanisms which could account for the 

protective effect of the I-E transgene.

The sequence of the I-AP chain in the first external domain is usually conserved, but

the NOD mouse is unique having 5 consecutive nucleotide substitutions from 248-252 leading 

to amino acid changes at residue 56 (histidine) and 57 (serine) which in other mouse strains 

are proline (Pro) and aspartic acid (Asp) respectively (Acha-Orbea and McDevitt, 1987). It is 

conceivable that inappropriate intra-thymic presentation of antigen by NOD I-A molecules 

could result in failure of clonal deletion and the escape of potentially autoreactive T cells or 

equally that the failure of positive selection of T cells which would exert suppressive/protective 

effects. Alternatively extrathymic presentation of the diabetogenic antigen by NOD I-A MHC

molecules could result in the influx of T cells with crossreactivity to P cells.

Intense interest has been provoked in the role the I-Ap chain and in particular the

influence of amino acid 57 on diabetes susceptibility since there are such striking similarities in 

the MHC region between diabetic patients and the NOD mouse. The presence of a charged 

residue (such as Asp) may influence the formation of a salt bridge between the two alpha- 

helices of the antigen binding groove affecting the binding of endogenous or exogenous 

peptides. Equally it could be assumed that Pro 56 gives rise to a different conformation of I-
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Ap chain than does His 56 .

Although there was httle evidence of intra-islet infiltration by mononuclear cells or P

cell destruction in the pancreas of NOD-PRO mice, protection was not as complete as that 

described for NOD-E transgenics. Most of the islets in the NOD-PRO mice were free of 

insulitis, with only mild intra-islet lymphocyte infiltration in isolated islets of some transgenic 

mice. The pancreata of transgene-negative littermate controls showed massive intra-islet 

infiltration by T cells and macrophages and beta cell destruction, as did NOD-ASP mice. 

Accumulation of mononuclear cells in a peri-islet location is common in the pancreas of NOD 

mice from 5 weeks of age, and occurs irrespective of the subsequent development of diabetes. 

NOD-PRO transgenic mice showed a marked reduction in the numbers of ceUs present in such 

infiltrates and no pancreatic hyperexpression of MHC class I was observed. None of these 

mice developed diabetes by the age of 5 months. In contrast, NOD-ASP transgenic mice 

demonstrated hyperexpression of MHC class I in conjunction with islet cell infiltration and 

destmction and some developed diabetes. Transgene expression is occasionally associated with 

cellular dysfunction which may result in immunoincompetence when the transgene is expressed 

on cells of the immune system (Brinstergra/, 1985; Allison etal, 1988; Gifillian etaU 1990). It 

was therefore important to establish that the NOD-PRO transgenics were immunocompetent by 

testing the ability of spleen cells from NOD-PRO and their transgene-negative littermates to 

respond to mitogens and alloantigens. No significant differences in their immune responses 

could be detected, showing that the peripheral T cell repertoire was essentially the same as 

NOD mice (Lund et al, 199GB). Indeed, the NOD-PRO transgenic mice showed no alteration

in Vp5, Vp6 , VP8 or v p i l  TCR use of peripheral T cells. This absence of any gross

perturbation in the T cell repertoire of NOD-PRO mice is probably not surprising, bearing in 

mind that although there is some evidence for intra-thymic deletion of T cells bearing specific 

TCR by I-E, by Mis and ‘superantigens’ (reviewed Ferrick, 1989), there is no direct evidence

for deletion by I-A. Protection afforded by the I-A^ transgene is incomplete as diabetes can be

induced in NOD I-AP^ by cyclophosphamide (Slattery et al, 1991). Thus the mechanism of

protection by I-A is unlikely to be one of intrathymic deletion of all T cells reactive against the 

putative islet cell antigen.
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The introduction of Ap transgenes into NOD mice is not sufficient to protect from

insulitis as indicated by the finding that introduction of an AP^ transgene into NOD mice does 

not prevent intra-islet infiltration (Uehira et al, 1989). Miyazaki et al (Miyazaki et al, 1990) and 

Slattery et al (Slattery et al, 1990) have also explored the role of the NOD Ap in the

development of IDDM by introducing A a^ together with Ap^. It was necessary to introduce

both transgenes as NOD A a^ apparently does not pair well with ApK Miyazaki demonstrated

that while no protection from diabetes in NOD mice was afforded by incorporation of either the

I-Aa gene or I-Ap gene alone, FI mice incorporating both chains of I-A were protected from

the development of insulitis and IDDM. Such problems relating to pairing of I-A chains were

not encountered in our studies as the transgene encoding the NOD AP gene had been mutated

in such a way that the transgenic NOD mice expressed on their cell surfaces the endogenous 

NOD I-A together with the mutated I-A PRO (56) or ASP (57). Results of our studies and 

those of other workers suggest that dominant nonsusceptibility to diabetes is conferred by the

transgenic expression of a non-NOD I-A. Indeed I-AP may be the Idd-1 susceptibility locus

located in the murine MHC on Chromosome 17.

The mechanism(s) underpinning the protective effect of these transgenes remain(s) to

be elucidated but the same possibilities as those proposed for the I-E-expressing NOD

transgenics also pertain. An additional explanation may be that the defect which leads to
pro

autoimmune insulitis in NOD mice may be the failure of I-AS to present peptides which are

readily bound and presented by the I-E, I-A^ or I-AS^(^®^^) but not the I-AS^(^^P^^) allele.

Such a defect in ability to present peptides may be important for tolerance induction. Indeed a 

model of class II structure (Brown et al, 1988) has placed this amino acid residue at position 

57 within the putative antigen-binding cleft Competition between endogenous class II MHC 

and the transgenic class II molecules for binding of the diabetogenic peptide might lead to a 

failure to present to the autoreactive T cell or to deletion or anergy of autoreactive T cells, 

(recently described in several induced systems in vivo : Burkly etal, 1989; Qin et al, 1989; 

Ramensee et al, 1989). This could occur because of a more efficient interaction between the 

autoreactive T cell and the APC bearing the antigen /  class II MHC complex as suggested by
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Blackman (Blackman; 1990) who recently created transgenic mice which express a rearranged 

TCR p chain with a low affinity for the superantigen Mls-1^. In Mls-1^ positive animals some 

clonal elimination occurred but some transgene-bearing T cells escaped all forms of tolerance 

because the TCR a  chain they bore completely prevented Mls-1^ recognition. Although a 

significant percentage of T cells escaped elimination they were still affected by the self antigen. 

The transgene may compete more efficiently for diabetogenic peptide than the

endogenous I-A§^. Alteration of the antigen binding groove in the I-A6P̂ ® may affect T ceU

triggering such that the diabetogenic peptides are tolerated in the thymus thereby preventing 

autoimmunity. The Asp mutation may not have such a profound affect on T cell triggering or 

compete for peptide as efficiently, so that autoimmunity is not prevented. Alternatively a

mutation of the I-AP^^ may alter the pattern of immune responsiveness by changing the

cytokine profile elicited as suggested previously for the I-E transgenic NOD mice.

Studies on the segregation of peri-insuhtis and submandibulitis suggested that the latter 

was an important disease marker in the NOD mouse. Both traits showed a significant 

association with the Bcl-2 marker on Chromosome 1 although additional genes were involved 

in the occurrence of the peri-insuhtis lesion (Garchon etal, 1991). Salivary gland infiltration in 

the NOD-I-E,-PRO and -ASP transgenics is of a similar extent and frequency as in non

transgenic NOD mice. Therefore although both the submandibular gland and pancreas share 

antigenic determinants, the differential inflammatory responses would appear to be influenced 

by presentation of different autoantigens.

It is clear from our studies and those of others that the mechanisms of protection in the

I-E and I-ApP^® mice may not be identical. Peripheral mechanisms other than negative

selection appear to be the best explanation for I-E protection, but this is unlikely to be the mode 

of protection in the I-A mice where autoantigen binding efficiency may be a more plausible 

explanation. Further studies are required to assess the roles of positive intra-thymic selection 

and the role of autoantigen presentation in susceptibüity to IDDM. The findings of 

abnormalities in the NOD and NOD-E transgenic thymus in comparison to CBA, suggested 

that there may be some fundamental defect or alteration in thymic ontogeny resulting in disease 

susceptibility. This abnormality will be investigated in the next chapter.
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FIGURE 8.1 Restriction Maps of cos NOD 1-3 and cos 1̂ -2 Used in the Construction 

of the NOD-ASP. NOD-PRO and NOD-E Transgenic Mice.
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(A). Restriction map of cos 1^-2, isolated from a genomic cosmid library together with cos 

and the 7.5 kbp Bg/1 fragment containing the entire E a ^  gene and 2kb 5 ’ and ~2-kb

3’ flanking sequences. This sequence was subcloned using Clal linkers into pSK"^ and

injected into fertilized mouse embryos after the removal of bacterial sequencs. K, Kpnl 

sites.

(B)Restiiction map of cos N OD -1-3 containing the entire NOD Ap gene isolated from a 

NOD liver genomic library.

(C) A single stranded template of the AP exon II subclone which was isolated following

superinfection with the VCM13 helper phage. The mutagenesis was carried out using PRO 

or ASP primer as specified above.
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FIGURE 82

Fie; L RE 8.2
C ryostat sec tion s o f  N O D -E  sp leen  stained for the expression  o f  M H C c la ss  II with H 8I 

(detects I-E*') and M R C -O X -6 (detects I-A k,s,NOD^ show ing normal sp len ic  expression  o f  

these antigens in the B cell areas o f  the white pulp.

Figure 8.2 C, D and E dep ict normal M HC expression  o f the M HC c la ss  II antigen s, I E 

stained with Y 17 (C) and H81 (D ) and I-A antigens stained with M R C -O X -6 (E) on the thym ic  

epithelium  o f  both the cortex and tlie medulla.

T hese photom icrographs show  nonnal MHC class II expression o f  the I-A and I-E antigens in 

the sp leen  and thym us o f  N O D  m ice  made transgenic by introduction o f an E a ^  transgene. 

M agnification in (A ,C ) lOOx; in (B ) 2(X)x; and in (D ) and (E) 4(X)x.
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FIGURE 8.3 I Histology of Pancreata From Trangenic NOD Mice

Figure 8.3 (A) shows a cryostat section of a female NOD mouse which had inherited a

fragment of the NOD E a^  transgene stained by immunofluorescence for T cells by anti-

CD3 FITC (green) and insuhn (red), showing peri and intra-islet infiltration and disruption 

of islet morphology.

Figure 8.3 (B) shows a section of pancreata from transgenic N0D-Ea9 which had

inherited the whole transgene showing only minimal peri-islet infiltration of MHC class II'*'

mononuclear cells stained with MRC-0X6 FITC (green) and insulin (red).

Similarly figure 8.3 (*C) and (D) show sections of pancreata from NOD-ASP and NOD- 

PRO transgenic mice respectively stained for insulin (red) and MHC class U expression

with MRC-0X6 FITC (green). Photomicrographs show that the Ea^ and I-ApPRO

transgenes but not the I-AP ASP transgene protect against pancreatic insulitis.

Magnification 2(X)x; *4(X)x.
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FIGURE 8 3
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FIGURE 8-4

#K #» • ■■ #

FIGURK 8.4
Cryostat section s o f  pancreas from nine month old fem ale N O D -E a 9  (A ), and eight month old

fem ale N O D (B ) w ere stained for M HC class I with the rat anti-m ouse M .Ab. M 1/42.3 (green) 

and in.sulin (red) by indirect im m unotluorescence.

Photom icrographs show  the normal pancreatic expression o f MHC class  I by transgenic N O D  

E (A ) and hyperexpression on pancreatic endocrine and exw rin e tissue in nontransgenic N O D  

(B ) w hich  do not ex p ress  I-E. A rrow  points to residual insu lin  con ta in in g  beta ce lls . 

M agnification (A ) 2(K)x; (B ) lOOx.
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FIGURE 8-5
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n u  I RK K.5
Photom icrographs o f  submandibular gland stained with M R C -0 X 6  FITC show ing M HC class  

II p ositive  m ononuclear cell infiltration o f five month old fem ale C B A  m ice ( * A ) , three and 

five m onth old fem ale N O D  m ice (B ) and (C) respectively and five  month old fem ale N O D -E  

(D ). N O D -A S P  (E ) and N O D -PR O L (F).

These cryostat sections show  the minimal inllltration o f  C BA  submandibular glands, com pared  

to the extensive  infiltration o f  MFIC class II -t- m ononuclear cells  and expression o f  MHC class  

II on the salivary duct epithelium  in NOD and transgenic N O D mice.

M anification *4()0x. 2(K)x.

A r r o w  sh o w s  M H C  c l a s s  I I on  d u c t e p i th e l iu m .
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Table 8.1 Immunohistochemical Analysis of Pancreatic MHC Class
II Cellular Expression From Male and Female NOD and T ran sgen ic
NOD-E mice.

Mouse Line No. of Mice 
Analysed

Sex Age
(M onths)

Islet Infiltration %
Residual
Islets

% Islets
Max.
In tra

% Islets
P eri-
in fil

NOD-E-3 6 F 3 to 4 0 60 0
NOD-E-3 5 M 3 to 4 0 39 0
NOD-E-3 2 F 6 0 24 0
NOD-E-3 11 F 10 to 11 0 1 3 0
NOD-E-3 5 F 12 0 1 0
NOD-E-9 5 F 3 to 4 0 46 0
NOD-E-9 4 M 3 to 4 0 23 0
NOD 9 F 3 to 4 6 81 1 3
NOD 8 M 3 to 5 0 8 6 2
NOD 3 F 7 0 70 46
NOD 4 F 9 1 4 61 69

Immunohistochemical analysis was performed on pancreatic cryostat 
sections double stained with guinea-pig anti-insulin antibodies and 
MRC-0X6 FITC, a mouse monoclonal antibody that recognises NOD class 
II MHC. Islets were examined, numbers of infiltrating class II positive 
cells counted and the severity of infiltrate graded. Severe intra-islet 
infiltration corresponds to >20 positive cells penetrating inside the 
islet. The percentage of infiltrated islets refers to intact islets (total 
islets minus residual islets).

Numbers of residual islets are expressed as a percentage of the total 
number of islets analysed. No severe intra-islet infiltration was seen 
in any of the transgenic animals or any islets remnants devoid of 
insulin (residual). The peri-islet infiltration seen in transgenic mice 
never exceeded 20 cells/islet in any given islet area analysed. 637 islets 
from NOD mice, 497 from NOD-E-3 and 152 from NOD-E-9 transgenic 
mice were analysed. F-female, M-male.
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Table 8.2 Immunohistochemical Analysis of T Cell Infiltration
In The Pancreas of Male and Female NOD and Transgenic NOD-E

m ice.

M ouse Line No. o f  M ice 
A n a ly s e d

Sex A g e
(M o n th s )

I s le t  In filtra tion %
R e sid u a l
I s le t s

% Islets
M ax.
I n t r a

% Islets
P e r i -
i n f i l

NOD-E-3 5 F 3 to 4 0 7 0
NOD-E-3 4 M 3 to 4 0 1 0
NOD-E-3 14 F 10 to 12 0 0 0
NOD-E-9 5 F 3 to 4 0 1 0
NOD-E-9 4 M 3 to 4 0 0 0
NOD 5 M 3 to 4 2 61 6
NOD 4 F 6 to 7 0 50 37
NOD 4 F 9 to 10 1 6 20 63

Immunohistochemical analysis was performed on pancreatic 
cryostat sections double stained with guinea-pig anti-insulin
antibodies and anti-CD3 FITC which recognises mouse T cells. Islets 
were examined, numbers of infiltrating class II positive cells counted 
and the severity of infiltrate graded. Severe intra-islet infiltration 
coresponds to >20 positive cells penetrating the islet. The percentage of 
infiltrated islets refers to intact islets (total islets minus resiual islets).

Numbers of Residual islets are expressed as a percentage of the 
total. No severe intra-islet infiltration was seen in any of the
transgenic animals or any islets remnants devoid of insulin (residual).
The peri-islet infiltration seen in transgenic mice never exceeded 20 
cells/islet in any given islet area analysed. 114 islets from NOD mice,
667 from NOD-E-3 and 148 from NOD-E-9 transgenic mice were 
analysed. F-female, M-male.
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Table 8.3 Immunohistochemical Analysis of Class I MHC Expression In
the Pancreas of Male and Female NOD and Transgenic NOD-E.

Mouse
Line

No. Mice Sex Age (months) % of Islets with Class 1 MHC Expression
Normal (1) Infiltrate (II) Hyper- (III)

NOD-E-3 5 F 3 to 4 74 26 0
NOD-E-3 5 M 3 to 4 78 22 0
NOD-E-3 3 F 6 78 22 0
NOD-E-3 15 F 10 to 12 97 3 0
NOD-E-9 3 F 3 92 8 0
NOD-E-9 4 3 to 5 92 8 0
NOD-E-9 2 F 9 89 1 1 0
NOD 4 F 3 to 4 32 39 29
NOD 7 3 to 4 41 1 8 41
NOD 13 F 6 to 7 19 10 71
NOD 2 F 9 to 10 0 0 100
NOD 2 M 10 9 30 61

Immunohistochemical analysis of pancreatic cryostat sections was performed at 
three different levels 100-150um apart. Sections were double stained with guinea- 
pig anti-insulin antibodies and M1/42.3 (rat anti-mouse class I MHC) and assessed 
by the following scoring system as a percentage of the total islets analysed.
Grade l-Normal class I expression at peri and intra-islet positions 
Grade ll-Class I expression observed on islet infiltrating cells.
Grade III- Class I expression observed on pancreatic infiltrate (endocrine) and also 
hyperexpression over the surrounding exocrine.
799 Islets from 28 NOD-E-3 mice, 112 Islets from 9 NOD- E-9 mice and 542 
Islets from 28 NOD mice were analysed. M- Male, F- Female.
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Table 8.4 MHC Class ir*~ Cells Infiltrating NOD and Transgenic NOD 
Salivary Gland.

Mouse
L ine

Age
M onths

Sex 
(No. Mice)

Number of Infiltrates/Salivary Gland with 
each grade

Grade I 
1-20 cells

Grade II 
21-50  
ce lls

Grade III 
51-100  
c e lls

GradelV
>100

c e lls
NOD-PRO 1 0 F (2) 9,6 10,9 14,2 6,3
NOD-PRO 6 F (5) 12,15,2, 

5, 6
15,6,0,4,
15

2,3,0,1,4 0 ,0 ,0 ,0,2

NOD-ASP 5-6 F (6) 3,10,11,
9,17,18

0,3,9,6,5, 
1 1

0,0,2,4,0,
1

0 ,0 ,0 ,1,0 ,
0 ,

N O D -E -3 4 -5 F (9) 1,11,6,3,
0,8,9,2,4

1.4.3.0.1,
1 2 . 1 0 .0 .6

0 , 1,2 ,0 ,0 ,
2 ,0 ,0 ,2

0,0,7,0,0,
0 ,0 ,0,1

N O D -E -3 4 -5 M (4) 0,0,0,4 0 ,0 ,0,2 0,0,0,3 0 ,0 ,0,0
N O D -E -3 1 2 F (6) 5,5,3,10,

2,1
8,6,10,9,
7,7

9,11,10,1
0,4,4

2,6,12,3,
4,2

N O D -E -9 3 F (2) 3,2 1,1 2 , 0 0 , 0
N O D -E -9 9-11 F (5) 6,4,9,6,6 0,7,8,10,

5
0,4,1,2,3 0 ,2 ,0 ,0,1

N O D -E -9 9-11 M (3) 3,5,5 4,3,3 2 ,0 ,0 0 ,0 ,0
NOD-Frag 8-9 F (3) 3,3,5 11,9,12 4,9,3 0,3,3
NOD 3 F (4) 12,6,9,3 3,2,9,1 0 ,0 ,2 ,0 0 ,0 1 ,0

NOD 5 F (5) 1,3,18,3,
4

0 , 1 0 , 10,8
,15

0,1,8,6,9 0,1,3,3,1

CBA 3 F (5) 3,3,3,3,0 0 ,0 ,0 ,0,0 0 ,0 ,0 ,0 ,0 0 ,0 ,0 ,0,0
CBA 5 F (5) 2 ,2 ,2 ,0,1 0 ,0 ,0 ,0,0 0 ,0 ,0 ,0 ,0 0 ,0 ,0 ,0,0

Cryostat sections of both submandibular glands were analysed by 
immunohistochemistry at two different levels 150-200mm apart. Sections 
were stained with MRC-0X6 FITC which detects class II MHC from both NOD 
and CBA mice. The number of infiltrates of a particular grade for each 
mouse was recorded sequentially on the table. NOD mice showed extensive 
infiltration of the submandibular gland which increased with age, in 
comparison CBA mice showed either minimal or no infiltration at all ages 
examined. Introduction of an Ea^ transgene or a mutated NOD I-Ap had no 
effect on either frquency or extent of salivary infiltration.
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Table 8.5 Immunohistochemical Analysis of Pancreatic MHC
Class II Cellular Expression From Male and Female NOD-ASP and
NOD-PRO Transgenic NOD mice.

Mouse Line No. of Mice 
Analysed

Sex Age
(M onths)

Islet Infiltration %
Residual

Islets
% Islets
Max.
I n t r a

% Islets
Per i -
inf i l

NOD-PRO 8 M 4 to 5 0 1 9 0
NOD-PRO 6 F 4 to 5 <1 52 0
NOD-PRO 4 F 6 0 22 0
NOD-PRO 3 F 10 to 11 0 6 0
NOD-ASP 6 M 12 1 69 1 0
NOD-ASP 3 F 4 to 5 9 98 1 2
NOD-ASP 1 1 M 5 to 6 0 61 6
NOD-ASP 1 0 F 5 to 6 2 69 9
NOD-ASP 6 F 1 0 0 22 6
NOD-ASP 4 M 4 2 29 1 8

Immunohistochemical analysis was performed on pancreatic cryostat 
sections double stained with guinea-pig anti-insulin antibodies and 
MRC-0X6 FITC, a mouse monoclonal antibody that recognises NOD class II 
MHC. Islets were examined, numbers of infiltrating class II positive 
cells counted and the severity of infiltrate graded. The percentage of 
infiltrated islets refers to intact islets (total islets minus residual islets. 
Numbers of residual islets are expressed as a percentage of the total. 
Minimal severe intra-islet infiltration was seen in the NOD-PRO 
transgenic animals but no p cell destruction or islets remnants devoid 
of insulin (residual) were observed. NOD-ASP transgenics showed 
both severe intra-islet infiltration and p cell destruction. 699 islets from 
NOD-PRO mice and 852 islets from NOD-ASP mice transgenic mice were 
analysed.
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Table 8.6 Immunohistochemical Analysis of Pancreatic T Cell
Infiltration From Male and Female Transgenic NOD-ASP and
NOD-PROL mice.

Mouse Line No. o f Mice 
A n alysed

Sex A ge
(M o n th s)

Islet Infiltration %
R esd id u al
I s le ts

% Islets
Max.
I n tr a

% Islets
P e r i-
i n f i l

NOD-PROL 8 M 4 G 3 G
NOD-PROL 5 F 6 G 6 0
NOD-PROL 3 F 1 G 0 1 G
NOD-ASP 7 M 4 to 6 1 3 9 1 6
NOD-ASP 1 0 F 4 to 6 0 3 6 1 G
NOD-ASP 4 M 1 1 3 31 2G

5 F 1 G G 1 4 G

Im m unohistochem ical analysis was performed on pancreatic cryostat 
sections double stained with guinea-pig anti-insulin antibodies and 
anti-CD3 which detects mouse T cells. Islets were examined, the 
numbers o f infiltrating T cells counted and the severity o f infiltrate 
graded. The percentage o f infiltrated islets refers to intact islets (total 
islets minus residual islets).

Numbers o f Residual islets are expressed as a percentage o f the total. 
No severe intra-islet infiltration or evidence o f residual islets was seen 
in any o f the transgenic NOD-PROL animals although there was 
considerable intra-islet infiltration and p cell destruction in the NOD- 
ASP transgenic mice. The peri-islet infiltration seen in the transgenic 
NOD-PROL mice never exceeded 20 cells/islet in any given islet area 
analysed. 367 islets from NOD-PROL mice and 494 islets from NOD-ASP 
mice were analysed.
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Table 8.7 Immunohistochemical Analysis of Class I MHC Expression In
the Pancreas of Male and Female NOD and Transgenic NOD-ASP

Mouse
Line

No. Mice Sex Age (months) % of Islets with Class 1 MHC Expression
Normal (1) Infiltrate (II) Hyper- (iii)

NOD-PRO 11 M 3 to 4 98 2 0
NOD-PRO 9 F 3 to 4 86 14 0
NOD-PRO 4 6 87 1 1 2
NOD-PRO 3 F 10 92 8 0
NOD-ASP 7 4 to 6 45 13 42
NOD-ASP 1 1 F 4 to 6 52 8 40
NOD-ASP 4 1 1 57 4 39
NOD-ASP 5 F 1 0 80 12 8
NOD 7 3 to 4 41 18 41
NOD 2 1 0 9 30 61
NOD 13 F 6 to 7 19 1 0 71

Immunohistochemical analysis of pancreatic cryostat sections was performed at 
three different levels 100-150um apart. Sections were doubie stained with guinea- 
pig anti-insulin antibodies and M1/42.3 (rat anti-mouse class I MHC) and assessed 
by the following scoring system as a percentage of the total islets analysed.
Grade l-Normal class I expression at peri and intra-islet positions 
Grade ll-Class I expression observed on islet infiltrating cells.
Grade III- Class I expression observed on pancreatic infiitrate (endocrine) and also 
hyperexpression over the surrounding exocrine.
544 isiets from 27 NOD-PRO mice, 552 islets from 27 NOD- E-9 mice and 434 
isiets from 22 NOD mice were analysed. M- Male, F- Female.
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Studies on The Thvmus of NOD and Transgenic NOD Mice.
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9.1 INTRODUCTION

NOD mice develop lymphocytic infiltration not only in the pancreas but also in 

other organs including the submandibular glands, lacrimal glands, thyroid, adrenal glands, 

ovaries and testes (Hanafusa et al 1989). It is therefore conceivable that the NOD mouse 

develops polyendocrine autoimmune disease as a consequence of disregulation of auto

reactive cells. This chapter will concentrate on the possible role of the thymic 

microenvironment in the development of autoimmune diabetes in the NOD mouse. The 

thymus plays a crucial role in the development and organisation of the immune system in 

the vertebrate. Stem cells from the foetal liver migrate into the thymus from the 11-12th 

day of embryonic development, where they proliferate and mature. These T cell precursors 

rearrange and express TCR, followed by a series of events associated with both generation 

of tolerance to self MHC antigens (Marrack et al, 198SC) and other thymic self antigens 

(MacDonald et at, 1988; Kisielew et at, 1988). This is achieved by clonal deletion

(negative selection) of T cells bearing TCR products of certain V(3 genes which have high

reactivity to self-encoded determinants, or by inactivating T cells rendering them anergic 

(Ramsdel and Fowlkes, 1990). T cells also acquire the ability to recognise peptide 

fragments of antigen presented on MHC molecules (Bjorkman et at, 1987). Thus affinity 

for self-MHC antigens is a prerequisite for T cell responses to foreign antigen, and a failure 

to control or delete anti-self responses in the thymus may lead to T cell mediated 

autoimmunity.

The autoimmune nature of IDDM in the NOD mouse was demonstrated by 

prevention with cyclosporin A (Mori et at, 1986), anti-CD4 (Koike et al ; 1987, Shizuru 

et al ; 1988), anti-CD8 (Hutchings et al 1990A), anti-I-A antibodies (Boitard et al, 1988), 

or neonatal thymectomy (Ogawa etal, 1985). Thymectomy at 3 weeks increases the disease 

incidence in females (Bendelac et al, 1987) suggesting the existence of a regulatory role of 

late thymic derived cells.

Various accessory cell types have been implicated in the successive steps of T cell 

selection in the thymus. Positive selection is thought to be effected by interaction of TCR 

with MHC molecules on thymic epithelial cells, whereas negative selection is apparently 

mediated by bone marrow derived antigen presenting cells (Gao et al, 1988). Thymic 

hormones as well as physical interactions with non-lymphoid bone marrow derived thymic

223



stromal cells such as thymic epithelial cells (TEC), bone marrow derived macrophages and 

interdigitating dendritic cells (IDG) are thought to be instrumental in both processes. 

Together they represent the selective elements on which different stages of T cell 

development depend. At least some developmental events require close spatial interactions 

(if not direct contact) between migrating thymocytes and sessile stromal thymus elements. 

The subcapsular region, where baskets of epithelial reticular cells are located, contain most

of the CD4"CD8" thymocytes. The outer cortex, composed of spider-shaped and sheet like

epithelial cells is densely packed with small CD4‘̂ CD8'*',TCR^®^ immature thymocytes.

The inner medulla, consisting of a network of short stubbed epithelial cells, is loosely filled

with CD4"^CD8" and CD4 CD8'*', TCR^^^ mature T cells. Other stromal cells such as

interdigitating dendritic cells (IDC) are also located in this latter compartment most 

conspicuous at the cortico-medullary junction (CMJ) and along blood vessels (Brekelmans 

and Ewijk, 1991). Macrophages are present in all three compartments, mainly in the 

perivascular space, interlobular septa and lining blood vessels. All macrophages in the 

thymus express a common phenotype, as assessed by reactivity with M.Abs. 

Nevertheless, macrophages in the medulla and at the CMJ are morphologically distinct 

from each other (Brekelmans and Ewijk 1991).

Several studies have focussed on the expression of class I/II MHC antigens on 

frozen thymus sections in appropriate normal mouse strains. They had a reticular 

meshwork in the cortex between the capsule and the medulla and more confluent staining 

pattern in the medulla when staining with M.Ab detecting I-A, I-E and H-2D determinants.

Anti-class M.Ab labelled all cells in the medulla, but only weak, variable reticular

staining in the cortex was reported (Rouse etaU 1979; Brekelmans and Ewijk, 1991). Anti-

I-A^ M.Ab showed a delicate reticular pattern throughout the parenchyma, which in the

cortex tended to be orientated perpendicular to the thymic surface and radiated towards the 

medulla (Farr et al, 1983). Epithelial cells were the major population of MHC class II 

bearing cells in the cortex. Thin lines of positive staining separate small collections of 

thymocytes, which generally did not appear to stain (Rouse et d ,  1979). Perivascular areas 

of the corticomeduUary area and medulla revealed a heterogeneous population of cells some 

of which were macrophages which expressed MHC class II (50% of macrophages both in
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the cortex and the medulla and at the CMJ were positive with anti-MHC class n  antibodies) 

(Nabarra e ta l , 1988). IDC also displayed MHC class II at the CMJ and in medullary areas 

(Farr et al, 1983; Nabarra et al, 1988). Despite these studies, the cells within the murine 

thymus that express MHC antigens cannot be definitively distinguished by tissue section 

immunofluoresence, which is limited by resolution artifacts, and reagent specificity within 

areas of confluent staining such as the thymic medulla. Ultrastructural electron microscopy 

indicated that some thymic lymphocytes did stain with anti-MHC class II reagents, 

however expression was heterogeneous and limited to thymocytes in contact with MHC

class n"*" thymic stromal cells (Nabarra etal, 1988). Farr (Farr etal, 1983) noted that 85%

of thymocytes facing MHC class IF'' stromal cells expressed MHC class II antigen on their

membranes. Both frozen section and electron microscopy analysis by several authors 

indicated that MHC class II molecules are expressed in both thymic cortex and medulla, but

none provided any explanation for the differential repertoire selection of mature CD4"'' and 

CD8'*' T cells that is observed, nor could they exclude the passive uptake of MHC class II

antigen by thymocytes from MHC class 11"*" cells in the thymic milieu.

The role of class II MHC expression in the thymus and its influence on T cell 

maturation and differentiation remains to be clarified. Chimeric studies suggest, at least in 

the case of T cells recognising MHC class n, interaction with bone marrow derived 

radiosensitive IDC (interdigitating dendritic cell) in the thymic medulla is responsible for 

negative selection by clonal deletion (Von Boehmer gf al, 1984; Lo and Sprent, 1986; 

Marrack etal, 1988B; Speiser etal, 1989; Roberts etal, 1990, reviewed Van Ewijk, 1991). 

This model is supported by histological analysis showing that autoreactive cells are found 

in the thymic cortex but not medulla and thus are deleted at the CMJ (cortico-medullary 

junction) (Hengartner et al, 1988). The precise location of these selection events has been 

investigated by mutagenesis of short conserved motifs (X and Y box) in the promoter

region of the E a gene, which influences E a transcription in a cell-type specific fashion. 

Deletion of the X-box (AX), results in I-E expression in the medulla but not the cortex, 

while deletion of the Y-box ^Y ) produces the reverse pattern. Expression of I-E on
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cortical TEC was essential for positive selection in T cell differentiation, and negative 

selection occurred in both AX and AY mice (Bohme et al, 1990). Although MHC

expression in A X or AY box deletion mutants is biased, it is not complete and the precise

location of negative selection is unclear.

Irradiation and cyclophosphamide result in the loss of bone marrow derived cells in 

the medulla thus affecting negative selection and consequently clonal deletion, implying 

cells such as IDC also are important in clonal deletion (Speiser et al, 1989; Roberts et al, 

1990). As epithelial cells have been implicated in the developmental process leading to the 

generation of mature T cells, it is possible that aberrant arrangements of these cells may 

have a dramatic effect upon the efficiency of positive selection, which may in turn influence 

the generation of autoimmune phenomena.

Cytokeratin (CK) expression can be used to characterise cells of epithelial origin. 

CK expression is defined on the basis of molecular weight with a basic subfamily unit 

(CKl-8) pairing with an acidic unit (CK9-18). CK expression in the thymus is 

heterogeneous. Cortical TEC resemble ‘simple’ epithelia expressing CK8/18, while part of 

the medullary TEC correlates with more complex stratified epithelia using CK l9/3/10 

(reviewed Brekelmans and Ewijk, 1991). The entire thymic epithelium labels with 

polyclonal anti-keratin serum. TEC subsets might correspond to specific microenviroments 

which could be related to distinct functions affecting T cell maturation within the thymus. 

Savino (Savino etal, 1988) noticed no changes in expression of CK8/18 on cortical TEC, 

in normal (C57BL/6 or DBA/2) or autoimmune mice ([NZB X NZW]Fj or NOD)

regardless of age. However medullary TEC subsets (CK19'*"/3/10'*'  ̂ decreased in aging

mice. This phenomenon occurs earlier in autoimmune mice such as the NOD (Nabarra 

and Andrianarison, 1991). They suggested that the thymic cortex in the mouse was derived 

from a different epithehal lineage than the medulla, and the CK8/18 primitive TEC subset 

would be the first to appear in thymic foetal development and thus probably committed to 

the initial steps in intra-thymic T cell differentiation.

Previous reports showed alterations in the ultrastmctural morphology of the thymus 

in mice with genetic autoimmune diseases such as lupus (NZB, BXSB and MRL mice) 

(Nabarra et al, 1990) and in other strains of mice with autoimmune diabetes such as the
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db/db mouse (Nabarra and Andrianarison, 1986) and the NOD mouse (Nabarra and 

Andrianarison, 1991). All of these mouse strains showed thymic lesions consisting of a 

patchwork of involuted and non-involuted zones and disorganisation of the thymic 

reticulum. Stromal cells without limiting membranes form a clear cytoplasmic layer where 

epithelial and non-epithelial cells no longer formed a distinguishable network containing 

thymocytes, but a large cytoplasmic layer containing cystic cavities. Such alterations 

appeared early in life in autoimmune prone mice (from 5 weeks) compared to 10 months 

in normal mice, giving the thymus an aspect of premature and permanent aging. In non

involuted areas, modifications of type 1 epithelial cells occurred, which sometimes 

contained crystal-like inclusions and an increase in the number of plasma cells and 

macrophages (Nabarra an Andrianarison, 1991). T cell dysfunction could appear secondary 

to a primary defect in bone marrow derived thymocyte precursor populations because of the 

important role of stromal cells in self recognition.

In this chapter immunofluorescent analysis of thymus cryostat sections from male 

and female NOD, NOD-E and CBA mice at 1, 3, 5 months of age permitted observation 

of all cell types within the thymus. Cells in situ could be studied without disruption of 

morphology including those that do not readily form suspensions such as epithelial cells. 

Such studies indicated that NOD thymi did indeed show evidence of premature aging. 

FACscan analysis of the same thymi also gave a quantitative picture of the cell populations 

present in these mouse strains.
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9.2 RESULTS

Thymi from NOD, NOD-E, NOD-PRO, NOD-ASP and CBA mice were snap 

frozen and cryostat sections stained with the panel of antibodies described in Table 9.1 or 

prepared as single cell suspensions for FACscan analysis.

9.2.1 Immunohistological Analysis of CBA Thvmus

Thymi from female CBA mice at 1, 3 and 5 months of age showed the typical 

MHC class n  (as detected by 0X6) dense staining pattern in the medulla, and enhanced 

staining on the fine spidery network of epithehal and IDC’s throughout the cortex, (Figure

9.1 A, B). Cortical expression of MHC class II was confined to the cortical epithelial cell 

network (4F1E4) with thin lines of positive staining separating small collections of 

lymphocytes which did not appear to stain with anti-class II MHC. B cells (B220+) were 

rare and scattered throughout the cortex and medulla. Macrophages detected by the markers 

MAC-1, F4/80 and SER-4 were observed in peri-vascular spaces and inter-lobular septa. 

Thymic epithehal ceUs demonstrated by the polyclonal anti-keratin antibody formed a dense 

network throughout the thymus both in the cortex (TVC4) and in the meduUa (4F1C4) at 4 

and 12 weeks Figure 9.1 C. At 5 months of age smaU holes in the confluent keratin 

staining pattern started to appear in some thymi. This observation was typical of the initial 

stages of thymic atrophy, and these small spaces in the epithelial layer did not contain either 

MHC class II positive cells or B cells (Table 9.2).

9.9.2 Immunohistochemical Analvsis of NOD Thvmus

Female NOD thymi demonstrated a confluent staining pattern with anti-class II 

MHC (0X6 ) both in the cortex and the medulla at 1, 3, and 5 months of age in male NOD 

mice. The class II MHC medullary staining pattern was both denser and the fluorescence 

intensity greater in NOD thymus compared to CBA (Table 9.2). Cortical staining for class 

n  MHC was coincident with the cortical epithelial cell marker 4F1E4 (as for CBA thymus) 

but the intensity of staining was increased. SmaU lymphoid-like clusters of class II MHC 

positive cells were observed, (Figure 9.2 A, B, C). Hyperexpression of class II MHC 

observed in the NOD thymus could not be accounted for by an increase in macrophage 

number as the majority of these ceUs did not stain with the macrophage markers Mac-1, 

F4/80 and SER-4. They may have been dendritic cells (DC) as not aU DC and Langerhans
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cells express F4/80. F4/80 staining in young NOD mice demonstrated a similar

distribution to that observed in the CBA thymus although the number of positive cells 

increased in older NOD mice.

Abnormally large perivascular “spaces” or “holes” in the thymic epithelium, 

particularly surrounding vascular stmctures were detected with polyclonal anti-keratin, in 

the thymus of 3-5 month old NOD mice and increased in size with age associated with a 

concomitant loss of medullary epithelium, (Figure 9.2 D). These perivascular spaces 

contained some class II positive cells and clusters of B cell (B220+) follicles which were 

also surface Ig positive, although both the distribution and numbers of B cells did not fully 

account for hyper- expression of class II MHC, (Figure, 9.2 E), B220+ cells were also 

demonstrated at the corticomeduUary junction.

9.2.3 Immunohistochemical Analvsis of Transgenic NOD Thvmus 

Thymi of male and female NOD-E mice stained with anti-class II MHC showed 

confluent staining in the cortex and meduUa similar to those of 1, 3, 4 and 10 month old 

female NOD mice and 3 and 5 month old male NOD mice, (Figure 9.3 A). A unique pattern 

of MHC class n  staining was demonstrated in the cortex compared to NOD and CBA. The 

cortical class II MHC expression was more intense than the CBA staining on aU epithehal 

cells (but less so compared to the NOD) and the apparent non- epithelial class II positive

lymphoid structures (B2207class H"*", Ig’/class n"*") such as thymocytes were not so readily

evident (Table 9.2). Expression of macrophage markers was similar to that of NOD mice. 

B cells were scattered throughout the cortex and the meduUa in younger animals but from 3

months MHC class 11"*" B cell clusters were evident at the corticomeduUary junction and in

abnormally large holes in the thymic epitheUum (Figure 9.2B). These were just as large and 

numerous as those demonstrated in the NOD thymus at 5 months of age, (Figure 9.3 C). 

Initial studies of 4 month old NOD-ASP females and 6 month old NOD-PRO male 

suggested that these B ceU clusters were also present in large holes in the thymic epithehal 

layer, (Table 9.2). Thus modifications of the thymic micro-architecture such as abnormaUy 

large perivascular spaces and the presence of class n-h/B220+, B ceU clusters occurs in 

both diabetes prone (NOD) and protected (MHC transgenic) mice.
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9.2.4 FACscan Analvsis of Thvmus Cell Populations.

Thymus cell suspensions from 4, 12 and 20 week, maie and female CBA, NOD 

and NOD-E mice were stained for FACscan analysis. Table 9.3 shows the frequency of B 

cells (pX6+/B220+f expressed as a percentage of the total thymus cell population. The 

OX6+/B220+ thymic cell population showed a small increase in numbers in both male and 

female CBA mice from 0.01+7-0.009% in males and 0.01+7-0.00% in females at 4 weeks 

to 0.088+7-0.057% in males and 0.102+7-0.057% in females at 20 weeks. This population 

showed a greater increase in both male and female NOD mice from 1.71+7-1.76% in males 

and 1.155+7-1.35% in females at 12 weeks to 0.590+7-0.809% in males and 0.560+7- 

0.539 in females at 20 weeks of age. Thymi of NOD-E mice also showed an increase in 

the OX6+7B220+ thymic population from 0.02+7-0.002% in males and 0.03+7-0.03 in 

females at 4 weeks to 0. 569+7-0.286% in males and 0.630+7- 0.697 in females.

Mac-261 an additional specificity control for class U MHC staining, was 

compared to the staining of 0X6. 0X6 recognises a polymorphic mouse I-A determinant

common to multiple mouse strains. Mac-261 is restricted to the recognition of I-Aa^ 7 I-

Apnod MHC class II molecules. Thymi from 5 month NOD, NOD E and CBA mice were

stained either with 0X6 or Mac-261 and B220. The FACscan gates were set on NOD 

spleen cells stained with the same M.Ab. cocktail and these same parameters used to 

analyse the thymi. From table 9.4 it is obvious that quantitative expression of class II MHC 

7 B220 in the thymus of NOD and NOD E mice was similar with the NOD specific M.Ab. 

Mac-261 and 0X6. Indeed the OX67B220 staining would seem to be an underestimate of 

the B cells in NOD and NOD E thymus. In general where large numbers of thymic B cells 

were detected in individual NOD7NOD-E mice with 0X6, this was also reflected as a 

higher Mac-261 percentage. Mac-261 also acted as an excellent negative control as

effectively no B cells (Mac-26 l ‘̂ 7B220'*') were detected in CBA thymus.

No significant differences were observed in either the percentage of CD4" ,̂ CD8 '*'

single positive T cells nor the percentage CD4"*"7CD8"̂  double positive T cells and thus no 

difference in the CD47CD8 ratio in the NOD and NOD E strains compared to CBA was 

recorded (Table 9.5). The immature CD4'*'7CD8‘*' thymocytes decreased in number in all
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strains with a corresponding increase in the mature single positive CD8 T cells as a function 

of thymic age.

From the above observations it is clear that there is an age related increase in the 

OX6+/B220+ double positive population in the thymus of NOD and NOD-E mice 

compared to CBA (Figure 9.4- FACS profiles). These B cell populations present in the

thymus of NOD and NOD-E mice are likely to correspond to the OX6‘̂ /B220'*'/Ig'^ clusters

observed by immunohistochemical analysis of thymus tissue sections of these mice. This 

population does not become apparent until 12 weeks of age and by 20 weeks of age there

were 5 to 6 times as many OX6'*'/B220'*' cells in NOD or NOD E thymus compared to

CBA mice of the same age. The appearance of such thymic B cell clusters was independent 

of sex.

9.2.5 FACscan Analvsis of Thvmic B Cells for CD5

In order to attribute some kind of function to the thymic B ceUs it was decided to 

assess their expression of CD5 (Ly-1) [clone 57-7.3]. The Ly-1 differentiation antigen is 

found at high densities on all murine T cells and also is expressed at low levels on a small 

population of B cells. Expression of this marker on B cells has been linked to production of 

autoantibodies by these ceUs and implicated in the initiation or perpetuation of autoimmune 

disease (Hardy and Hayakawa, 1986).

CD5'*' B cells are more numerous in the peritoneal cavity, frequently comprising

20% of all, peritoneal exudate cells (PEC) and more than half of those B ceUs recoverable 

from the peritoneum. This population is present to a lesser extent in the spleen comprising 

2% of the total splenocytes at 6 weeks of age. Female NOD PEC were used to characterise

the FACS staining profile of CD5^ B cell population (Figure 9.5). FACscan gate settings

used to analyse NOD PEC (Figure 9.5) were then used to determine the OX6'*'/B220‘*',

CD5"*" population in the spleen and subsequently to define the CD5 expressing B cells in 

the thymus.

Analysis of thymi from NOD, NOD E and CBA mice at 5 months of age 

effectively demonstrated that thymic B ceUs in these mice do not express CD5 (FACS 

profiles Figures 9.6, 9.7, 9.8, Table 9.6). Expressed as a percentage of the total number of
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thymocytes they are negligible, eg. a particular male NOD thymus had 4.55% of 

OX6+/B220+ cells also expressing CD5, but this percentage corresponds only to 4 positive 

events in 30,000 analysed and is therefore likely to be artifactual. CBA thymi effectively

had no CD5"^ B cells as expected.

To confirm the specificity of the 0X6 label, and thereby the validity of the 0X6 

data, thymocyte suspensions were again stained with the positive control reagent, Mac-261 

or with a control anti-MHC class II TIB 120. The thymic populations analysed in figure 

9.6 were also triple labelled for Mac-261/B220/CD5 with the same result as with 

OX6/B220/CD5. The thymic populations were also analysed for the expression of MHC

class n  I-A^’̂ ’̂  and I-E^’ ^ using the M. Ab. TIB 120 (clone M5/114.152) using the

triple stain TIB 120/B220/CD5. This label did not stain NOD as it does not express I-E, 

however C57BL/10 spleen cells and NOD E mouse spleen and thymus did stain because

the NOD E mouse expressed the I-Ea^ chain.
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Discussion

The generation of immunocompetent T cells requires the influence of an intact 

thymic microenvironment. It is now generally accepted that bone marrow derived stromal 

cells provide “education signals” which either support developing T cells to mature (Moller,

1988) or initiate preprogrammed cell death in the thymus (McDonald and Lees, 1990). T 

cells are selected during differentiation such that their heterodimeric T cell receptors 

recognise antigenic peptides in the context of self-MHC proteins. The contribution of 

stromal cells in this process is poorly understood. It seemed appropriate to undertake a 

morphological inspection of the thymic architecture of NOD and the transgenic NOD mice 

described in the previous chapter. Any apparent structural modifications could be assessed 

regarding their contribution to the prevention of IDDM in the NOD-E and NOD-PRO 

transgenic mice.

Analysis of NOD and NOD E mouse thymi demonstrated signs of premature aging 

commencing around 12 weeks of age. In particular, disorganisation of thymic epithelial 

architecture was apparent, resulting in the formation of abnormally large perivascular 

spaces in the medulla and at the cortico-medullary junction. Hyperexpression of MHC class 

n  was also evident in the NOD thymus and to a lesser extent NOD E thymi, some of which

was accounted for by the presence of OX6'*'/B220‘*' ‘B cells’ located within the

perivascular spaces. These structural alterations were not observed in the non-autoimmune 

CBA strain thymus at any age.

During T cell differentiation, T cells are selected with TCRs biased toward MHC- 

associated recognition of foreign peptides (positive selection) and away from reactivity 

against self-peptides associated with MHC molecules (negative selection) (reviewed. Von 

Boehmer et aU 1989). In order to perform such a selection process, MHC antigens would 

have to be expressed in thymic microenvironments. Previously, several investigators 

(Rouse etaly 1979; Van Ewijk era/, 1990; Farr et al, 1983) have shown that class II MHC 

antigens are strongly expressed at the cell surface of cortical epithelial cells. The MHC 

pattern in the medulla is more confluent due to strong cytoplasmic staining of stromal cells. 

In the cortex, the staining is more restricted to a reticular network mainly composed of 

epithelial cells. Such a pattern of class II expression was observed in CBA mice at all ages

analysed with MRC-0X6 (anti-I-A^’̂ » nod  ̂ However NOD thymi exhibited a peculiar
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expression of I-A in which the staining in the medullary region was not only more 

confluent but the intensity of staining brighter. In the cortical region, the epithelia seemed to 

form a much tighter network such that thymocytes apparently were 1-A positive. MHC 

proteins may be secreted by medullary stromal cells and picked up by surrounding 

thymocytes as Sharrow (S harrow et al, 1981) has shown in the meduUa occurred in 

chimeric mice.

The hyperexpression of class n  MHC in the NOD thymus would have obvious 

implications for positive and negative selection as MHC-bearing radioresistant ceUs such 

as thymic epithehal ceUs and IDC have been implicated in these processes (Van E w i j k al,

1988). The current view, largely based on experiments with bone marrow chimeric mice, 

is that the cortical epithehal network influences positive selection (Zinkemagel etal, 1978; 

Lo and Sprent, 1986; Marrack et al, 1989; Matzinger and Guerder, 1989; Speiser et al,

1989) whereas bone marrow derived cehs regulate clonal deletion (Lo and Sprent, 1986; 

Schwartz, 1989; Speiser etal, 1989; Roberts etal, 1990). Negative selection may also be 

achieved by cortical epithehal cehs inducing tolerance through clonal anergy (Roberts etal,

1990). Therefore in the NOD mouse, the positive and negative selection processes could be 

altered to such an extent that autoimmunity ensues. The significance of increased 

expression of MHC class n  and its relationship to disease, if any, awaits further study. In 

this respect however the presence of insulitis in ahophenic chimeras of the NOD /  C57BL/6 

strain combinations correlated with the presence of NOD H-2 on thymic cortical regions. 

Therefore the authors concluded that positive selection of T cehs appeared to play a cmcial 

role in the development of IDDM (Forsgren et al, 1991).

Probably of greater importance was the presence in NOD and NOD E (and in a 

hmited study NOD-ASP and NOD-PRO transgenic mice) of large perivascular spaces in 

the thymus. These holes which were not present at 4 weeks, were evident from 12 weeks 

and increased in size with age. They were predominantly in the meduha and at the 

cortico-meduhary junction. These abnormal perivascular spaces were not detectable in the 

thymus of CBA mice even at 5 months of age. Similar structures, but on a smaller scale, 

have been described by Steinman (Steinman et al, 1986) in aging human thymi and by 

Benner a/ (1981) in the mouse.

Detahed analysis of distinct cytokeratin-defined thymic epithehal cell (TEC) subsets 

with a panel of cytokeratin (CK) antibodies has shown that the numbers of
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CKS/IO"^ and C K l9"̂  (both medullary TEC) decrease in aging normal mice. However this

phenomenon is more pronounced, and seems to occur earlier in, autoimmune mice such as 

[NZB X NZW]F1 and MRL/1 (both of which develop a lupus-like syndrome) as well as 

both male and female NOD mice (Savino and Dardenne, 1988; Nabarra et al, 1990). A 

reduction in TEC subsets could result in the loss of specific thymic microenvironments and 

lead to impaired T cell selection. Savino (Savino et al, 1991) also noticed abnormally 

enlarged perivascular spaces in NOD thymi which increased in size with age, and contained 

T, and to a lesser extent, B cells. Focal ruptures of the basement membrane and 

rearrangement of the thymic epithelial cell network, which exhibited a rod-like shape, were 

also observed. Neither these structures nor the perivascular spaces were observed in NZB 

mice. My own histological studies and detailed flow cytometry analysis would suggest that

the epithelial cell holes contained B cells (B220"^/ slg"^/ class II MHC'*'). Savino, however

noticed no major alterations in the MHC class II bearing thymic cellular network. This 

discrepancy with our findings may be due to differences in the staining protocols. Savino 

used two different antibodies to stain NOD and control C57BL tissues whereas my studies 

employed a single antibody which detects both CBA and NOD I-A. The accumulation of 

lymphocytes in these spaces could be associated with a defect in intrathymic lymphocyte 

traffic, abnormal regulatory or effector T cells, and thus precipitate autoimmunity. In 

pathological situations it has not been elucidated whether the B cells enter the thymus from 

the blood or if the B cells increase in number by in situ expansion. Andreu Sanchez et al 

(1990) have suggested a progressive accumulation of recirculating B cells in the thymus of

MLR'*'/'*' and MRL Ipr/lpr mice. Alternatively, the above observations may reflect the

premature aging of NOD and transgenic NOD E thymus as they appear to have no bearing 

on disease susceptibility.

Both diabetes prone (DP) and diabetes resistant (DR) BB rats showed large areas 

which lacked class II MHC expression in both the cortex and medulla of their thymi from 

4-5 weeks (Rozing etal, 1989). Epithehal cells were completely absent from these regions. 

The ‘holes’, in contrast to those demonstrated in the thymus of NOD mice, appeared not to 

be perivascular (PVS) as they are not surrounded by capsular-material. The thymocytes in 

the holes were almost exclusively of the CD4+CD8+ type, in contrast to the more mature
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phenotypes of T cells observed in the PVS. DP BB rats have two major defects in their 

peripheral T cell system : The absence of a regulatory population of T cells (Greiner et aï, 

1986, 1987), and the presence of autoreactive effector cells (Koevary et al, 1985). The 

autoreactive population is the most likely candidate to be generated during inappropriate 

maturation in the ‘holes’ of a DP or DR thymus. In view of the current knowledge about 

clonal deletion of undesired autoreactive T cell clones in the thymus (MacDonald et al, 

1988; Kisielow et al, 1988), one can easily imagine that the lack of particular thymic 

epithelia populations, as evidenced by the keratin ‘holes’ could mean a failure to negatively 

select, resulting in the escape of autoreactive cells in the NOD mouse, or the lack positive 

selection of regulatory cells to suppress or anergize autoreactive cells in the BB rat. 

Analysis of thymi from both the NOD mouse (whose holes contain B cells) and BB rat 

(whose holes contain T cells) could imply that such thymic anomalies are irrelevant to the 

subsequent development of disease as they are found in both disease-susceptible and 

protected substrains, although protection may be mediated by peripheral regulation.

The presence of large perivascular spaces in NOD and NOD-E thymi containing B

cell clusters appeared not to have altered the total numbers of thymic CD4‘‘", CD8 "̂  mature

single positive T cells subsets nor the immature CD4‘‘‘CD8'*' thymocyte phenotype. This is

in marked contrast to the findings of Zipiis (Zipris etal, 1990, 1991 A, B) who reported an 

altered (with respect to control BALB/cJ mice) thymic T-lymphocyte maturation process,

manifest at diabetes onset as a 35% decrease of CD4'‘'CD8'*' and a reciprocal increase in

CD4"CD8“ accompanied by a specific VP8 ®̂ loss of 3%. The authors suggested that a

defect in the non-lymphoid thymic stromal cells caused the change in thymocyte 

maturation. In my own experience no phenotypic imbalance of CD4 or CD8 populations in 

comparison to CBA mice was observed.

Thymic B cells are a minor subset in normal and germfree mice (Benner et al, 

1981), 0.2-1% of thymocytes are B cells, being present from peri-natal periods onwards. 

Of these, a high proportion are Ig-secreting and show no differences in Vjj repertoire 

expression when compared to their peripheral counterparts (Andreu-Sanchez etal, 1990).

There are two major roles that the B cells within the thymic perivascular spaces of 

NOD and NOD E mice could perform: a) They may act as antigen presenting cells, or b)
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they may produce antibody. There is some evidence that thymic B cells are capable of 

antigen presentation in addition to the class H expressing thymic epithelial cells, 

macrophages and dendritic cehs. Mice treated with TNBS (trinitrobenezenesulphonic acid) 

were effectively depleted of other class n  MHC populations, but retained thymic B cells 

which enabled presentation of idiotypic structures (ZoUer et aU 1991). Andreu-Sanchez 

(1990) related a physiological role for thymic B lymphocytes (TBL) in T cell ontogeny, 

especially as T cell hybridomas respond poorly to thymic cortical epithelium alone (Marrack 

et al, 1989) and T cell specificities could only be eliminated when confronted with MHC 

class II on B cells (Marrack et al, 1988B) but not other accessory cells. Furthermore,

thymic but not spleen B cells deleted Mls-I^ reactive Vp6+ T cells and induced tolerance

when injected into neonatal mice across an Mls-1 antigenic barrier (Inaba etal, 1991). TBL 

are the best candidate to be involved in these phenomena as they form germinal centres at 

the cortico-medullary junction which subdivides unselected/selected populations of 

thymocytes (Hengartner et al, 1988). Many T cell selection events are dependent upon 

recognition of specific peptides (Abe and Hodes 1989) and since TBL express Mis 

antigens and T cells do not (Molina et al, 1989) and as TBL provide an excellent 

machinery for antigen processing and presentation they are likely to be involved in this 

process (Weiss a/, 1989).

Another plausible role for the TBL is the production of autoantibody, which may 

include ICS A, ICA and lAA all of which are predictive markers of IDDM (chapter 3). Such 

an expansion of thymic B cells may not be as a consequence of autoimmune disease but 

may result with the emergence of autoimmunity in both experimental and clinical situations. 

The majority of TBL present in the thymus of normal mice (Inaba, 1990) and humans

(Issacson, 1987) are CD5"  ̂ (70-80% of sIgM bearing cells in the thymus) whereas these

are a minor subpopulation (1-2%) in the spleen, and below detectability in lymph nodes or 

Peyer’s patches. In some cases, increased numbers of CD5+ thymic B cells occur in the 

context of real thymic hypertrophy, eg in patients with the autoimmune diseases 

Myasthenia Gravis (MG) and SLE (MacKay, 1963; Fujii et al, 1983; Vincent et al, 1978; 

Williams et al, 1986). Similar findings have been reported in autoimmune prone mice such 

as (NZB X NZW)F1 and MRL/Mp-lprApr (Mrl/lpr) (Ikehara etal, 1985) in which 60-70% 

of these TBL coexpressed CD5 (Inaba et al, 1988). These thymic B cells produced
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autoantibodies in vitro with or without stimulants (Scadding et al, 1981; Fujii e ta l , 1984). 

Organ specific antibodies have been reported in MG (Patrick et al, 1973) and Rasedow’s 

disease (Manley et al, 1974) which also displayed increased numbers of thymic B cells. 

Given the intense interest in CD5+ B cells, in particular those that reside in the thymus of 

autoimmune diseased patients and animals, it seemed logical to assess the CD5 phenotype 

of B cells in the thymus of NOD and NOD-E relative to control CBA mice. Thymic B cells 

from all strains did not express CD5 to any appreciable level. This finding correlates with

that of Watanabe (Watanabegfa/, 1991) where NOD and NOD-E TBL are CDS", although

these authors only used double labelling for B220 and CDS. This is potentially misleading

because in my experience B220 labels a small percentage of CD4‘̂ CD8‘*‘ double positive

thymocytes, hence the reason class II MHC was used as an additional definitive label. 

Watanabe has demonstrated that thymi of 12-16 week old NOD were hyperplastic with 

foUicular B lymphocyte aggregation in the medulla and cortico-medullary junction. These B 

cells coexpressed sIgM and/or sIgD but not sIgG2a. Southern blot analysis of NOD 

thymus showed a distinct rearranged band at 3.8Kb in NOD thymus, which was not 

apparent in I- E expressing NOD when the extracted DNA was hybridized with a Jjj 

probe. It was concluded that a monoclonal expansion of thymic B cells occurred in NOD 

mice (Watanabe a/, 1991)

It would however be interesting to immortahse thymic B cells as hybridomas to 

assess if the antibody produced recognises NOD autoimmune targets eg. the pancreas and 

submandibular glands. Studies by Watanabe would suggest that NOD thymic B cells are 

capable of producing monoclonal antibody whereas NOD E produce polyclonal antibody. 

Could this be the reason why NOD mice develop diabetes and NOD E mice don’t? 

(Watanabe fra/, 1991).

Although NOD E mice are protected from disease the thymi from these mice stül 

display many abnormalities characteristic of the NOD, therefore, the bearing of these 

defects on disease pathology must come into question. T cell selection events taking place 

in the thymus may not be the only mechanism that prevents disease and events in the 

periphery may also be important. Further Serreze has shown that development of 

diabetogenic cells from NOD/Lt marrow is blocked when an allo-H-2 haplotype is 

expressed on cells of hemapoietic origin but not thymic epithelium (Serreze and Leiter,
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1991). Parish (personal communication) has shown that chimeric NOD mice given a NOD- 

E thymus and NOD bone marrow still develop disease, suggesting that some kind of 

regulatory cell exists in the periphery such as a DC, and that the presence of a “protective 

NOD-E” thymus is not sufficient for disease prevention.
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FIGURE 9.1: The Aye Related Histolyv of The CBA Mouse Thvmus.

One month old CBA thymus was stained for MHC class II with MRC-OX6 (green) and 

IVC4 (orange) which detects subcapsular and medullary epithelial cells (A) by indirect 

double immunofluoresence.

Figure 9.1 (B) depicts three month old CBA thymus stained with MRC-0X6 (B) and 

polyclonal anti-keratin which detects epithehal cells (C). Photomicrographs A and B show 

MHC class n  expression is densely packed in the meduUa and is also expressed on the 

epithelial cell network with the absence of peri-vascular ‘holes’ (C).

Magnification 200x.

240



FIGURE 9 1

Ht

>

241



FIGURE 9-2

C ,,
i I mA •

K ' - ' r .



■

PVS

1 K i l l  R E  9 .2

Fem ale N O D  thym us at one month o f  age (A ), and th iee  m onths (B ) stained by indirect 

im m unofluorescen ce for M HC class  II w ith M R C -O X 6 (green) and IV C 4 (orange) w hich  

detects subcapsular and medullary epithelial cells.

Figure 9.2 (C, D ) depicts five  month old N O D thymus stained with M RC-O X 6 and anti-keratin 

w hich detects epithelia l c e lls  and further stained with B 220  which detects B ce lls  and anti- 

keratin (E).

These photom icrographs demonstrate hypcrexprcssion o f class II Ml 1C in both the co ilex  and 

m edulla and the presence o f  M HC class  II positive lym phoid structures, additionally show ing  

the presence o f  c lass II'*' B cells  within peri vascular spaces (PVS). M agnification 2(M)x.
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FIGURE 9.3 I The Aye Related Histology of NOD-E Thvmus

Female NOD-E thymus sections were stained for MHC class II with MRC-0X6 (green) 

and IVC4 (orange) which detects subcapular and medullary epithelial ceUs at one month of 

age (A), and at 5 months stained with MRC-0X6 and anti-keratin (orange) which detects 

the whole epithelial cell network (B).

Figure 9.3 (C) depicts five month old NOD-E thymus stained with B220 which detects B 

cells (green) and anti-keratin (orange) showing expression of MHC class II in both the

cortex and the medulla and the presence of MHC class IF*" B cells in the peri-vascular

spaces (PVS).

Magnification 200x.
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F IG U R E  9.4 FACScan Profiles of NOD. NOD-E and CBA Thvmic Cell Suspensions 

Stained With 0X 6 and B220 for the Presence of B Cells .

Fresh NOD spleen cell suspensions were stained with B220 FITC (FL-1) and biotinylated 

0X6 detected with avidin phycoerythrin (FL-2). The FACscan gates were set on the

OX6“̂ /B220'*‘ double positive population, therefore defining the ‘B cells’ as indicated by

region R1 in the figure. These same parameters were used to analyse NOD, NOD-E and 

CBA thymic cell suspensions stained by the same protocol. The figure shows the typical 

FACscan profile of thymic cell suspensions obtained from individual 5 month old female

NOD, NOD-E and CBA mice. The percentages indicate the frequency of the OX6‘*'/B220‘*'

population in each thymus from the 20,000 events recorded. It is clear that NOD and NOD- 

E thymi have significant numbers of thymic B cells whereas age matched CBA mice, 

effectively have none or very few.
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FIG U R E  9.5 FACscan profiles of NOD PEC and Spleen Stained With OX6/B220/CD5. 

Used to Define Those B cells rB220~*~/OX6'*~') which Express CDS

In order to determine whether B cells (B220'*'/OX6'*') present in NOD and NOD-E thymus

express CD5, it was important to define the normal expression of this marker as typically

the B cell numbers in the thymus are at a low frequency. As CD5^ B cells are more

numerous in the peritoneal cavity (usually 10-20% of total) and the spleen (2% of the total

splenocytes at 6 weeks of age) these populations were used to define the CD5'*' B cell

population in the NOD mouse. NOD PEC and spleen cell suspensions were stained with 

the triple label cocktail B220 FITC (FL-1), CD5 P.E (FL-2), bio. 0X6 (streptavidin R613)

(FL-3). FACscan gates were set on the B220"^(region 3)/OX6'*' (region 2) PEC population

and the percentage of this population from 30,000 events which expressed CD5 (region 1- 

R1 on figure) recorded. Typically for NOD PEC this was 7.8% (indicated by red dots). 

These same parameters were then applied to NOD spleen cell suspensions, typically 1.09%

of the B220'*‘/OX6'*' population also expressed CD5 (Rl). Having defined the FACscan

gates for expression of CD5 on B cells, thymi from NOD, NOD E and CBA mice were 

susequently analysed in the following figures using the same parameters.
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F IG U R E  9.6 FACscan profiles of 5 month NOD female Thvmus Cell Suspensions 

Stained With OX6/B220/CD5

Fresh NOD PEC were stained with the triple label cocktail B220 FITC (FL-1), CD5 P. E. 

(FL-2) and biotinylated 0X6 detected with streptavidin R613 (FL-3). FACscan gates were

set on the B220'*"/OX6'*' B cell population and the percentage of this population expressing

CD5 recorded (shown as red dots in the figure, as a positive staining reference). Thymi 

from 5 month old female NOD mice were stained with the same protocol and analysed by

the same FACscan parameters. The percentage of OX6^/B220'*' B cells expressing CD5

from 30,000 events was recorded and expressed as red dots on the FACS profile, CD5 

cells are depicted as green dots and MHC class II postive ceUs not bearing the CD5 marker 

indicated by purple dots. The FACscan profiles demonstrate that although significant 

numbers of B cells were present in the thymus of NOD mice (purple dots) few of these

expressed CD5 (red dots), the majority of CD5 expression was on the class IL/B220"

population ie. T cells (green dots).
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FIG U R E  9.7 FACscan Profiles of 5 Month old NOD-E Female Thvmus Cell 

Suspensions Stained With the Triple Label Cocktail 0X6/B22Q/CD5.

Fresh NOD PEC were stained with the triple label cocktail B220 FITC (FL-1), CD5 P. E. 

(FL-2) and biotinylated 0X6 detected with streptavidin R613 (FL-3). FACscan gates were

set on the B220"*"/OX6'*' B cell population and the percentage of this population expressing

CD5 recorded (shown as red dots in the figure, as a positive staining reference). Thymi 

from 5 month old female NOD E mice were stained with the same protocol and analysed by

the same FACscan parameters. The percentage of OX6"*'/B220"*' B cells expressing CD5

from 30,000 events was recorded and expressed as red dots on the FACS profile, CD5 

cells are depicted as green dots and MHC class U postive cells not bearing the CD5 marker 

indicated by purple dots. The FACscan profiles demonstrate that although significant 

numbers of B cells were present in the thymus of NOD E mice (purple dots) few of these

expressed CD5 (red dots), the majority of CD5 expression was on the class IT/B220"

population ie. T cells (green dots).
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F IG U R E  9.8 FACscan Profiles of 5 Month CBA Female Thvmus Cell Suspensions 

Stained With QX6/B22Q/CD5

Fresh NOD PEC were stained with the triple label cocktail B220 FITC (FL-1), CD5 P. E. 

(FL-2) and biotinylated 0X6 detected with streptavidin R613 (FL-3). FACscan gates were

set on the B220'*'/OX6'*' B cell population and the percentage of this population expressing

CD5 recorded (shown as red dots in the figure, as a positive staining reference). Thymi 

fi*om 5 month old female CBA mice were stained with the same protocol and analysed by

the same FACscan parameters. The percentage of OX6" /̂B220"*' B cells expressing CD5

from 30,000 events was recorded and expressed as red dots on the FACS profile, CD5 

cells are depicted as green dots and MHC class U postive cells not bearing the CD5 marker 

indicated by purple dots. The FACscan profiles demonstrate few B cells were present in 

the thymus of CBA mice (purple dots) negligibile numbers of these expressed CD5 (red

dots), the majority of CD5 expression was on the class IT/B220" population ie. T cells

(green dots).
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Table 9.1 Panel o f A ntibodies used for Thvm ic Im m u noh isto logv

Name Molecular
Specificity

Ig Class 
Species

Cells Recognised Reference

Y17 I-Egh mouse IgG2b All I-E^ bearing cells Lerner et al, 1980 
Mineta et aU 1990

H 81-20-8-22-6 I-Ek mouse IgG2a All I-E^ bearing cells Devaux et al, 1984
CD5 (clone 53-7.3) Ly-1 antigen rat IgG2a Mouse T cells + subpopulation 

B cells
Hardy, Hayakawa, 

1986
B220 (clone RA3- 
6B2)

B cell restricted 
determinant of Ly-5

rat IgG2a Mouse B cells Holmes and Morse, 
1988, Coffman and 
Weissman, 1981

Anti-keratin predominantly MW 
56KD and 64KD

rabbit anti-human 
polyclonal

whole thymic epithelial cell 
network

Schlegel et al, 1980

IVC4 CTES II rat IgM subcapsular and medullary 
epithelial cells

Kanariou et al, 1989

4F1E4 CTES XX rat IgM Subcapsular, cortical, subset of 
medullary epithelial cells

Kanariou et al, 1989

Anti-mouse Ig Mouse Ig rabbit polyclonal All Ig bearing cell 
(B cells)

Dako

MRC-OX-6 Class II MHC 
j ^k,s,nod

Mouse IgGl All MHC class II bearing cells McMaster et al, 1979

C D
ID
C\J

CTES-cIusters of thymic epithelial staining patterns.
II: M. Ab. stains subcapsular and perivascular TEC (only one cell layer), in addition medullary TEC and Hassall’s 
corpusles (HC) are stained.
XX: Miscellaneous designation of staining pattern, eg. majority of subcapsular/ cortical TEC and minority of medullary 
TEC



Table 9.2 Immunohistochemical Analysis of CBA. NOD and Transgenic NOD-E. NOD-ASP. NOD-PRO Thvmus.

Mouse Age
Months

MHC class II Expression Keratin Expression Presence of B 
cell Clusters

Strain (No.) Cortex Medulla
CBA 1(8) spidery epithelial network positive confluent staining on epithelial cells confluent -ve
CBA 3(9) spidery epithelial network positive confluent staining on epithelial cells confluent -ve
CBA 4(6) spidery epithelial network positive confluent staining on epithelial cells small epithelial holes class n  -ve Very small or -ve
CBA 5(5) spidery epithelial network positive confluent staining on epithelial cells small epithelial holes class li ve very small or -ve
NOD 1(8) strong dense staining over whole cortex 

+ cell clusters
strong dense confluent staining on 

epithelial + cell clusters
confluent +/-

NOD 3(11) strong dense staining over whole cortex 
+ cell clusters

strong dense confluent staining +cell 
clusters

disorganisation + holes in 
epithelial matrix

+/++

NOD 5(15) disorganised strong staining Strong dense staining on remaining 
epithelia + cell clusters

epithelial disorganisation + large 
peri-vascular spaces

++

NOD-E 1(10) dense staining of spidery network strong dense confluent staining confluent +/-
NOD-E 3(13) dense staining of spidery network strong dense confluent staining disorganisation of epithelial + 

peri-vascular spaces
+/++

NOD-E 4(5) dense staining but epithelial cells 
disorganised

strong staining on remaining epithelial large peri-vascular spaces + 
epithelial disorganisation

++

NODE 5(18) dense staining but epithelial cells 
disorgani^

strong staining on remaining epithelial large peri-vascular spaces + 
epithelial disorganisation

++

NOD-ASP 4(4) spidery epithelial cell network positive dense strong staining of epithelial cells large peri-vascular spaces + 
epithelial disorganisation

++

NOD-ASP 5(3) spidery epithelial cell network positive 
but disorganised

dense strong staining of epithelial cells 
but disorganised

large peri-vacular spaces + 
epithelial disorganisation

++

NOD-PRO 4(5) spidery network positive dense confluent staining on epithelial 
cells

epithelial disorganisation but strong 
staining

a few small peri vascular speces +/-

NOD-PRO 6(8) spidery network of epithelial cells 
positive

large peri vascular spaces ++

N
in
CM

Thymus cryostat sections were cut and stained by indirect immunofluorescence for the presence of keratin which detects the whole epithelial cell network and either MHC class II with 
OX 6 FITC or B cells detected with B220 FITC as described in Materials and Methods. From the above table it is clear that NOD and NOD-E transgenic mice hyperexpress MHC class II in 
the thymus. In addition NOD and transgenic NOD mouse thymus develop perivascular spaces in the epithelial cell matrix commencing around 3 months of age, which contain the major 
portion of the OX6+/B220+ B cells. These thymic B cell follicles increase in size as do tiie number of the peri vascular spaces. Such thymic abnormalities were not observed in CBA 
thymus.
B cell clusters : - normal B cell expression in the thymus ie. a few scattered B cells.

+/- A few small B cell clusters (< 10 +ve cells).
+ Many small B cell clusters

+4- Many large B cell clusters present in peri-vascular spaces (>50 +ve cells, frequently >100 +ve cells in each cluster).



TABLE 9.3 Percentage of OX6+/B220+ Cells in Thvmus

M ouse S train Age (weeks; No. A nalysed Sex OX6+/B220+(sc^ Range
CBA 4 6 M 0.01+/-0.009 0.01-0.02
CBA 4 6 F 0.01+/-0.000 0.01-.0.01
NOD 4 5 0.01+/-0.007 0.01-0.02
NOD 4 5 F 0.02+/-0.002 0.00-0.06
NOD-E 4 5 0.02+/-0.002 0.00-0.06
NOD-E 4 5 F 0.03+/-0.03 0.01-0.08
CBA 1 2 8 0.115+/-0.101 0.01-0.32
CBA 12 10 F 0.04+/-0.03 0.01-0.10
NOD 12 8 1.71+/-1.76 0.04-4.88
NOD 1 2 10 F 1.155+/-1.35 0.03-3.65
NOD-E 1 2 10 0.204+/-0.088 0.07-0.29
NOD-E 1 2 10 F 0.160+/-0.176 0.03-0.57
CBA 20 5 0.088+/-0.057 0.06-0.19
CBA 20 5 F 0.102+/-0.057 0.03-0.18
NOD 20-22 14 0.590+/-0.809 0.12-2.50
NOD 17-22 14 F 0.560+/-0.539 0.08-1.88
NOD-E 20-23 1 0 0.569+/-0.286 0.36-0.96
NOD-E 16-20 1 0 F 0.630+/-0.697 0.07-2.32

Fresh thymus was digested in 0.5mg/ml collagenase and 0.02mg/ml DNase for 
several minutes then washed in BSS and frozen in 90%FCS/10%DMSO at -70 C.
For analysis vials were rapidly thawed, washed, resuspended and stained with 
biotinylated 0X6 in 1% NMS for 30 minutes followed by B220 FITC and Avidin PE 
(1/80) pooled as the second layer. All samples were then analysed by FACscan 
(Becton Dickenson).The FACscan gates were set on the CD4-CD8-OX6+B220+ fresh 
NOD spleen cell population and these same parameters used to analyse thymus cells 
for expression of class II MHC (0X6) and B cells (B220). The percentage of the 
total thymocyte population that was positive were recorded from 20,000 events. 

M-Male, F-Fernale
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Table 9.4 Percentage of OX6+/B220+ and Mac 261+/ B220+ ”B cells'
Present in The Thvmus of 5 Month Old NOD. NOD-E and CBA Mice.

Mouse Strain Sex No. Mice OX6+/B220+
(SD)

Mac 261+/B220+ 
(SD)

NOD M 5 1.178 ± 0.980 2.017 ± 1.917

NOD F 4 0.845 ± 0.370 0.918 ± 0.540

NOD-E M 5 0.548 ± 0.425 1.17 ± 0.633

NOD-E F 5 1.377 ± 0.790 1.810 ± 1.039

CBA M 4 0.185 ± 0.105 0.008 ±0.005

CBA F 4 0.137 ± 0.122 0.005 ± 0.006

NOD Spleen F 1 22.75 21.58

Fresh thymus was digested in 0.5mg/ml collagenase and 0.02mg/ml DNase for 
several minutes then washed in BSS and frozen in 90% FCS/10% DMSO at 
-70 C. For analysis vials were rapidly thawed, washed and stained with 

biotinylated 0X6 (lug/ml) or Mac261 (5ug/ml) in 1% NMS for 30 minutes 
followed by B220 FITC (1/40) and Avidin PE (1/80) pooled as a second 
layer. A freshly prepared single cell suspension of NOD spleen cells was also 
stained according this protocol. The spleen cell sample was used to set the 
FACscan gates on the OX6+/B220+ or Mac261+/B220+ cell populations 
and these same parameters used to analyse thymus cells for expression of 
class n  MHC, 0X6 (I-A NOD,s,k) or Mac261 (I-A NOD) and B cells (B220) 
and the percentage of the total thymocyte population that were positive recorded 
From the above table it is clear that there was no difference in the percentage of 
B cells for each mouse strain using the two anti-class II M.Abs.
M-Male
F-Female.
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TABLE 9.5
The Percentage of CD4+ and CD8+ Thvmocvtes in NOD. NOD-E and CBA Mice.

Mouse Age Sex No. CD8+ CD4+ CD4+CD8+
Strain months Mice (SD) (SD) (80)
CBA 1 M 6 1.90+/-0.31 7.70+/-0.93 88.14+/-1.77
CBA 1 F 6 2.18+/-0.39 8.62+/-1.40 86.52+/-1.53
NOD 1 5 1.68+/-0.46 7.19+/-0.53 89.08+/-1.46
NOD 1 F 5 1.27+/-0.95 6.16+/-2.51 90.89+/-3.98
NOD-E 1 5 1.77+/-0.30 8.75+/-0.73 86.76+/-1.68
NOD-E 1 F 5 2.02+/-0.60 9.66+/-1.85 84.52+/-2.15
CBA 3 4 2.02+/-0.64 9.19+/-2.31 86.08+/-2.13
CBA 3 F 4 1.84+/-0.28 8.30+/-1.13 86.72+/-1.37
NOD 3 5 1.52+/-0.28 6.08+/-0.99 89.23+/-1.72
NOD 3 F 4 3.08+/-1.11 11.23+/-3.26 S2.37+/-4.47
NOD-E 3 5 1.86+/-0.51 9.41+/-1.84 85.65+/-2.35
NOD-E 3 F 5 1.62+/-0.36 9.15+/-1.88 85.37-J-/-2.47
CBA 5 5 14.18+/-1.32 3.53+/-0.24 76.35+/-0.78
CBA 5 F 5 18.88+/-4.20 4.66+/-1.28 70.19+/-6.40
NOD 5 10 13.77+/-3.20 4.34+/-1.68 78.90+/-6.41
NOD 5 F 1 1 16.42+/-7.83 3.86+/-1.99 67.84+/-22.20
NOD-E 5 10 16.20+/-6.11 3.57+/-0.82 74.66+/-3.44
NOD-E 5 F 10 19.06+/-7.06 4.11+/-2.22 65.04+/-2.33

o
CO
CM

Fresh thymus was digested in 0.5mg/ml collagenase and 0.2mg/ml DNase for several minutes then washed In BSS and frozen In 
90% PCS/10% DMSO at -70oC. For analysis vials were rapidly thawed, washed, resuspended and stained with biotinylated 0X6 
(1 ug/ml) In 1% normal NMS followed by the triple label cocktail antl-CD4 P.E. (1/40), antl-CD8 FITC (1/40) and streptavidin 
R613 (1/100) which binds to the biotinylated 0X6. All samples were then analysed by FACscan. The FACscan gates were set on 
either the CD4 single positive or CDS single posllve thymocytes (as confirmed by gating on splenic lymphocytes) or on the CD4+/ 
CD8+ double thymocyte population. The percentage of each population was based on 20,000 events rcorded.
M- Male, F- Female.



Table 9.6 Percentage of 0X6+/ B220+/ B cells* in The
Thvmus of NOD. NOD-E and CBA Mice That Express CDS .

Mouse Strain Sex No. Mice % B cells (OX6+/B220+) 
expressing CDS (SD)

Range

NOD M 5 3.256 ± 1.643 1.05-5.15

NOD F 5 1.554 ± 0.642 0.5-2.08

NOD-E M 4 2.018 ± 0.288 1.69-2.38

NOD-E F 5 2.316 ± 1.290 0.59-3.82

CBA M 4 2.110 ± 2.623 0.00-5.41

CBA F 6 3.320 ± 5.024 0.00 -13.33

NOD Spleen F 1 1.09

NOD PECS F 1 7.8

Fresh thymus was digested in 0.5mg/ml collagenase / 0.02mg/ml DNase for several 
minutes then washed in BSS and frozen in 90% FCS/10% DMSO at -70oC.
For analysis vials were rapidly thawed, washed, resuspended and stained with 
biotinylated 0X6 (lug/ml) in 1% NMS followed by the triple label cocktail 
streptavidin R613 (1/100), B220 (FITC) and CD5 P.E. (1/200) pooled as the second 
layer. Fresh NOD PEC and spleen cell suspensions were also stained according to 
the same protocol. All samples were then analysed by FACscan.
The FACscan gates were set on the NOD PEC B220+/OX6+ population and the % 
of this population that co-expressed CD5 from 30,000 events was recorded.
Having defined the CD5+ B cell population with NOD PECS these same parameters 
were used to analyse thymus cells for expression of class II MHC (0X6), B cells 
(B220+) and CD5 and the percentage of B-cells expressing CD5 recorded.

M- Male.
F- Female.
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Human type 1 insulin dependent diabetes mellitus (IDDM) is a progressive autoimmune 

disease (Tdimetal, 1987) which often does not present clinical symptoms until the 6 cells of the 

pancreas are completely destroyed. At this point patients face a lifetime of dependency on 

insulin and the subsequent microvascular complications which accompany the disease.

The NOD mouse is considered to be a good animal model of type 1 diabetes displaying 

many similarities to the human disease, such as insulin insufficiency and pancreatic insulitis. 

Two accelerated models of the disease in the NOD were utilised in this study: a) diabetic spleen 

cell transfer, and b) cyclophosphamide induced diabetes.

T cells are essential for disease manifestation as neonatal thymectomy prevents IDDM in 

the NOD mouse (Ogawa et al, 1985) and my own studies have indicated that the diabetic spleen 

cell depletion of either the CD4 or CD8 subpopulation even two weeks after transfer can give 

partial protection from the massive inflammatory response and subsequent decline to diabetes 

(Hutchings et al, 1990A, Varey et at, 1991). An ideal therapy may be one with which it is 

possible to reestablish self tolerance to the autoantigen using a short course of therapy with a

non-lytic antibody recognising CD4'*' T cells. Treatment of transfer recipients at day 12 after

transfer when the autoaggressive response was well underway with such an antibody, (YTH

177.1) tolerized CD4^ T cells which recognise the as yet unidentified diabetogenic antigens

and afforded complete protection (Hutchings et al, in press). Similarly, induction of thyroiditis 

in situ by the transfer of primed lymph nodes or spleen, can be abrogated by this treatment 

regime (Dawe and Hutchings, unpublished observations). Such therapeutic regimes could 

therefore offer a safe approach with the minimal disruptive interruption as memory responses to 

exogenous antigens appear to be obtained.

The previous chapters have clearly demonstrated that the mononuclear infiltration of the 

pancreatic islets in type I insulin dependent diabetes in the NOD mouse is heterogeneous with

respect to TCR V6 usage of both CD4‘̂  and CD8^ T cells (O’ Redly et a l , 1990; O’ Reilly et

al , 1991). This suggests that there are multiple antigenic epitopes on the 6 ceU capable of 

stimulating autoreactive T ceUs with multiple specificities or that there is rapid nonspecific 

recmitment once an inflammatory response is underway. Therefore specific immunotherapy 

targeting only those T cells responsive to the diabetogenic autoantigen, may not be a realistic 

alternative for this particular autoimmune disease.
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Given the massive inflammatory response present in the pancreas, it is not surprising 

that there exists evidence showing that vascular leakage is apparent in the pancreas of the 

diabetes prone BB rat and initial evidence from my own studies to suggest that this phenomenon 

also occurs in the NOD mouse. Theoretically if such vascular leakage occurs in the human 

situation, then this raises the possibihty that it could be utilised as a predictive marker of 

disease. Nuclear magnetic resonance (NMR) which is capable of detecting such small changes 

in fluid flow could therefore be used as a means of detection.

The role of the macrophage in IDDM awaits clarification, the studies described in this 

thesis suggest that like the BB rat (Walkerera/, 1988A), the NOD mouse has two populations 

of macrophages within prediabetic pancreata: A recently recruited and actively phagocytic 

population which bears the macrophage markers F4/80 and Mac-1, and a resident population

with the phenotype Mac-1 "/F4/80VSER-4"^ (O’ Reilly et aU 1991). It is clear that macrophages

are essential for disease manifestation in the transfer model as prevention of their adhesion to 

and trafficking through the vascular endothelium by in vivo use of 5C6 (a M.Ab. which binds 

to the myelomonocytic receptor CR3 on macrophages) prevents IDDM. The question “what 

function do macrophages perform?” still remains. Do they: a) have an antigen presenting 

capacity presenting the diabetogenic autoantigen?, b) play a role in producing the cytokines IL-1

and TNF-a which are cytotoxic to the 6 cell, or c) mediate 6 cell damage through nitric oxide

and superoxide radicals and their metabolites? Several approaches could be made to this 

problem. In situ hybridisation of prediabetic pancreata to assess the level of cytokine 

expression, or ehmination of macrophages with toxic hposomes which suppresses EAE in 

Lewis rats (Huitinga et ai, 1990) are options. The approach I used was to assess the 

contribution of the nitric oxide generation in IDDM by blockade of the L-arginine pathway with 

the competitive inhibitor L-NMMA. This was appropriate as recent studies have shown that 

diabetes could be prevented in the STZ model with this agent (Kolb et al, 1991; Lukic et ai, 

1991). However, the various regimes of L-NMMA administration had no effect on the diabetes 

incidence in the adoptive transfer or cyclophosphamide models.

Having investigated IDDM at the cellular level I addressed the question of genetic 

susceptibility. NOD mouse breeding studies and human family studies would suggest that there 

are predisposing genetic factors for disease development. The NOD mouse is unique among 

mouse strains in that it does not express I-E and has a unique I-A6. Introduction of an
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Ea^ transgene prevented insulitis and hyperexpression of MHC class I in the pancreas of the

NOD mouse. Introduction of transgenic NOD I-Ap bearing the Pro substitution at position 57

prevented IDDM, intra-islet infiltration and MHC class I hyperexpression, whereas introduction 

of the Asp mutation did not prevent insulitis and only slowed the progression of disease (Lund 

et al, 1990B). These findings have relevance to human disease as individuals with non-Asp 

bearing DQB chains (the human homologue to NOD I-A6) are predisposed to develop disease. 

The mode of protection of both the I-E and I-A transgenes remain to be resolved but evidence 

would suggest that these are dissimilar. Protection afforded by the I-A transgenes would appear

to be through altered presentation of the diabetogenic autoantigen. Insertion of I-Apro^^ alters

the antigen binding cleft of the I-AB chain perhaps such that the autoantigen does not bind well 

during ontogeny and therefore tolerance is not established in the thymus. Alternatively, the 

presence of a new restriction element could alter the profile of the cytokine response elicited. 

Such an explanation of the mechanism of disease development could equally well be applied to 

the NOD-E transgenic mice but the mechanism of protection by the I-E transgene could also be 

more subtle. Analysis of thymi from both NOD and NOD E mice shows many abnormalities 

including large perivascular epithelial cell holes and the presence of B cell germinal centres 

within these spaces. Such abnormalities occur irrespective of the subsequent development of 

diabetes. Therefore events during ontogeny which shape the peripheral T cell repertoire appear 

to have little bearing on the outcome of disease and events in the periphery appear to have 

greater importance. Evidence supporting this theory comes from the unpublished observations 

of Parish, who has shown that irradiated NOD mice reconstituted with NOD bone marrow 

under the influence of a NOD E thymus still develop disease, suggesting that modifying events 

in the periphery must occur. These could be at the level of the antigen presenting cell such as the 

dendritic cell or macrophage which could perform a regulatory function. The recipient would 

therefore still have dendritic cells in the periphery of the susceptible genotype which would 

allow disease to ensue. I have not studied the role or distribution of dendritic cells in this 

disease principally because no good mouse markers for such cells were currently available. 

Subsequent availability would permit such a study, which is an exciting prospect, particularly in 

view of the principal role such cells play in transplantation rejection as “passenger leukocytes”. 

What are the future prospects for both the diagnosis and treatment of autoimmune
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IDDM? My studies in the NOD mouse have demonstrated that administration of depleting anti- 

CD4 or anti-CD8 M.Abs prevent IDDM, and could possibly also prevent human diabetes. Such 

regimes, however would be too systemically immunosuppressive to contemplate. Less radical 

immunotherapy with TCR M.Abs are not an option in this disease, as the pancreatic infiltrates 

in the NOD mouse are heterogeneous. There remains the possibility for NDP anti-CD4 therapy 

which could create tolerance to the diabetogenic autoantigen even though it remains unknown.

Under this tolerogenic milieu, perhaps p cell regeneration could ensue thereby prevent the

necessity for insulin therapy.

Our transgenic studies have demonstrated that the unique MHC of the NOD mouse is

critical for disease development. In particular, modification of the amino acids of the I-Ap chain

which occupy critical sites in the antigen binding cleft determine the outcome of disease. 

Therefore, it would be useful to detect polymorphisms in the MHC and other genes associated 

with disease susceptibility in the human. Susceptible MHC types could be the ones presenting 

the pathogenic peptides. Mass screening of individuals with molecular probes to detect 

polymorphisms within the MHC would identify of those at risk of developing disease before 

onset on clinical of symptoms. Once susceptible individuals were identified, the next specific 

immunotherapy could be applied. Cloned T cell lines capable of disease transfer have been 

identified in a mouse model of thyroiditis. Two distinct T cell hybridomas CH9 and ADA2 

which recognise a thyroxine 9-mer epitope (T4 at position 2553) on thyroglobulin are capable 

of recognition in vitro and in vivo of the T4 containing peptide and can induce disease in 

susceptible animals (Dawe et al, in press). Peptides with the sequence of cloned TCR have 

indeed been used to vaccinate against the development of EAE (Wraith et al, 1989). This raises 

the possibihty of using blocking peptide therapy for autoimmune disease. Such peptides with 

high affinity for the antigen-binding cleft of an MHC susceptibihty allele could compete with the 

autoantigenic peptide stimulating the inflammatory response. Identification of the autoantigen 

target opens up a new realm for immunotherapy allowing a more refined manipulation of the 

immune response. It may be possible to specifically delete (either physically or functionally) 

lymphocytes with anti-self reactivity to the autoantigen or peptide administered concurrently 

with the Ab. regime.

Further identification of other candidate genes for both IDDM and other autoimmune 

diseases such as those coding for lymphokines should be studied as the genes coding for TNF
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a , p map within the MHC complex of both mice and humans (Muller et al ; 1986, Gardner et

al ; 1987). It is possible that a disease susceptibility allele of these genes exists in linkage 

disequilibrium with a class I or II disease susceptibility allele. One also cannot ignore the role 

that environmental factors such as diet and infections, (both viral and bacterial) play, as they 

could be the insult that tip the delicate balance of the immune system in susceptible individuals 

to initiate disease.

The exact route which leads to the breakdown of the normal mechanisms of tolerance 

remain to be clarified. Knowledge of the factors that predispose individuals to autoimmune 

disease could provide the basis for models of intervention and must await a more defined 

understanding of the basic mechanisms of how self tolerance is established and maintained to 

avoid the “horror autotoxicus” described by EhrJich.

267



Bibliography

Abdou, N. I., H. Wall, H. B. lindsley, J. F. Halsey and T. Suzuki. (1981). “Network theory 
in autoimmunity. In vitro suppression of serum anti-DNA antibody binding to DNA by 
anti-idiotypic antibody in systemic lupus erythematosus.” J. Clin. Invest. 67: 1297-1304.

Abe, R. and R. J. Hodes. (1989). “Properties of the Mis system: A revised formulation of 
Mis genetics and an analysis of T-cell recognition of Mls-determinants.” Immunol. Rev. 
107: 5-28.

Abe, R., M. S. Vacchio, B. Fox and R. J. Hodes. (1988). “Preferential expression of the T- 
cell receptor Vft3 gene by MLS  ̂reactive T cells.” Nature. 335: 827-830.

Abe, T., T. Takeuchi, M. Kiyotakai, J. Koide, O. Hosono, M. Homma, T. Otake and S. Kano.
(1984). “Anti-idiotypic antibodies in a patient with monoclonal rheumatoid factor after 
pneumococcal bacteraemia.” J. Immunol. 132: 2381-2385.

Abel, J. J. (1926). “Crystallization of insulin.” Proc. Natl. Acad. Sci. 12: 132-136.

Acha-Orbea, H. and H. O. MacDevitt (1987). “The first external domain of the non-obese 
diabetic mouse class 111-Aft chain is unique.” Proc. Natl. Acad. Sci. 84: 2435-2439.

Acha-Orbea, H., D. J. Mitchell, L. Timmermann, D. C. Wraith, G. S. Tausch, M. K. Waldor, S. 
S. Zamvil, H. O. McDevitt and L. Steinman. (1988). “Limited heterogeneity of T cell 
receptors from T lymphocytes mediating autoimmune encephalomyelitis allows specific 
immune intervention.” Cell. 54: 263-273.

Acha-Orbea, H., L. Steinman and H. O. McDevitt. (1989). “T cell receptors in murine 
autoimmune diseases.” Ann. Rev. Immunol. 7: 371-405.

Adams, L. B., J. B. Hibbs, R. R. Tain tor and J. L. Krahenbuhl. (1990). “Microbiostatic effect 
of murine-activated macrophages for toxoplasma gondii: Role for syne thesis o f inorganic 
nitrogen oxides from L-arginine.” J. Immunol. 144: 2725-2729.

Adkins, B., C. Mueller, C. Okada, R. A. Richert, 1. L. Weissman and G. J. Sprangmole.
(1987). “Early events in T cell maturation.” Annu. Rev. Immunol. 5: 325-365.

Allison, A. C., J. S. Harington and M. Birbeck. (1966). “An examination of the cytotoxic 
effects of silica on macrophages.” J. Exp. Med. 124: 141-153.

Allison, J., 1. L Campbell, G. Morahan, T. E. Mandel, L. C. Harrison and J. F. A. P. Miller.
(1988). “Diabetes in transgenic mice resulting from overexpression of class 1 
histocompatibility molecules in pancreatic beta cells.” Nature. 333: 529-533.

Alters, S. E., J. A. Shizuru, J. Ackerman, D. Grossman, K. B. Seydel and C. G. Fathman. 
(1991). “Anti-CD4 mediates clonal anergy during transplantation tolerance induction.” J. 
Exp. Med. 173: 491-494.

Alters, S. E., L. Steinman and V. T. Oi. (1989). “Comparison of rat and rat-mouse chimeric 
anti-murine CD4 antibodies in vitro: Chimeric antibodies lyse low density CD4+ cells.” J. 
Immunol. 142: 2018-2025.

Alviggi, L., C. Johnston, P. J. Hoskins D. E. H, D. A. Pyke, R. D. G. Leslie and D. Vergani.
(1984). “Pathogenesis of insulin-dependent diabetes: A role for activated T 
lymphocytes.” Lancet. 2: 4-6.

Amano, K. and J.-W. Yoon. (1990). “Studies on autoimmunity for initiation of R-cell 
destruction: V. Decrease of macrophage-dependent T lymphocytes and natural killer 
cytotoxicity in silica-treated BB rats.” Diabetes. 39: 590-596.

268



Andreu-Sanchez, J. L, J. Faro, J. M. Alonso, C. J. Paige, M. A and J. R. Marcos. ( 1990). 
“Ontogenic characterization of thymic B lymphocytes. Analysis in different mouse 
strains.” J. Immunol. 20: 1763-1773.

Appels, B., V. Burkurt, G. Kantwerk-Funke, J. Funda, V. Kolb-Bachofen and H. Kolb.
(1989). “Spontaneous cytotoxicity of macrophages against pancreatic islets.” J. Immunol. 
142: 3803-3808.

Arison, R. N. and E. L. Feudale. (1967). “Induction of renal tumour by streptozotocin in 
rats.” Nature. 214:1254-1255.

Arslanian, S. A., D. J. Becker and B. e. a. Rabin. (1985). “Correletes o f insulin antibodies 
in newly diagnosed children with insulin-dependent diabetes before insulin therapy.” 
Diabetes. 34: 926-930.

Asamoto, A., T. Akazawa and S. eL a.l Tasbiro. (1984). “Infiltration of lymphocytes in 
various organs of the NOD (non-obese diabetic) mouse.” J. Jpn. Diabetes. Soc. 27: 775- 
781.

Atkinson, M. A. and N. K. Maclaren. (1988). “Autoantibodies in nonobese diabetic mice 
immunoprecipitate 64,000 Mr islet antigen.” Diabetes. 37: 1587-1590.

Atkinson, M. A., N. K. MacLaren, W. J. Riley, W. E. Winter, D. D. Fisk and R. P. Spillar.
(1986). “Are insulin autoantibodies markers for insulin-dependent diabetes mellitus.” 
Diabetes. 35: 894-898.

Atkinson, M. A., N. K. Maclaren, D. W. Scbarp, P. E. Lacy and W. J. Riley. (1990).
“64,000Mr autoantibodies as predictors of insulin-dependent diabetes.” Lancet. 335: 
1357-1360.

Austyn, J. M. and S. Gordon. (1981). “F4/80 a monclonal antibody directed specifically 
against the mouse macrophage.” Eur. J. Immunol. 11: 805-815.

Babbitt, B. P., P. M. Allen, G. Matsueda, E. Haber and E. R. Unanue. (1985). “Binding of 
immunogenic peptides to la histocompatibility antigens.” Nature. 317: 359-161.

Bacelj, A., B. Charlton and T. E. Mandel. (1989). “Prevention of cyclopbospbamide-induced 
diabetes by anti-VR8 T-lympbocyte receptor monclonal antibody therapy in NOD WEHl 
mice.” Diabetes. 38:1492-1495.

Bach, J., F, C. Boitard, R. Yasunami and M. Dardenne. (1990). “Control of diabetes in NOD 
mice by suppressor cells.” J. Autoimmunity. 3 (suppl): 97-100.

Baekkeskov, S., H.-J. Anas toot, S. Cbristgau, A. Reetz, M. Solimena, M. Cascalbo, F. Folli, H. 
Ricbter-Olesen and P. De Camilli. (1990). “Identification of the 65K autoantigen in 
insulin-dependent diabetes as the GABA-syntbesizing enzyme glutamic acid 
decarboxylase.” Nature. 347:151-156.

Baekkeskov, S., T. Dyrberg and A. Lemmark. (1983). “A 64 K protein immunprecipitated 
from normal rat islets by antibodies from spontaneously diabetic BB rats.” Diabetologia. 
25: 138.

Baekkeskov, S., T. Dyrberg and A. Lemmark. (1984). “Autoantibodies to a 64 Kilodalton 
islet cell protein precede the onset of spontaneous diabetes in the BB rat.” Science. 224: 
1348-1350.

Baekkeskov, S., T. Kanatsuna, L. Klareskog, D. A. Nielsen, P. A. Peterson, A. H. Rubenstein, 
D. F. Steiner and A. Lemmark. (1981). “Expression of major histocompatibility antigens 
on pancreatic islet cells.” Proc. Natl. Acad. Sci. 78: 6456-6460.

2 6 9



Baekkeskov, S., M. Landan, J. K. Kristensen, S. Srikanta, G. J. Bruining, T. Mandrup- 
Poulsen, C. Neaufort, J. S. Soeldner, G. S. Eisenbarth, F. Lindgren, G. Sundqvist and A. 
Lernmark. (1987). “Antibodies to a 64,000 Mr human islet cell antigen precede the 
clinical onset o f insulin dependent diabetes.” J Clin Invest 79: 926-934.

Baekkeskov, S., J. H. Nielsen, B. Marner, T. Bilde, J. Ludvigsson and A. Lemmark. (1982). 
“Autoantibodies in newly diagnosed diabetic children immunoprecipitate human 
pancreatic islet cell proteins.” Nature. 298: 167-169.

Baneijee, S., T. M. Haqqi, H. S. Luthrai, J. M. Stuart and C. S. David. (1988). “Possible role 
of VR T cell receptor genes in susceptobility to collagen-induced arthritis in mice.” J.
Exp. Med. 167: 832-839.

Banting, P. G. (1922A). “The internal secretion of the pancreas.” J. Lab. Clin. Med. 7: 251- 
256.

Banting, F. G., C. H. Best, J. B. Collip, W. R. Campbell and A. A. Fletcher. (1922B). 
“Pancreatic extracts in the treatment of diabetes mellitus.” Canad. Med. Assoc. J. 12: 
141-146.

Baxter, A., G and T. E. Mandel. (199IB). “Accelerated diabetes in non-obese diabetic 
(NOD) mice differing in incidence of spontaneous disease.” Clin. Exp. Immunol. 85: 464- 
468.

Baxter, A. G. (1991). “The aetiology of diabetes in the NOD mouse.” PhD thesis.
Melbourne University, Australia:

Baxter, A. G., M. A. Adams and T. E. Mandel. (1989). “Comparison of high- and low- 
diabetes-incidence NOD mouse strains.” Diabetes. 38: 1296-1300.

Baxter, A. G., M. Koulmanda and T. E. Mandel. (1991C). “High and low diabetes incidence 
nonobese diabetic (NOD) mice: Origins and characterisation.” Autoimmunity. 9: 61-69.

Baxter, A. G. and T. E. Mandel. (1991A). “Hemolytic anemia in non-obese diabetic mice.” 
Eur. J. Immunol. 21: 2051-2055.

Beckman, J. S., T. W. Beckman, J. Chen, P. A. Marshall and B. A. Freeman. (1990). 
“Apparent hydroxyl radical production by peroxynitrite: Implications for endothelial 
injury from nitric oxide and superoxide.” Proc. Natl. Acad. Sci. 87: 1620-1624.

Bedossa, P., A. Bendelac, J. F. Bach and C. Carnaud. (1989). “Sygeneic T cell transfer of 
diabetes into NOD newborn mice: in situ studies of the autoimmune steps leading to 
insulin-producing cell destruction.” Eur. J. Immunol. 19: 1947-1951.

Beller, D. 1., T. A. Springer and R. D. Schreiber. (1982). “Anti-Mac-1 selectively inhibits 
the mouse and human complement receptor.” J. Exp. Med. 156: 1000-1009.

Bendelac, A., C. Boitard, P. Bedossa, H. Bazin, J.-F. Bach and C. Carnaud. (1988). “Adpotive 
T cell transfer of autoimmune nonobese diabetic mouse diabetes does not require 
recruitment of host B lymphocytes.” J. Immunol. 141: 2625-2628.

Bendelac, A., C. Carnaud, C. Boitard and J. F. Bach. (1987). “Syngeneic transfer of 
autoimmune diabetes from diabetic mice to healthy neonates, requirement for both L3T4- 
and Lyt-2- T cells.” J. Exp. Med. 166: 823-832.

Bendtzen, K., Mandrup-Poulsen, J. Nerup, J. H. Nielson, C. A. Dinarello and M. Svenson.
(1986). “Cytotoxicity of human p l7  interleukin 1 for pancreatic islets of Langerhans.” 
Science. 232: 1545-.

Benjamin, D. C., J. A. Berzofsky, I. J. East, F. R. N. Gurd, C. Hannum and et. al. (1984). “The 
antigenic structure of proteins: A reapppraisal.” Ann. Rev. Immunol. 2: 67-101.

2 7 0



Benjamin, D. C. and W. O. Weigle. (1970). “The termination of immunological 
unresponsiveness to bovine serum albumin in rabbits. 1. Quantitative and qualitative 
response to cross-reacting albumins.” J. Exp. Med. 13: 66-76.

Benjamin, R. J., S. P. Cobbold, M. R. Clark and H. Waldmann. (1986). “Tolerance to rat 
monoclonal antibodies: Implications for serotherapy.” J. Exp. Med. 163: 1539-1552.

Benjamin, R. J. and H. Waldmann. (1986). “Induction of tolerance by monoclonal antibody 
therapy.” Nature. 320: 449-451.

Benner, R., A. M. Rijnbeck, R. R. Bernabe, C. Martiniz-Alonos and A. Cotinho. (1981). 
“Frequencies of background immunoglobulin-secreting cells in mice as a function of 
organ, age, and immune status.” Immunobiology. 158: 225-238.

Bernard, C. (1848). Arch. Gen Med. (Paris). 18: 303.

Bessen, D., K. F. Jones and V. A. Fischetti. (1989). “Evidence for two distinct classes of 
streptococcal M protein and their relationship to rheumatic fever.” J. Exp. Med. 169: 269- 
283.

Beutner, E. H., T. P. Chorezelski and W. L. Binder. (1979). “Nature of autoimmunity: 
pathogenic versus physiologic responses and a unifying concept.” In: Beutner,
Chorezelski, Binder, (eds). Immunopathology of the skin. 2nd.ed. New York: Wiley. : 
ppl47-210.

Bhattacharya, A., M. E. Dorf and T. A. Springer. (1981). “A shared determinant on la 
antigens encoded by the 1-A and 1-E subregions: evidence for I region gene duplication.” J. 
Immunol. 127: 2488-2495.

Bill, j., V. B. Appel and E. Palmer. (1988). “An analysis of T cell receptor variable region 
gene expression in major histocompatibility compex disparate mice.” Proc Natl Acad Sci. 
85:9184-9188.

Bill, J., O. Kanagawa, D. L. Woodland and E. Palmer. (1989). “The MHC molecule 1-E is 
necessary but not sufficient for the clonal deletion of VB-11 bearing T cells.” J. Exp. Med. 
169: 1405-1420.

Billingham, R. E., L. Brent and P. B. Medawar. (1953). “Actively acquired tolerance of 
foreign cells.” Nature. 172: 603-606.

Binder, A., P. J. Maddison, P. Skinner, A. Kurtz and D. A. Isenberg. (1989). “Sjogren's 
syndrome: Association with type 1 diabetes mellitus.” Brit. J. Rheum. 28: 518-520.

Bjorkman, P. j., M. A. Saper, B. Samraoi, W. S. Bennett, J. L. Strominger and D. C. Wiley.
(1987). “Structure of the human class 1 histocompatibility antigen, HLA-A2.” Nature.
329: 506-512.

Blackman, M., J. W. Kappler and P. Marrack. (1990). “The role of the T cell receptor in 
positive and negative selection of developing T cells.” Science. 248: 1335-1341.

Blue, M. C. and S. 1. Shin. (1984). “Diabetes induction by subdiabetogenic doses of 
streptozotocin in Balb/C BOM mice: noninvolvement of host B-lymphocyte functions.” 
Diabetes. 33: 105-110.

Bogdan, C., H. Moll, W. Solbach and M. Rollinghoff. (1990). “Tumor necrosis factor-a in 
combination with IFN-y, but not with interleukin 4  activates murine macrophages for 
elimination of Leishmania major amastigoies,” Eur. J. Immunol. 20: 1131-1135.

271



Bohme, J., K. Haskins, P. Stecha, W. van Ewijk, M. LeMeur, P. Gerlinger, G. Benoist and D. 
Mathis. (1989). “Transgenic mice with I-A on islet cells are normoglycemic but 
immunologically intolerent.” Science. 244:1179-1183.

Bohme, J., B. Schuhbaur, O. Kanagawa, C. Benoise and D. Mathis. (1990). “MHC-linked 
protection from diabetes dissociated from clonal deletion of T cells.” Science. 249: 293- 
295.

Boillot, D., R. Assan, M. Dardenne, M. Debray-Sachs and J.-F. Bach. (1986). “T- 
lymphopenia and T-cell imbalance in diabetic db/db mice.” Diabetes. 35: 198-203.

Boitard , C., S. Michie, P. Serrurier, G. W. Butcher, A. P. Larkins and H. O. McDevitt.
(1985). “In vivo prevention of thyroid and pancreatic autoimmunity in the BB rat by 
antibody to class II MHC gene products.” Proc. Natl. Acad. Sci. 82: 6627-6631.

Boitard, C., A. Bendelac, M. P. Richard, C. Camaud and J. P. Bach. (1988). “Prevention of 
diabetes in nonobese diabetic mice by anti-I-A monoclonal antibodies: transfer of 
protection by splenic T cells.” Proc. Natl. Acad. Sci. USA. 85: 9719-9723.

Boitard, C., L. M. Chatenond and M. Debray-Sachs. (1982). “In vitro inhibition of 
pancreatic R cell function by lymphocytes from diabetics with associated autoimmune 
diseases: a T cell phenomenon.” J. Immunol. 129: 2529-2531.

Boitard, C., M. Debray-Sachs, R. Assan and J. Hamburger. (1984). “Lymphocytes from 
diabetics suppress insulin release in vitro.” Diabetologia. 55: 571-580.

Boitard, C. H., R. Yasunami, M. Dardenne and J. P. Bach. (1989). “T cell mediated 
inhibition of the transfer of autoimmune diabetes in NOD mice.” J Exp Med. 169: 1669- 
1679.

Bom, W., E. Yague, E. Palmer, J. Kappler and P. Marrack. (1985). “Rearrangement o f T-cell 
receptor R-chain genes during T-cell developm ent.” Proc. Natl. Acad. Sci. 82: 2925-2931.

Bottazzo, G. P. and B. M. Dean. (1984). “Evidence for the expression of class II (HLA-DR) 
and increased presentation of class 1 (HLA-A,B,C) molecules in pancreatic islets in Type I 
(insulin dependent) diabetes.” Diabetologia. 27: 259A.

Bottazzo, G. P., M. B. Dean, J. M. McNally, E. H. MacKay, P. G. P. Swift and D. R. Gamble.
(1985). “/n situ characterisation of autoimmune phenomena and expression of HLA 
molecules in the pancreas in diabetic insulitis.” N Eng J Med. 313: 353-359.

Bottazzo, G. P., A. Plorin-Christensen and D. Doniach. (1974). “Islet-cell antibodies in 
diabetes mellitus with autoimmune polyendocrine déficiences.” Lancet. 2: 1279-1283.

Bottazzo, G. P., A. N. Gorsuch, B. M. Dean, A. G. Cudworth and D. Doniach. (1980). 
“Complement fixing islet cell antibodies in type I diabetes: possible monitors of active 
beta cell damage.” Lancet, i: 668-672.

Bottazzo, G. P., R. Pujol-Borrell, T. Hanafusa and M. Peldmann. (1983). “A role of aberrant 
HLA-DR expression and antigen presentation in induction of endocrine autoimmunity.” 
Lancet. 2: 1115-1117.

Brekelmans, P. and W. Van Ewijk. (1990). “Phenotypic characterization of murine thymic 
microenvironments.” Seminars in Immunol. 2: 13-24.

272



Bretscher, P. and M. Cohn. (1970). “A theory of self-nonself discrimination: paralysis and 
induction involve the recognition of one and two determinants on an antigen respectively.” 
Science. 169: 1042-1049.

Brins ter, R. L, H. Y. Chen, M. E. Trumbauer, M. K. Yagle and R. D. Palmiter. (1985).
“Factors affecting the efficiency of introducing foreign DNA into mice by micoinjecting 
eggs.” Proc. Natl. Acad. Sci. 82: 4438-4442.

Bros toff, S. W. and D. W. Mason. (1984). “Experimental allergic encephalomyelitis: 
successful treatment in vivo with a monclonal antibody that recognises T helper cells.” J. 
Immunol. 133:1938-1942.

Brown, J. H., T. Jardetzky, M. A. Saper, B. Samraoui, B. J. Bjorkman and D. C. Wiley. (1988). 
“A hypothetical model of the foreign antigen binding site of class 11 histocompatibility 
molecules.” Nature. 332: 845-850.

Burkart, V., K.-D. Kroncke, H. H. Brenner, H. Kolb and V. Kolb-Bachofen. (1991). “Nitric 
oxide is a pathogenic factor in type 1 diabetes.” Diabetologia. 34 (Supl. 2): A95 (P379).

Burkly, L. C., D. Lo, O. Kanagawa, R. L. Brins ter and R. A. Flavell. (1989). “T-cell tolerance 
by clonal anergy in transgenic mice with nonlymphoid expression of MHC class III-E.” 
Nature. 342: 564-566.

Bumet, F. M. (1959). “The clonal selection theory of acquired immunity.” Cambridge 
university press.

Bumet, F. M. and F. Fenner. (1949). “The production of antibodies. 2nd ed. London: 
Macmillian.” :

Bumet, F. M. and 1. R. Mackay. (1962). “Lymphoepithelial structures and autoimmune 
disease.” Lancet. 2: 1030-1033.

Busby, B. E. and H. M. Rodman. (1983). “Impairment of T-cell regulation of the humoral 
immune response to type 111 pneumococcal polysaccharide in diabetic mice.” Diabetes. 32: 
156-164.

Buschard, K., C. Ropke, S. Madsbad, J. Mehlsen and J. Rygaard. (1983). “T lymphocyte 
subsets in patients with newly diagnosed type 1 (Insulin dependent) diabetes: a 
prospective study.” Diabetologia. 25: 247-251.

Buse, J. B., A. Ben-nun, K. A. Klein, G. S. Eisenbarth, J. G. Seidman and R. A. Jackson.
(1984). “Specific class 11 histocompatibility gene polymorphisms in BB rats.” Diabetes.
33: 700-703.

Campbell, 1. L., K. J. Bizil, P. G. Colman, B. E. Tuch and L. C. Harrison. (1986B).
“Interferon-^ induces the expression of HLA-A, B, C but not HLA-DR on human pancreatic 
beta cells.” J Clin Endocrinol Metab. 62: 1101-1109.

Campbell, I. L., A. Cutri, D. Wilkinson, A. W. Boyd and L. C. Harrison. (1989).
“Intercellular adhesion molecule 1 is induced on isolated endocrine islet cells by 
cytokines but not by reovims infection.” Proc. Natl. Acad. Sci. 86: 4282-.

Campbell, 1. L., L. C. Harrison, R. G. Ashcroft and 1. Jack. (1988C). “Reovims enhances 
expression of class 1 MHC proteins on human beta cell and rat Rin-m5F cell.” Diabetes.
37: 362-365.

Campbell, 1. L., A. Iscaro and L. C. Harrison. (1988B). “IFN-gamma and tumor necrosis 
factor-a. Cytotoxicity to murine islets of Langerbans.” J. Immunol. 141: 2325-.

273



Campbell, 1. L, L. Oxbrow and L C. Harrison. (1991). “Reduction in insulitis following 
adminstration of IFN-y and TNF-a in the NOD mouse.” J. Autoimmunity. 4: 249-262.

Campbell, 1. L, L. Oxbrow, M. Koulmanda and e. al. (1988A). “Interferon-^ induces islet 
cell MHC antigens and enhances autoimmune, streptozotocin-induced diabetes in the 
mouse.” J. Immunol. 140: 1111-1116.

Campbell, 1. L, G. H. W. Wong, J. W. Schrader and L. C. Harrison. (1986A). “Interferon-y 
induces the expression of the major histocompatibility class I antigens on mouse 
pancreatic beta cells.” Diabetes. 34: 1205-1209.

Candelias, S., J. Katz, C. Benoist, D. Mathis and K. Haskins. (1991). “Islet-specific T-cell 
clones from nonobese diabetic mice exprss heterogeneous T-cell receptors.” Proc. Natl. 
Acad. Sci. 88: 6167-6170.

Carteron, N. L, D. Wofsy and W. E. Seamen. (1988). “Induction of immune tolerance during 
adminstration of monoclonal antibiody to L3T4 does not depend on depletion of L3T4+ 
cells.” J. Immunol. 140: 713-716.

Casali, P. and A. L. Notkins. (1989). “Probing the human B-cell repertoire with EBV 
polyreactive antibodies and CD5+ B lymphocytes.” Ann. Rev. Immunol. 7: 513-535.

Castano, L. and G. S. Eisenbarth. (1990). “Type-l-diabetes: a chronic autoimmune disease 
of human, mouse and rat.” Annu. Rev. Immunol. 8: 647-679.

Charles, A. M., M. Suzuki, N. Waldeck, L. E. Dodson, L. Slater , K. Ong, A. Kershnar, B. 
Buckingham and M. Golden. (1983). “Immune islet cell killing mechanisms associated with 
insulin-dependent diabetes: in vitro expression of cellular and antibody-mediated islet 
cell cytotoxicity in humans.” J. Immunol. 130: 1189-1194.

Charlton, B., A. Bacelj and T. E. Mandel. (1988A). “Administration of silica particles or 
Lyt2 antibody prevents beta cell destruction in NOD mice given cyclophosphamide.” 
Diabetes. 37: 930-935.

Charlton, B., A. Bacelj, R. M. Slattery and T. E. Mandel. (1989). “Cyclophosphamide- 
induced diabetes in NOD/WEHl mice, evidence for suppression in spontaneous 
autoimmune diabetes mellitus.” Diabetes. 38: 441-447.

Charlton, B. and T. Mandel. (1988B). “Progression from insulitis to beta cell destruction 
in NOD mice requires L3T4+ T lymphocytes.” Diabetes. 37: 1108-1112.

Claman, H. N., E. A. Chaperon and R. F. Triplett. (1966). “Thymus-marrow cell 
combinations synergism in antibody production.” Proc. Soc. Exp. Biol. Med. 122: 1167- 
1172.

Clark, 1. A., N. H. Hunt and W. B. Cowden. (1986). “Oxygen-derived free radicals in the 
pathogenesis of parasitic disease.” Adv. Parasitol. 25: 1-44.

Cobbold, S. P., A. Jayasuriya, A. Nash, T. D. Prospero and H. Waldmann. (1984). “Therapy 
with monoclonal antibodies by elimination of T cell subsets in vivo.” Nature. 312: 548- 
551.

Cobbold, S. P., G. Martin, S. Qjn and W. H. (1986). “Monoclonal antibodies to promote 
marrow engraftment and tissue graft tolerance.” Nature. 323: 164-166.

Cobbold, S. P., G. Martin and H. Waldmann. (1990A). “The induction of skin graft tolerance 
in major histocompatibility complex-mismatched or primed recipients: primed T cells can 
be tolerized in the periphery with anti-CD4 and anti-CD8 antibodies.” Eur. J. Immunol.
20: 2747-2755.

2 7 4



Cobbold, S. P., S. Qjn and H. Waldmann. (1990B). “Reprogramming the immune system for 
tolerance with monoclonal antibodies.” Siminars Immunol. 2: 377-387.

Cockfield, S. M., V. Ramasser and J. Urmson et al. (1989). “Multiple low dose 
streptozotocin induces systemic MHC expression in mice by triggering T cells to release 
IFN-y .” J. Immunol. 142:1120-1128.

Coffman, R. L. and 1. L. Weissman. (1981). “A monclonal antibody that recognises B cells 
and B cell precursors in mice.” J. Exp. Med. 153: 269.

Cohen, 1. R. and H. Atlan. (1989B). “Network regulation of autoimmunity: An automaton 
model.” J. Autoimmunity. 2 (5): 613-625.

Cohen, I. R., D. Elias, R. Maron and Y. Schechter. (1984). “Immunization to insulin 
generates anti-idiotypes that behave as antibodies to the insulin hormone receptor and 
cause diabetes mellitus.” In: Kohler H, Urbain J, Caszenave P A (eds): in Idiotypy in 
Biology and Medicine. New York Academic Press. : pp 385-400.

Cohen, 1. R., D. Elias, M. Rapoport and Y. Shechter. (1989A). “Production and properties of 
anti-idiotypic antibodies that recognise insulin receptor.” Methods Enzymol. 178: 300- 
308.

Cohen, 1. R. and D. B. Young. (1991). “Autoimmunity, microbial immunity and the 
immunolgical homunculus.” Immunol. Today. 12 (4): 105-110.

Coleman, D. C., J. E. Kuzava and E. H. Leiter. (1990). “Effect of diet on the incidence of 
diabtes in non-obese diabetic (NOD) mice.” Diabetes. 39: 432-436.

Concannon, P., R. A. Gatti and L. E. Hood. (1987). “Human T cell receptor VR gene 
polymorphism.” J. Exp. Med. 165: 1130-1140.

Cooke, A. (1986). “Idiotypes, antidiotypes, and autoimmune disease.” Plasma Ther.
Transfus. Tchnol. 7: 161-170.

Cooke, A. (1991). “Is there restricted T cell receptor usage in autoimmune disease ?” Clin. 
Exp. Med. 83: 345-346.

Cooke, A., P. M. Lydyard and 1. M. Roitt. (1983). “Mechanism of autoimmunity : A role for 
cross reactive idiotypes.” Immunol. Today. 4: 170-175.

Cooke, A., P. M. Lydyard and 1. M. Roitt. (1984). “Autoimmunity and idiotypes.” Lancet.
11: 723-725.

Coombs, R. R. A. and P. G. H. Gell. (1975). “Classification of allergic rections responsible 
for clincal hypersensitivity and disease.” In , Clinical aspects o f Immunology, ed. P. G. H 
Gell, R. R. A, Coombs, P. J. Lachmann. Oxford: Blackwell. : P761.

Cooperstein, S. J. and D. Watkins. (1981). “Action of toxic drugs on islet cells.” New York: 
Academic Press,. : pp 387-425.

Cornall, R. J., J.-B. Prins, J. A. Todd, A. Pressey, N. H. DeLarto, L. S. Wicker and L. B.
Peterson. (1991). “Type 1 diabetes in mice is linked to the interlukin-1 receptor and 
Lsh/Ity/Bcg genes on chromosome 1.” Nature. 353: 262-265.

Crocker, P. R. and S. Gordon. (1986). “Properties and distribution of a lectin-like 
hemagglutinin differentially expressed by murine stromal tissue macrophages.” J. Exp.
Med. 164: 1862-1875.

Crocker, P. R. and S. Gordon. (1989). “Mouse macrophage hemagglutinin (sheep erythrocyte 
receptor) with specificity for sialylated glyconjugates characterized by a monoclonal.” J.
Exp. Med. 169: 1333-1346.

275



Dardenne, M., F. Lepault, A. Bendelac and J. F. Bach. (1989). “Acceleration of the onset of 
diabetes in NOD mice by thymectomy at weaning.” Eur. J. Immunol. 19: 889-895.

Davidson, A., R. Shefner, A. Livneh and B. Diamond. (1987). “The role of somatic mutation 
of immunoglobulin genes in autoimmunity.” Ann. Rev. Immunol. 5: 85-108.

Dawe, K., P. Hutchings, A. Cooke, B. Chmpion and 1. Roitt. “Autoantigens in thyroid 
diseases (in press).” Seminars in Immunopathology, ed, J-F. Bach. :

De Berardinis, P., M. Londei, R. F. L James, S. P. Lake, P. H. Wise and M. Feldmann.
(1988A). “Do CD4-positive cytotoxic T cells damage islet beta cells in type 1 diabetes?” 
Lancet 11: 823-824.

De Berardinis, P., M. Londei, M. Kahan and e. al. (1988B). “The majority of the activated T 
cells in the blood of insulin-dependent diabetes mellitus (IDDM) patients are CD4^.” Clin. 
Exp. Med. 73: 255-259.

Dean, B. M., F. Becker, J. M. McNally and e. al. (1986). “Insulin autoantibodies in the pre
diabetic period: correlation with islet cell antibodies and development of diabetes.” 
Diabetologia. 29: 339-342.

Dean, B. M., A. J. Bone, A. M. Varey, R. Walker, J. D. Baird and A. Cooke. (1987). “Insulin 
autoantibodies, islet cell surface antibodies and the development of spontaneous diabetes 
in the BB/Edinburgh rat.” Clin Exp Immunol. 69: 308-313.

Dean, B. M., R. Walker, A. J. Bone, j. D. Baird and A. Cooke. (1985). “Pre-diabetes in the 
spontaneously diabetic BB/E rat: lymphocyte subpopulations in the pancreatic infiltrate 
and expression of rat MHC class 11 molecules in endocrine cells.” Diabetologia. 28: 464- 
466.

Debray-Sachs, M., C. Camaud, C. Boitard, H. Cohen, 1. Gresser, P. Bedossa and J.-F. Bach. 
(1991). “Prevention of diabetes in NOD mice treated with antibody to murine IFN-y .” J. 
Autoimmunity. 4: 237-248.

Del Prete, G. F., C. Betterle, D. Padovan, G. Erie, A. Toffolo and G. Bersachi. (1977). 
“Incidence and signifance of islet-cell autoantibodies in different types of diabetes 
mellitus.” Diabetes. 26: 909-915.

Del Rey, A. and H. Besedovsky. (1989). “Antidiabetic effects of interleukin 1.” Proc. Natl. 
Acad. Sci. 86 : 5943-5947.

Derick, J. E., P. A. Campbell and U. D. Staerz. (1991). “Macrophages as accessory cells for 
class 1 MHC-restricted immune responses.” J. Immunol. 147: 2846-2851.

Devaux, C., C. Labit, S. Marchetto and M. Pierres. (1984). “Shared idiotope on monclonal 
anti-Ia.7 antibodies reactive with determinants in a structural domain of the 1-E 
molecules.” J. Immunol. 132: 1353-1360.

Dialynsas, D. P., Z. S. Quan, K. S. Wall, A. Pierres, J. Quintans, M. R. Loken, M. Pierres and 
F. W. Fitch. (1983A). “Characterization of the murine T cell surface molecule, designated 
L3T4, identified by monoclonal antibody GK1.5: similarity of L3T4 to the human Leu 3/T4 
molecule.” J. Immunol. 131: 2445-2451.

Dialynsas, D. P., D. B. Wilde, P. Marrack, K. A. Pierres, K. A. Wall, W. Havran, M. R. Otten,
M. Laken, M. Pierres, J. Kappler and F. W. Fitch. (1983B). “Characterization of the murine 
antigenic determinant, designated L3T4a, recognised by monoclonal antibody GK1.5: 
expression of L3T4a by functional T-cell clones appears to correlate primarily with class 
II MHC antigen reactivity.” Immunol. Rev. 74: 29-56.

276



Dobersen, M. J. and J. E. Scharff. (1982). “Preferential lysis of pancreatic B-cells by islet 
cell surface antibodies.” Diabetes. 31: 459-462.

Dobersen, M. J., J. E. Scharff, F. Ginsberg-Fellner and A. L Notkins. (1980). “Cytotoxic 
autoantibodies to beta cells in the serum of patients with insulin-dependent diabetes 
mellitus.” N. Eng. J. Med. 303: 1493-1498.

Dobson, M. (1776). Med. Obs. Inq. 5: 298.

Dogiel, A. (1893). Arch. Anat. Entho. Gesch. : 118.

Doniach, 1. and A. G. Morgan. (1973). “Islets of Langerhans in juvenile diabetes mellitus.” 
Clin. Endocrinol. 2: 233-248.

Dougherty, G. J., S. Murdoch and N. Hogg. (1988). “The function of human intercellular 
adhesion molecule-1 (lCAM-1) in the generation of an immune response.” Eur. J. Immunol. 
18: 35-39.

Doyle, C. and J. L. Strominger. (1987). “Interaction between CD4 and class 11 MHC 
molecules mediates cell adhesion.” Nature. 330: 256-259.

Drapier, J. C., J. Wietzerbin and J. B. Hibbs. (1988). “Interferon-y and tumor necrosis 
factor induce the L-arginine-dependent cytotoxic effector mechanism in murine 
macrophages.” Eur. J. Immunol. 18:1587-1592.

Dwyer, D. S., R. J. Bradley, C. K. Urquhart and J. F. Kearney. (1983). “Naturally occurring 
anti-idiotypic antibodies in myastenia gravis patients.” Nature. 301: 611-614.

Dwyer, D. S., M. Vakil and J. F. Kearney. (1986). “Idiotypic network connectivity and a 
possibile cause of myasthenia gravis.” J. Exp. Med. 164: 1310-1318.

Dyrberg, T. (1990). “The role of viruses and the immune system in diabetes mellitus: 
experimental models.” Curr. Topics. Microbiol. Immunol. 156: 1-137.

Dyrberg, T., P. Poussier, A. F. Nakhooda, S. Baekkeskow, E. B. Marliss and A. Lemmark. 
(1984). “Islet cell surface and lymphocyte antibodies often precede the spontaneous 
diabetes in the BB rat.” Diabetologia. 26: 159-165.

Dyson, P. J., A. M. Knight, S. Fairchild, E. Simpson and K. Tomonari. (1991). “Genes 
encoding ligands for deletion of Vftll T cells cosegregate with mammary tumour virus 
genomes.” Nature. 349: 531-532.

Ebbel, B. (1937). “The Papyrus Ebers, The Greatest Egyptian Medical Document. 
(Translation).” Copenhagen. :

Ehrlich, P. and J. Morgenroth. (1900). “reprinted in :The collected papers of Paul Ehrlich. 
(1957).” F. Himmelweit, M. Marquardt, H. D. Dale. Eds. Pergamon, London. 2: pp 205-212.

El-Roiey, A., W. L. Gross, J. Ludemann, D. A. Isenberg and Y. Shoenfield. (1986). 
“Preferential secretion of a common anti-DNA idiotype (16/6 Id) and anti-polynucleotide 
antibodies by normal mononuclear cells following stimulation with Klebsiella 
pneumoniae.” Immunol. Lett. 12: 313-319.

El-Roiey, A., O. Sela, D. A. Isenberg, R. Feldman, B. C. Colaco, R. C. Kennedy and Y. 
Shoenfeld. (1987). “ The sera of patients with Klebsiella infections contain a common anti- 
DNA idiotype (16/6)ld anti-polynucleotide activity.” Clin. Exp. Immunol. 67: 507-515.

Elias, D., D. Markovits, T. Reshef, R. Van der Zee and I. R. Cohen. (1990). “Induction and 
therapy of autoimmune diabetes in the non-obese diabetic (NOD/Lt) mouse by a 65 kDa 
heat shock protein.” Proc Natl Acad Sci. 87: 1576-1580.

277



Elliott, R. B., S. N. Reddy, N. J. Bibby and K. Kida. (1988). “Dietaiy prevention of diabetes 
in the non-obese diabetic mouse.” Diabetologia. 31: 62-64.

Farr, A. G. and P. K. Nakane. (1983). “Cells bearing la antigens in the murine thymus : An 
ultrastructural study.” Am. J. Path. I l l :  88-97.

Faustman, D., V. Hauptfeld, P. E. Davie, P. E. Lacy and D. C. Schreffler. (1980). “Murine 
pancreatic beta cells express H-2K and H-2D, but not 1-A antigens.” J. Exp. Med. 151: 
1563-1570.

Ferrick, D. A., P. S. Ohashi, V. Wallace, M. Schilham and T. W. Mak. (1989). “Thymic 
ontogeny and selection of oR and y6 T cells.” Immunol. Today. 10: 403-407.

Ferris, D. K., A. Harel Bellan, R. 1. Morimoto, W. J. Welch and W. L. Farrar. (1988).
“Mitogen and lymphokine stimulation of heat shock proteins in T lymphocytes.” Proc Natl 
Acad Sci. 85: 3850-3854.

Festenstein, H. (1973). “Immunogenetic and biological aspects of in vitro lymphocyte 
allotransformation (MRL) in the mouse.” Transplant Rev. 15: 62-88.

Flajnik, M. F., L. DuPasquier and N. Cohen. (1985). “Immune responses of thymus/ 
lymphocyte embryonic chimereas: studies on tolerance and major histocompatibility 
complex restriction in xenopus.” Eur. J. Immunol. 15: 540-547.

Florentino, D. F., A. Zlotnik, P. Vieira, T. R. Mosmann, M. Howard, K. W. Moore and A. 
O'Garra. (1991). “IL-10 acts on the antigen-presenting cell to inhibit cytokine production 
by Thl cells.” J. Immunol. 146: 3444-3451.

Fong, S., P. P. Chen, R.-l. Fox, R. D. Goldfien, A. Radoux, G. J. Silverman, J. J. Crowley, J. 
Roudier and D. A. Garson. (1988). “The diversity and idiotype patterns of human 
rheumatoid factors indisease.” Concepts in Immunopathology. 5: 168-191.

Formby, B. and N. Miller. (1990). “Autologous CD4 T cell responses to ectopic class II 
major histocompatibility complex antigen-Expressing single-cell islet cells: a in vitro 
insight into the pathogenesis of lymphocytic insulitis in nonobese diabetic mice.” Proc. 
Natl. Acad. Sci. 87: 2438-2442.

Forsgren, S., U. Dahl, A. Soderstrom, D. Holmberg and T. Matsunaga. (1991). “The 
phenotype of lymphoid cells and thymic epithelium correlates with development of 
autoimmune insulitis in NOD-C57BL/6 allophenic chimeras.” Proc. Natl. Acad. Sci. 88 : 
9335-9339.

Foulis, A. K., M. A. Farquharson and R. Hardman. (1987B). “Aberrant expression of class 
II major histocompatibility complex molecules by beta cells and hyper-expression of class 
I major histocompatibility complex molecules by insulin-containing islets in type I 
(insulin-dependent) diabetes mellitus.” Diabetologia. 30: 33-343.

Foulis, A. K., M. A. Farquharson and A. Meagher. (1987A). “Immunoreactive a  -interferon 
in insulin secreting beta cells in type 1 diabetes mellitus.” Lancet 1: 1423-1427.

Foulis, A. K., C. N. Liddle, M. A. Farquharson, J. A. Richmond and R. Weir S. (1986). “The 
histopathology of the pancreas in Type 1 (insulin-dependent) diabetes mellitus: a 25-year 
review of deaths in patients under 20 years of age in the united kingdom.” Diabetologia. 
29: 267-274.

Fowlkes, B. J., R. H. Schwartz and D. M. Pardoll. (1988). “Deletion of self-reactive 
thymocytes occurs at a CD4+CD8+ precursor stage.” Nature. 334: 620-623.

Frankel, W. N., C. Rudy, J. M. Coffin and B. T. Huber. (1991). “Linkage of Mis genes to 
endogenous mammary tumor viruses of inbred mice.” Nature. 349: 526-528.

278



Fujii, N., Y. Itoyama, T. Tebira and Kuroiwa. (1983). “Subsets of lymphoid cells in the 
blood and thymus in myasthenia gravis. Monoclonal antibody analysis.” J. Neuroimmunol. 
4: 151.

Fujii, Y., Y. Mondon, K. Nakahara, J. Hashimoto and Y. Kawashima. (1984). “Antibody to 
acetylcholine receptor myasthenia gravis.” Neurology. 34; 1182.

Fujinami, R. S. and M. B. A. Oldstone. (1985). “Amino acid homology between the 
encephalitogenic site of myelin basic protein and virus.” Science. 230: 1043-1045.

Fujino-Kurihara, H., A. Hakura, K. Nonaka and S. Turui. (1985). “Morphological aspects on 
[SIC] pancreatic islets of non-obese diabetic mice.” Virchows. Archiv. B49: 107-120.

Fujita, T., R. Yui, Y. Kusumoto, Y. Serizawa, A. Makino and Y. Tochino. (1982).
“Lymphocytic insulitis in a "non-obese diabetic (NOD)" strain of mice: an 
immnohistochemical and electron microscope investigation.” Biomed. Res. : 429-443.

Fukada, M., F. Horio, R. Kubo and M. Hattori. (1989). “Monoclonal antibody F23.1 against T 
cell bearing VR8 TCR elements can prevent the development of insulitis in NOD mice.” 
Diabetes. 38 (Suppl) 2:12A.

Fukuda, M., H. Ikegami, Y. Kawaguchi, Y. Fujioka, Y. Tahara, M. Hattori and T. Ogihara. 
(1991). “Probucol inhibits generation of free radical oj^gen in islet cells and prevents 
cyclophophamide induced diabetes in NOD mice.” Proceedings of the 11th International 
Immunology and Diabetes Workshop. : Abst. W1-P26.

Furchgott, R. F. (1988). “In; Vasodilation: vascular smooth muscle, peptide, autonomic 
nerve and endothelium.” Vanhoutte, P. M. Ed. : pp. 401-414.

Gajewski, T. F. and F. Fitch. (1988). “Anti-proliferative effect of IFN-7 in immune 
regulation. 1. IFN^ inhibits the proliferation of Th2 but not Thl murine helper T 
lymphocyte clones.” J. Immunol. 140: 4245-4252.

Gandy, S. M., M. G. Buse and R. K. Crouch. (1982). “Protective role of superoxide dismutase 
against diabetogenic drugs.” J. Clin. Invest. 70: 650-658.

Gao, E.-K., H. Kosaka, C. D. Surh and J. SprenL (1991). “T cell contact with la antigens on 
nonhemopoietic cells in vivo can lead to imminity rather than tolerance.” J. Exp. Med.
174: 435-446.

Garchon, H.-J., P. Bedossa, L. Eloy and J.-F. Bach. (1991). “Identification and mapping to 
chromosome 1 of a susceptibility locus for periinsulitis in non-obese diabetic mice.”
Nature. 353: 260-264.

Gardner, S. M., B. A. Mock, j. Hilgers, K. E. Huppi and W. D. Roeder. (1987). “Mouse 
lymphotoxin and tumor necrosis factor: Structural analysis of the cloned genes, physical 
linkage, and chromosomal position.” j. Immunol. 139: 476-483.

Garzelli, C., F. E. Taub, J. E. Scharff, B. S. Prabhakar, F. Ginsberg-Feller and A. 1. Notkins. 
(1984). “Epstein-Barr virus-transformed lymphocytes produce monclonal autoantibodies 
that react with antigens in multiple organs.” J. Virol. 52: 722-725.

Gaulton, G. N., J. L. Schwartz and D. D. Eardley. (1985). “Assessment of the diabetogenic 
drugs alloxan and streptozotocin as models for the study of immune defects in diabetic 
mice.” Diabetologia. 28: 769-775.

Gepts, W. (1965). “Pathologic anatomy of the pancreas in juvenile diabetes mellitus.” 
Diabetes. 14: 619-633.

279



Gerling, L, C. Nejman and N. K. Chatteijee. (1988). “Effect of coxsackievirus B4 infection 
in mice on expression of 64,000-Mr autoantigen and glucose sensitivity of islets before 
development of hyperglycemia.” Diabetes. 37:1419-1425.

Germain, R. N. and B. Benacerraf. (1981). “A single major pathway of T-lymphocyte 
interactions in antigen-specific immune suppression.” Scand. J. Immunol. 13: 1-10.

Gershon, R. and K. Konodo. (1971). “Infectious immunological tolerance.” Immunology. 21: 
903-914.

Gilfillan, S., S. Also, S. A. Michie and H. O. McDevitt (1990). “Immune deficiency due to 
high copy numbers of an AR^ transgene.” Proc. Natl. Acad. Sci. 87: 7319-7323.

Goillot, E., M. Mutin and J.-L. Touraine. (1991). “Sialadenitis in nonobese diabetic mice: 
Transfer into sygeneic healthy neonates by splenic T lymphocytes.” Clin. Immunol. 
Immunopathol. 59: 462-473.

Good, M. P., K. W. Pyke and G. Nossal J. V. (1983). “Functional clonal deletion of cytotoxic 
T-lymphocyte precursors in chimeric thymus produced in vitro from embryonic Anlagen.” 
Proc. Natl. Acad. Sci. 80: 3045-3049.

Goodnow, C. C., S. Adels tein and T. Bas ten. (1990). “The need for central and peripheral 
tolerance in the B cell repertoire.” Science. 248: 1373-1379.

Goodnow, C. C., R. Brink and E. Adams. (1991). “Breakdown of self-tolerance in anergic B 
lymphocytes.” Nature. 352: 532-536.

Goodnow, C. C., J. Crosbie, S. Adelstein, T. B. Lavoie, S. J. Smith-Gill, R. A. Brink, H.
Pri tc hard-Biscoe, J. S. Wotherspoon, R. H. Loblay, K. Raphael, R. J. Trent and A. Bas ten.
(1988). “Altered immunoglobulin expression and functional silencing of self-reactive B 
lymphocytes in transgenic mice.” Nature. 334: 676-682.

Gorsach, A. N., K. M. Spencer, J. Lister, J. McNally, B. M. Dean, G. P. Bottazzo and A. G. 
Cudworth. (1981). “Evidence for a long prediabetic period in type 1 (insulin-dependent) 
diabetes mellitus.” Lancet. 2:1363-1365.

Grabar, P. (1975). “Hypothesis. Autoantibodies and immunological theories : an analytical 
review.” Clin. Immunol. Immunopathol. 4: 453-466.

Granger, D. L., J. R. Perfect and D. T. Durack. (1986). “Macrophage-mediated fungistasis: 
requirement for a macromolecular component in serum.” J. Immunol. 137: 693-701.

Green, A. and P. Hougaard. (1984A). “Epidemiological studies of diabetes mellitus in 
Denmark: 5. Mortality and causes of death among insulin-treated diabetic patients,.” 
Diabetologia. 26: 190-194.

Green, A. and P. Solander. (1984B). “Epidemiological studies of diabetes in Denmark: 6.
Use of hospital services by insulin-treated diabetic patients.” Diabetologia. 26: 195-198.

Green, S. J., M. S. Meltzer, J. B. Hibbs and C. A. Nacy. (1990). “Activated macrophages 
destroy intracellular Leishmania amastigotes by an L-arginine-dependent killing 
mechanism.” J. Immunol. 144: 278-283.

Greiner, D. L., E. S. Handler, K. Nakano, J. P. Mordes and A. A. Rossini. (1986). “Absence 
of the RT-6 T cell subset in diabetes prone BB/W rats.” J. Immunol. 136: 148-.

Greiner, D. L., J. P. Mordes, E. S. Handler, M. Angelillo, N. Nakamura and A. A. Rossini.
(1987). “Depletion of RT6.1 T lymphocytes induces diabetes in resistant BB/W rats.” J.
Exp. Med. 166: 461-.

2 8 0



Griffith, T. M., D. H. Edwards, M. J. Lewis, A. C. Newby and A. H. Henderson. (1984). “The 
nature of endothelium-derived vascular relaxant factor.” Nature. 308: 645-647.

Guilbert, B., G. Dighiero and S. Avr ameas. (1982). “Naturally occurring antibodies against 
nine common antigens in normal humans. 1. Detection, isolation, and characterization.” J. 
Immunol. 128: 2779-2787.

Gunnarsson, R., C. Berne and C. Hellerstrom. (1974). “Cytotoxic effects of streptozotocin 
diabetes and N-nitromethylurea on the pancreatic B cells with special regard to the role of 
nicotinamide-adenine dinucleotide.” Biochem. J. 140: 487-494.

Gupta, S., S. M. Fikrig, S. Khanna and E. Orti. (1982). “Deficiency of suppressor T-cells in 
insulin-dependent diabetes mellitus. An analysis with monclonal antibodies.” Immunol. 
Lett. 4: 289-294.

Gutstein, N. L., W. E. Seaman, J. H. Scott, D. Wofsy and . (1986). “Induction of immune 
tolerance by adminstration of monoclonal antibody to L3T4.” J. Immunol. 137: 1127- 
1132.

Habicht, G. S., J. M. Chiller and W. O. Weigle. (1975). “Termination of acquired and 
natural immunolgical tolerance with specific complexes.” J. Exp. Med. 142: 312-310.

Hafier, D. A., A. D. Duby, D. Benjamin, J. G. Seidman and H. L. Weiner. (1987). “Analysis 
of T-cell receptor beta chain gene rearrangements in T cells cloned directly from inactive 
MS plaques.” Neurology. 36: 314-320.

Hafier, D. A. and H. L. Weiner. (1989). “MS: a CNS and systemic autoimmune disease.” 
Immunol. Today. 10 (3): 104-107.

Hanafusa, T., H. Fujino-Kurihara, A. Miyazaki, K. Yamada, H. Nakajima, J. Miyagawa, N. 
Kono and S. Tarui. (1987). “Expression of class II major histocompatibility antigens on 
pancreatic R cells in the NOD mice.” Diabetologia. 30: 104-.

Hanafusa, T., A. Miyazaki, K. Yamada and et. al. (1985). “Detection of ployglandular 
autoantibodies in the non-obese-diabetic (NOD) mouse.” Diabetes Res. Clin. Pract. : 0 Supp 
1:S220 (Abstract).

Hanafusa, T., A. Miyazaki, K. Yamada, J. Miyagawa, H. Fujino-Kurihara, H. Nakajima, N. 
Kono, K. Nonaka and S. Tarui. (1989). “Autoantibodies to isle t-cells and multiple organs 
in the NOD mouse.” Diab. Nutr. Metab. 1: 273-276.

Hanafusa, T., R. Pujol-Borrell, L. Chiovata, C. G. Russell, D. Doniach and G. F. Bottazzo. 
(1983). “Aberrant expressention of HLA-DR antigen on thyrocytes in Graves disease: 
relevance to autoimmunity.” Lancet ii: 1111-1115.

Handa, K., R. Suzuki, H. Matsui, Y. Shimizu and K. Kumagai. (1983). “Natural killer (NK) 
cells as a responder to interleukin 2 (lL-2). 11. 11-2-induced interferon gamma 
production.” J.Immunol. 130: 988-992.

Han^erg, H., V. Kolb-Bachofen, G. Kantwerk-Fuke and H. Kolb. (1989). “Macrophage 
infiltration precedes and is a prerequisite for lymphocyte insulitis in pancreatic islets of 
prediabetic BB rats.” Diabetologia. 32: 126-134.

Happ, M. P., D. L. Woodland and E. Palmer. (1989). “A third T-cell receptor R-chain 
variable region gene encodes reactivity to Mls-1^ gene products.” Proc. Natl. Acad. Sci.
86 : 6293-6296.

Haqqi, R. M., S. Banerjee, M. A. Behike, G. Dungeon, D. Y. Loh, J. Stuart, H. S. Luthra and C. 
S. David. (1988). “VR6 gene of the T cell receptor may be involved in type 11 collagen 
induced arthritis in mice.” FASEB J. 2: A661.

281



Haque, S., K. Saizawa, J. Rojo and C. A. Janeway . (1987). “The influence of valance on the 
functional activities of monclonal anti-L3T4 antibodies: Discrimination of signaling from 
other effects.” j. Immunol. 139: 3207-3212.

Harada, M. and S. Makino. (1984). “Promotion of spontaneous diabetes in non-obese 
diabetes-prone mice by cyclophosphamide.” Diabetologia. 27: 604-606.

Harada, M. and S. Makino. (1986). “Suppression of overt diabetes in NOD mice by anti
thymocyte serum or anti-thy 1.2 antibody.” Exp Anim. 35: 501-504.

Hardy, R. and K. Kayakawa. (1986). “Development and physiology of Ly-1 B and its human 
homonlogue, Leu-1 B.” Immunol. Rev. 3: 53-80.

Hari, J. and R. A. Roth. (1987). “Defective internalization of insulin and its receptor in 
cells expressing mutated insulin receptors lacking kinase activity.” J. Biol. Chem. 262: 
15341-15344.

Hari, J., K. Yokono, K. Yonezawa, K. Amano, S. Yaso, K. Shii, Y. Imamura and S. Baba.
(1986). “Immunochemical characterization of anti-islet cell surface monclonal antibody 
from nonobese diabetic mice.” Diabetes. 35: 517-522.

Hasek, M. and T. Hraba. (1955). “Immunological effects of experimental embryonal 
parabiosis.” Nature. 175: 764-765.

Haskins, K., C. Hannum, J. White, N. Roehm, J. Kappler and P. Marrack. (1984). “The 
antigen speciflc major histocompatibility complex restricted receptor on T cells. VI. An 
antibody to a receptor allotype.” J. Exp. Med. 160: 452-.

Haskins, K., M. Portas, B. Bradley, D. Wegmann and K. Lafferty. (1988). “T lymphocyte 
clone specifc for pancreatic islet antigen.” Diabetes. 37: 144^1448.

Hatamori, N., K. Yokono, M. Hayakawa, T. Taki, W. Ogawa, M. Nagata, J. Hari, K. Shii, H. 
Taniguchi and S. Baba. (199GB). “Anti-interleukin 2 receptor antibody attenuates low- 
dose streptozotocin-induced diabetes in mice.” Diabetologia. 33: 266-271.

Hatamori, N., K. Yokono, M. Nagata, K. Shii and S. Baba. (1990A). “Impaired mitogen- 
induced expression of high afflnity interleukin 2 receptors on spleen cells from 
NOD/Shi/Kbe mice.” Diabetes. 39: 1070-1078.

Hattori, M., J. B. Buse, R. A. Jackson, L. Glimcher, S. Makino, K. Moriwaki, M. Durff, M. 
Minami, H. Kuzuya, H. Imura, J. G. Seidman and G. S. Eisenbarth. (1986). “The NOD mouse: 
recessive diabetogenic gene within the major histocompatibility complex.” Science. 231: 
733-735.

Havren, W. L, M. Poenie, J. Kimura, R. Tsien, A. Weiss and J. P. Allison. (1987).
“Expression and function of the CD3-antigen receptor on murine CD4+8+ thymocytes.” 
Nature. 330:17-0-173.

Hayakawa, M., K. Yokono, M. Nagata, N. Hatamori, W. Ogawa, A. Miki, H. Mizoguti and S. 
Baba. (1991). “Morphological analysis of selective destruction of pancreatic B-cells by 
cytotoxic T lymphocytes in NOD mice.” Diabetes. 40:1210-1217.

Hayward, A. R., S. P. Cobbold, H. Waldmann, A. Cooke and E. Simpson. (1988). “Delay in 
onset of insulitis in NOD mice following a single injection of CD4 and CD8 antibodies.” J. 
Autoimmunity. 1: 91-96.

Hayward, A. R. and M. Schreiber. (1989). “Neonatal injection of CD3 antibody into 
nonobese diabetic mice reduces the incidence of insulitis and diabetes.” J. Immunol. 143: 
1555-1559.

282



Heber-Katz, E. and H. Acha-Orbea. (1989). “The V-region disease hypothesis evidence 
from autoimmune encephalomyelitis.” Immunol. Today. 10 (5): 164-169.

Heilman, B. and B. Peterson. (1963). “Long-term changes of the a 1 and a2 ceils in the 
islets of langerhans of rats with alloxan diabetes.” Endocrinology. 72: 238-242.

Hengartner, H., B. Odermatt, R. Schnieder, M. Schreyer, G. Waiie, H. R. MacDonald and R. M. 
Zinkernagel. (1988). “Deletion of seif-reactive T ceils before entry into the thymus 
medulla.” Nature. 336: 388-390.

Hibbs, J. B., R. R. Tain tor and Z. Vavrin. (1987B). “Macrophage cytotoxicity: Role for L- 
arginine deaminase and imino nitrogen oxidation to nitrite.” Science. 235: 473-476.

Hibbs, J. B., R. R. Taintor, Z. Vavrin and et. ai. (1990). “IN: Nitric oxide from L-arginine; a 
bioregulatory system. Excerpta Medica, Amsterdam.” Moncada, S and Higgs, E., A Eds. : pp. 
189-223.

Hibbs, J. B., Z. Vavrin and R. R. Taintor. (1987A). “L-Arginine is required for expression 
of the activated macrophage effector mechanism causing selective metabloic inhibition in 
target cells.” J. Immunol. 138: 550-565.

Higuchi, M., N. Higashi, H. Taki and T. Osawa. (1990). “Cytolytic mechanisms of activated 
macrophages: Tumor-necrosis factor and L-arginine-dependent machanisms act 
synergistically as the major cytolytic mechanisms of activated macrophages.” J. Immunol. 
144: 1425-1431.

Hirsch, S., J. M. Austyn and S. Gordon. (1981). “Expression of the macrophage-specific 
antigen F4/80 during differentiation of mouse bone marrow cells in culture.” J. Exp. Med. 
154: 713-725.

Hirsch, S. and S. Gordon. (1983). “Polymorphic expression of a neutrophil differentiation 
antigen revealed by a monoclonal antibody 7/4.” Immunogenetics. 18: 229-339.

Holmes, K. L. and H. C. Morse. (1988). “Murine hematopoietic cell surface antigen 
expression.” Immunol. Today. 9:11: 344-350.

Holoshitz, J., F. Koning, J. E. Coligan, J. DeBruyn and S. Strober. (1989). “Isolation of CD4- 
CD8- mycobacteria-reactive T lymphocyte clones from rheumatoid arthritis synovial 
fliud.” Nature. 339: 226-229.

Horely, K. J., C. Carpenito, B. Baker and F. Takei. (1989). “Molecular cloning of murine 
intercellular adhesion molecule (ICAM).” EMBO. 8: 2889-2896.

Huang, S. W. and N. K. MacLaren. (1976). “Insulin-dependent diabetes: a disease of 
autoaggression.” Science. 192: 64-66.

Hughes-Jones, N. C., B. D. Gorick and J. C. Howard. (1983). “The mechanism of synergistic 
complement-mediated lysis of rat red cells by monclonal IgG antibodies.” Eur. J. Immunol. 
13: 635-641.

Hugo, P., R. L. Boyd, G. A. Waaders, H. T. Petrie and R. Scollay. (1991). “Timing of deletion 
of autoreactive Vb6+ ceils and down regulation of either CD4 or CD8 on phenotypically 
distinct CD4+8+ subsets of thymocytes expressing intermediate or high levels of T cell 
receptor.” Int. Immunol. 3: 265-272.

Hugo, P., G. A. Waanders, R. Scollay, H. T. Petrie and R. L. Boyd. (1991). “Characterization 
of immature CD4+CD8+CD3- thymocytes.” Eur. J. Immunol. 21: 835-838.

Huitinga, L, N. van Rooijen, C. J. A. Groot, B. M. J. Uitdehaag and C. D. Diijkstra. (1990). 
“Supression of experimental allergic encephalomyelitis in Lewis rats after elimination of 
macrophages.” J. Exp. Med. 172:1025-1033.

283



Hutchings, P., L. O’Reilly, N. M. Parish, H. Waldmann and A. Cooke. “The use of a non
depleting anti-CD4 monclonal antibody to re-establish tolerance to ft cells in NOD mice.” 
Eur. J. Immunol, (in press). :

Hutchings, P., H. Rosen, L. O'Reilly, E. Simpson, S. Gordon and A. Cooke. (1990B). 
“Transfer of diabetes in mice prevented by blockade of adhesion-promoting receptor on 
macrophages.” Nature. 348: 639-642.

Hutchings, P. R. and A. Cooke. (1990). “The transfer of autoimmune diabetes in NOD mice 
can be inhibited or accelerated by distinct cell populations present in normal splenocytes 
taken from young males.” J Autoimmunity. 3: 175-185.

Hutchings, P. R., E. Simpson, L. A. O’Reilly, T. Lund, H. Waldmann and A. Cooke. (1990A). 
“The involvement of Ly2+ cells in beta cell destruction.” J Autoimmunity. 3: 101-109.

Hyldig-Nielson, J. J., L. Schenming, U. Hammerling and E. e. a. Widmark. (1983). “The 
complete nucletide sequence of the 1-Ea ^ immune response gene.” Nucleic Acid Res. 11: 
5055-5072.

Ignarro, L. J., G. M. Buga, K. S. Wood, R. E. Byrns and G. Chauduri. (1987). “Endothelium- 
derived relaxing factor produced and released from artery and vein is nitric oxide.” Proc. 
Natl. Acad. Sci. 84: 9265-9275.

Ihm, S.-H. and J.-W. Yoon. (1990). “Studies on autoimmunity for initiation of ft-cell 
destruction: VI. Macrophages essential for development of ft-cell-specific cytotoxic 
effectors and insulitis in NOD mice.” Diabetes. 39: 1273-1278.

Ikegami, H., R. A. Jackson, S. Makino, D. E. Watt, G. S. Eisenbarth and M. Hattori. (1986). 
“Homozygosity for two genes (H-2: chromosome 17 and Thy-1: chromosome 9) linked to 
development of Type 1 Diabetes of the NOD mouse.” Clin. Res. 34: 63 8A.

Ikehara, S., H. Ohtsuki, R. A. Good and eL al. (1985). “Prevention of type 1 diabetes in 
nonobese diabetic mice by allogenic bone marrow transplantation.” Proc. Natl. Acad. Sci. 
82: 7743-7747.

Ikehara, S., H. Tanka, T. Nakamura, F. Furukawa, S. Inoue, K. Sekita, J. Shimizu, Y. 
Hamashima and R. A. Good. (1985). “The influence of thymic abnormalities on the 
development of autoimmune diseases.” Thymus. 7: 25-34.

llonen, J., H. M. Surcel, A. Mustonen, M. L Kaar and H. K. Akerblom. (1984). “Lymphocyte 
subpopulations at the onset of Type 1 (insulin-dependent) diabetes.” Diabetologia. 27: 
106-108.

In’t Veld, P. A. and D. G. Pipeleers. (1988). “In situ analysis of pancreata in rats 
developing diabetes. Appearance of non-endocrine cells with surface MHC class 11 
antigens and cytoplasmic insulin immunoreactivity.” J Clin Invest. 82: 1123-1128.

Inaba, M., K. Inaba, Y. Adachy, K.-I. Nango, H. Ogata, S. Muramatsu and S. Ikehara. (1990). 
“Functional analysis of thymic CD5+B cells : Responsiveness to major histocompatability 
complex class Il-restrcted T blasts but not to lipopolysaccharide or Anti-lgM plus 
interlukin 4.” J. Exp. Med. 171: 321-326.

Inaba, M., K. Inaba, M. Hosono, T. Kumamoto, T. Ishida, S. Muramatsu, T. Masuda and S. 
Ikehara. (1991). “Distinct mechanisms of neonatal tolerance induced by dendritic cells 
and thymic B cells.” j. Exp. Med. 173: 549-559.

Inaba, M., S.-l. Kuma, K. Inaba, H. Ogata, H. Iwai, R. Yasumizu, S. Muramatsu, R. M. 
Steinman and S. Ikehara. (1988). “Unusual phenotype of B cells in the thymus of normal 
mice.” j. Exp Med. 163: 811-816.

284



Isaacsson, P. C., A. J. Norton and B. J. Addis. (1987). “The human thymus contains a novel 
population of B lymphocytes.” Lancet 2 :1488-.

Isahakia, M. and N. J. Alexander. (1984). “Vasectomy-induced autoimmunity: antisperm 
and antinuclear autoimmune monclonal antibodies.” Am. J. Reprod. Immunol. 5: 117-124.

Iyengar, R., D. J. Stuehr and M. A. Marietta. (1987). “Macrophage synthesis of nitrite, 
nitrate, and N-nitrosamines: precursors and role of the respiratory burst.” Proc. Natl. 
Acad. Sci. 84: 6369-6373.

Jackson, R., N. Rassi, A. Crump, B. F. Haynes and G. S. Eisenbarth. (1981). “The BB diabetic 
r a t  profound T cell lymphopenia.” Diabetes. 30(887-889):

Jackson, R. A., J. B. Buse, R. Ritai, D. Pelletier, E. L. Milford, C. B. Carpenter, G. S.
Eisenbarth and R. M. Williams. (1984). “Two genes required for diabetes in BB rats.” 159: 
1629-1631.

Jackson, R. A., M. A. Morris, B. P. Haynes and G. S. Eisenbarth. (1982). “Increased 
circulating la-antigen-bearing T cells in Type 1 diabetes mellitus.” N. Eng. J. Med. 306: 
785-788.

Jacob, C. O., S. Aiso, S. A. Michie, H. O. McDevitt and H. Acha-Orbea. (1990). “Prevention 
of diabetes in nonobese diabetic mice by tumor necrosis factor (TNF): similarités between 
TNF-a and interleukin 1.” Proc. Natl. Acad. Sci. 87: 968-972.

James, S. L. and J. Glaven. (1989). “Macrophage cytotoxicity against Schistosomula of 
Schistosoma mansonia involves arginine-dependent production of reactive nitrogen 
intermediates.” J. Immunol. 143: 4208-4212.

James, S. L. and J. B. Hibbs. (1990). “Role of nitrogen oxides as effector molecules of 
parasite killing.” Parasitology Today. 6: 303-305.

Janeway, C. (1991). “Mis: makes little sense.” Nature. 349: 459-461.

Jaworski, M. A., L. Honore, L. D. Jewell, J. G. Mehta, P. McGuire-Clark, J. J. Schouls and W. 
Y. Yap. (1986). “Cyclosporin prophylaxis induces long term prevention of diabetes, and 
inhibits lymphocytic infiltration in multiple target tissues in the high risk BB rat.”
Diabetes Res. 3: 1-6.

Jenkins, M. K., R. H. Schwartz and D. M. Pardoll. (1988). “Effects of cyclosporine A on T 
cell development and clonal deletion.” Science. 241: 1655-1658.

Jenkins, M. K. and R. H. Schwarz. (1987). “Antigen presentation by chemically modified 
splenocytes induces antigen specific T cell unresponsiveness in vitro and in vivo.” J Exp 
Med. 165: 302-319.

Jenson, A. B., H. S. Rosenberg and A. L Notkins. (1980). “Pancreatic islet cell damage in 
children with fatal viral infection.” Lancet. 11(8190): 354-358.

Jeme, N. K. (1974). “Towards a network theory of the immune system.” Ann. Immunol. 
125c: 373-389.

Jiang, Z. and B. A. Woda. (1991). “Cytokine gene expression in the islets of the diabetic 
biobreeding/Worcester rat.” J. Immunol. 146: 2990-2994.

Jindal, S., A. K. Dudani, B. Singh, C. B. Harley and R. S. Gupta. (1989). “Primary structure 
of a human mitochondrial protein homologous to the bacterial and plant chaperonins and 
to the 65-kilodalton mycobacterial antigen.” Mol. Cell. Biol. 9: 2279-2283.

285



Johnsson, R., L. Klareskog, K. Backman and A. Tarowski. (1987). “Expression of HLA-D- 
locus (DP, DQ, DR)-coded antigens, R2-microglobulin, and the innterleukin 2 receptor in 
Sjogren's Syndrome.” Clin. Imm. Pathopath. 45: 235-243.

Kanariou, M., R. Ruby, H. Ladyman, M. Colic, G. Sivolapenko, I. Lamport and M. Ritter.
(1989). “Immunosuppression with cyclosporin A alters the thymie microenviroment.”
Clin. Exp. Immunol. 78: 263-270.

Kanazawa, Y., K. Komeda, S. Sato, S. Mori, K. Akanuma and F. Takaku. (1984). “Non-obese- 
diabe tic mice: immune mechanisms of pancreatic R-cell destruction.” Diabetologia. 27: 
113-115.

Kantwerk, G., S. Cobbold, H. Waldmann and H. Kolb. (1987). “L3T4 and Lyt-2 T cells are 
both involved in the generation of low-dose streptozotocin induced diabetes in mice.” Clin. 
Exp. Immunol. 70: 585-592.

Kaplan, M. H. and K. H. Svec. (1964). “Immunologic relation of streptococcal and tissue 
antigens. 111. Presence in human sera of streptocococcal antibody crossreactive with heart 
tissue. Association with streptococcal infection, rheumatic fever, and glomeruloephritis.”
J. Exp. Med. 119: 651-665.

Kappler, J. W., N. Roehm and P. C. Marrack. (1987). “T cell tolerance by clonal elimination 
in the thymus.” Cell. 49: 273-280.

Kappler, J. W., U. Staerz, J. White and P. C. Merrack. (1988). “Self-tolerance eliminates T 
cells specific for the major histocompatibility complex.” Nature. 332: 35-40.

Kaijalainen, J., M. Knip, A. Mustonen, J. llonen and H. K. Akerblom. (1986). “Relation 
between insulin antibody and complement-fixing islet cell antibody at clinical diagnosis 
of IDDM.” Diabetes. 35: 620-622.

Karounos, D. G. and J. W. Thomas. (1990). “Recognition of common islet antigen by 
autoantibodies from NOD mice and humans with IDDM.” Diabetes. 39: 1085-1090.

Kataoka, S., J. Sato, H. Fujiya, T. Toyota, R. Suzuki, K. Itoh and K. Kumagai. (1983). 
“Immunological aspects of the non-obese diabetic (NOD) mouse. Abnormalities of cellular 
immunity.” Diabetes. 32: 247-253.

Kawano, K., T. Hirashima, S. Mori, F. Abe, M. Korosumi and Y. Saito. (1989). “A new rat 
strain with insulin-dependent diabetes mellitus "LETL".” in: Rat News Letter. 22: pp. 14- 
15.

Kay, M. M. B. (1975). “Mechanism of removal of senescent cells by human macrophages in 
situ.” Proc. Natl. Acad. Sci. 72: 3521-3525.

Kay, T. W. H., 1. L. Campbell and L. C. Harrison. (199IB). “Characterization of pancreatic T 
lymphocytes associated with beta cell destruction in the non-obese diabetic (NOD) 
mouse.” J. Autoimmunity. 4: 263-276.

Kay, T. W. H., 1. L. Campbell, L Oxbrow and L. C. Harrison. (1991 A). “Overexpression of 
class 1 major histocompatibility complex accompanies insulitis in the non-obese diabetic 
mouse and is prevented by anti-interferon^ antibody.” Diabetologia. 34: 779-785.

Kaye, P. M., A. Cooke, T. Lund, M. Wattie and J. M. Blackwell. (1992). “Altered course of 
visceral leishmaniasis in mice expressing transgenic 1-E molecules.” Eur. J. Immunol. 22: 
357-364.

Kaye, W. A., M. N. S. Adri, J. S. Soeldner and et. al. (1986). “Acqiured defect in 
interleukin-2 production in patients with type 1 diabtes mellitus.” N. Eng. J. Med. 315: 
920-924.

2 8 6



Kida, K. (1986). “Effect of cyclosporin on ICSA in the NOD mouse.” in, Insulitis and Type I 
Diabetes. Lessons from the NOD mouse. Tarui, S et al. eds. Academic Press, New York. : 
137-147.

Kiesel, U. and H. Kolb. (1982). “Low-dose streptozotocin-induced autoimmune diabetes is 
under the genetic control of the major histocompatibility complex in mice.” Diabetologia. 
23: 69-71.

Kiesel, U. and H. Kolb. (1983). “Suppressive effect of antibodies to immune response gene 
products on the development of low-dose streptozodcin-induced diabetes.” Diabetes. 32: 
869-871.

Kiesel, U., M. Oschilewski, G. Kantwerk, M. Maruta, H. Hanenburg, U. Treichel, V. Kolb- 
Bachofen, H. Hartung and H. Kolb. (1986). “Essential role of macrophages in the 
development of Type 1 diabetes in BB rats.” Transplant. Proc. 18: 1525-.

Kirkland, H. H., D. N. Mohler and D. A. Horwitz. (1980). “Methyldopa inhibition of 
suppressor-lymphocyte function: a proposed cause of autoimmune haemolytic anaemia.” N. 
Eng. J. Med. 302: 825-832.

Kisielow, P., H. Bluthmann, U. D. Staerz, M. Steinmetz and H. Von Boehmer. (1988). 
“Tolerance in T-cell receptor transgenic mice involves deletion of nonmature CD4+8"  ̂
thymocytes.” Nature. 333: 742-746.

Klandorf, H., A. R. Chirra, A. DeGruccion and D. J. Girman. (1989). “Dimethyl sulphoxide 
modulation of diabetes in NOD mice.” Diabetes. 38:194-197.

o
Klein, J. (1982). “Immunolgy: The Science of Self-Nonself Discrimination (New York: John 
Wilefy & Sons).” : pp. 565-573.

Koevary, S. B., A. A. Rossini, W. Stoller, W. Chick and R. M. Williams. (1983). “Passive 
transfer of diabetes in the BB/W r a t” Science. 220: 727-728.

Koevary, S. B., D. E. Williams, R. M. Williams and W. L. Chick. (1985). “Passive transfer of 
diabetes from BB/W to Wistar-Furth rats.” J. Clin. Invest. 75: 1904-1910.

Koike, T., Y. Itoh, T. Ishii, 1. Ito, K. Takabayashi, N. Mauryama, H. Tomioka and S. Yoshida.
(1987). “Preventative effect of monoclonal anti-L3T4 antibody on development of diabetes 
on NOD mice.” Diabetes. 36: 539-541.

Kokkonen, J., M. Kiuttu A and O. Rosanan. (1982). “Organ-specific antibodies in healthy 
and diabetic children and young adults.” Acta. Paediat Scand. 71: 223.

Kolb, H. (1987). “Mouse models of insulin dependent diabetes: low-dose streptozotocin- 
induced diabetes and nonobese diabetic (NOD) mice.” Diabetes/Metabolism Reviews. 3: 
751-778.

Kolb, H., G. Kantwerk, U. Treichel, T. Kurner, U. Kiesel, T. Hoppe and V. Kolb-Bachofen.
(1986). “Prospective analysis of islet lesions in BB rats.” Diabetologia. 29: 559A.

Kolb, H., U. Kiesel, K.-D. Kroncke and V. Kolb-Bachofen. (1991). Life Sci. 49: PL213- 
PL217.

Kolb, H. and V. Kolb-Bachofen. (1992). “Nitric Oxide : a pathogenic factor in 
autoimmunity.” Immunol. Today. 13 (5): 157-160.

Kolb, H., M. Oschilewski, E. Schwab, U. Oschilewski and U. Kiesel. (1985). “Effect of 
cyclosporin A on low-dose streptozotocin diabetes in mice.” Diabetes. Res. 2: 191-193.

287



Kolb-Bachofen, V., S. Epstein, U. Kiesel and H. Kolb. (1988). “Low-dose streptozotocin- 
induced diabetes in mice: Electron microscopy reveals single-cell insulitis before 
diabetes onset” Diabetes. 37: 21-27.

Kromann, H., M. Christy, A. Lernmark, M. Nedergaard and J. Nerup. (1982). “The low dose 
streptozotocin murine model of type 1 (insulin dependent) diabetes mellitus: studies in 
vivo and in vitro of the modulating effect of sex hormones.” Diabetologia. 22:194-198.

Kroncke, K. D., J. Funda, B. Berschick, H. Kolb and K.-B. B. (1991). “Macrophage cytotoxity 
towards isolated rat islet cells: neither lysis nor its protection by nicotinamide are beta
cell specific.” Diabetologia. 34: 232-238.

Krug, J., E. Bierwolf, H.-J. Lampeter and D. Lohman. (1991). “Identification of cells 
responsibile for the suppression of anti-beta-cell cytoxicity in type 1 (insulin- 
dependent) diabetes mellitus.” Clin. Exp. Immunol. 84: 43-47.

Kumar, V., D. H. Kono and J. L. Urban. (1989). “The T-cell receptor repertoire and 
autoimmune diseases.” Ann. Rev. Immunol. 7: 657-682.

Kurner, T., H. Kikutani, M. Uehira, H. Nishimoto and T. Kishimoto. (1989). “Inactivation of 
pancreatic B-cell reactive T cells by 1-E expressing thymic epithelial cells.” 7th 
International Congress of Immunology, Berlin, Germany. : Abst. 41-15, pp233.

LaPace, D. M. and A. B. Peck. (1989). “Reciprocal allogeneic bone marrow transplantation 
between NOD mice and diabetes-nonsusceptible mice associated with transfer and 
prevention of autoimmune diabetes.” Diabetes. 38: 894-901.

Lafferty, K. J. and N. Shehadeh. (1991). “Potential for anti-oxidant to prevent insulin 
dependent diabetes.” Proceedings of the 11th International Immunology and Diabetes 
Workshop. : Ab st. Wl-2.

Laguesse, E. G. (1893). “Sur la formation des ilots de langerhans dans le pancreas.” C. R 
Soc. Biol (Paris). 5: 819.

Lancaster, J. R. and J. B. Hibbs. (1990). “EPR demonstration of iron-nitrosal complex 
formation by cytotoxic activated macrophages.” Proc. Natl. Acad. Sci. 87: 1223-1227.

Langerhans, P. (1869). “Beitraige Zur mikroskopischen anatomie der bauchspeicheldinse.” 
Inaugural. Med. Diss. (Berlin). :

Lanzavecchia, A. (1985). “Antigen-specific interaction between T and B cells.” Nature.
314: 537-539.

Laupacis, A., C. R. Stiller, C. Gardel, P. Keown, j. Dupre, A. C. Wallace and P. Thibert. 
(1983). “Cyclosporin prevents diabetes in BB wistar rats.” Lancet, i: 10-12.

Ledbetter, J. A., R. V. Rouse, H. S. Micklem and L. A. Herzenberg. (1980). “T cell susets 
defined by expression of Lyt-1, 2 ,3 and Thy-1 antigens..” J. Exp. Med. 152: 280-.

Lee, K. U., K. Amano and J. W. Yoon. (1988A). “Evidence for initial involvement of 
macrophage in the development of insulitis in NOD mice.” Diabetes. 37: 898-991.

Lee, K. U., C. Y. Pak, K. Amano and J. W. Yoon. (1988B). “Prevention of lymphocyte 
thyroiditis and insulitis in diabetes prone BB rats by the depletion of macrophages.” 
Diabetologia. 37: 400-402.

Lehuen, A., A. Bendelac, J.-F. Bach and C. Camaud. (1990). “The nonobsese diabetic mouse 
model: Independent expression of humoral and cell mediated autoimmune features.” J. 
Immunol. 144: 2147-2151.

288



Leiter, E. H. (1990). “The role of enviromental factors in modulating insulin dependent 
diabetes. Symposium paper 14th Argenteinan Symposium. Belgium.” In; The role of 
microorganisms in non-infectious disease. Springer, Verlag, Brussels. :

Leiter, E. H., G. J. Christianson, D. V. Serreze, A. T. Ting and S. M. Worthen. (1989). “MHC 
antigen induction by interferon y on cultured mouse pancreatic p cells and macrophages: 
Genetic analysis of strain differences and discovery of an "occult" class 1 in NOD/Lt 
mice.” J. Exp. Med. 170:1243-1262.

Leiter, E. H., M. Prochazka, D. L. Coleman, D. V. Serreze and L. D. Shultz. (1986). “Genetic 
factors prediposing to diabetes suceptibility in mice.” The Immunology of Diabetes. Eds. 
Jaworski, M. A et al, Elsevier Science Publishers. : 29-36.

Lendrum, R., G. Walker, A. G. Cudworth, C. Theophanides, D. A. Pyke, A. Bloom and D. R. 
Gamble. (1976). “Islet-cell antibodies in diabetes mellitus.” Lancet. 2: 1273-1276.

Lerner, E. A., L. A. Mads, C. A. Janeway, P. P. Jones, R. H. Schwartz and D. B. Murphy. 
(1980). “Monoclonal antibody against an Ir gene product?” J. Exp. Med. 152: 1085-1093.

Liem, K. L., J. H. Ten Veen, K. 1. Lie, T. E. W. Feltkamp and D. Durrer. (1979). “Incidence 
and significance of heart muscle antibodies in patients with acute myocardial infarction 
and unstable angina.” Acta. Med. Scand. 206: 473-475.

Liew, F. Y. and F. E. G. Cox. (1991). “Non-specific defence mechanism: The role of nitric 
oxide.” Immunol. Today. 12:

Liew, F. Y., Y. LI and S. Millott. (1990A). “Tumor necrosis factor (TNF-a ) in 
Leishmaniasis: 11. TNF-a -induced macrophage Leishmanicidal activity is mediated by 
nitric oxide from L-Arginine.” Immunol. 71: 556-559.

Liew, F. Y., Y. Li and S. Millott. (1990B). “Tumor necrosis factor-a synergises with IFN-y 
in mediating killing of leishmania major through the induction of nitric oxide.” J. 
Immunol. 145: 4306-4310.

Liew, F. Y., S. Millott, C. Parkinson, R. M. J. Palmer and S. Moncada. (1990C). “Macrophage 
killing of Leishmania parasite in vivo is mediated by nitric oxide from L-Arginine.” J. 
Immunol. 144: 4794-4797.

Liew, F. Y., C. Parkinson, S. Millott and S. M. Carrier. (1990D). “Tumour necrosis factor 
(TNF-a ) in leishmaniasis 1. TNFa mediates host protection against cutaneous 
leishmaniasis.” Immunol. 69: 570-573.

Like, A. A., M. Anthony, D. L. Guberski and A. A. Rossini. (1983). “Spontaneous diabetes 
mellitus in the BB/W rat. Effects of glucocorticoids, cyclosporin A and antiserum on rat 
lymphocytes.” Diabetes. 32: 326-330.

Like, A. A., C. A. Biron, E. J. Weringer, K. Byman, E. Scrozynski and D. L. Guberski.
(1986). “Prevention of diabetes in biobreeding/Worcester rats with monoclonal antibodies 
that recognise T lymphocytes or natural killer cells.” J Exp Med. 164: 1145-1159.

Like, A. A., V. Dirodi, S. Thomas, D. L Guberski and A. A. Rossini. (1984). “Prevention of 
diabetes mellitus in the BB/W rat with cyclosporin A.” Am J Pathol. 117: 92-97.

Like, A. A., E. Kislauskis, R. S. Williams and A. A. Rossini. (1982). “Neonatal thymectomy 
prevents spontaneous diabetes in the BB/W rat.” Science. 216: 644-646.

Like, A. A. and A. A. Rossini. (1976). “Streptozotocin-induced pancreatic insulitis: a new 
model of diabetes mellitus.” Science. 193: 415-417.

289



Like, A. A., A. A. Rossini, D. L. Guberski and R. M. Williams. (1979). “Spontaneous 
diabetes mellitus reversal and prevention in the BB rat with antiserum to rat 
lymphocytes.” Science. 206: 1421-1423.

Like, A. A., E. J. Weringer, A. Holdash, P. McGill, D. Atkinson and A. A. Rossini. (1985). 
“Adoptive transfer of autoimmune diabetes mellitus in biobreeding/worcester (BB/W) 
inbred and hybrid rats.” J. Immunol. 134:1583-1587.

Lindstrom, J. (1979). “Autoimmune response to acetylcholine receptors in myasthenia 
gravis and its animal model.” Adv. Immunol. 27:1-49.

Lipes, M. A., R. Fenton G, J. L. Zhod, J. G. Seidman and G. S. Eisenbarth. (1989). 
“Autoimmunity occurs in transgeic T cell receptor R chain gene non-obese diabetic (NOD) 
mice.” Clin. Res. 37: 572A.

Lo, D., L. C. Burkly, G. Widera, C. Cowing, R. A. Flavell, R. Palmiter and R. L. Brinster.
(1988). “Diabetes and tolerance in transgenic mice expressing class II MHC molecules in 
pancreatic beta cells.” Cell. 53: 159-168.

Lo, D. and J. Sprent. (1986). “Identity of cells that imprint H-2 restricted T cell 
specificity in die thymus.” Nature. 319: 672-675.

Lohmann, D., J. Krug, E. F. Lampeter, B. Bierwolf and H.-J. Verlohern. (1986). “Cell- 
mediated immune reactions against R cells and defect of suppressor cell activity in type 1 
(insulin-dependent) diabetes mellitus.” Diabetologia. 29: 421-425.

Loveland, B. E., P. M. Hogarth, R. Ceredig and I. F. C. McKenzie. (1983). “Cells mediating 
graft rejection in the mouse: Lyt-1 cells mediate skin graft rejection.” J. Exp. Med. 153: 
1044-1057.

Ludwig, H., G. Schernthaner and O. Scherak. et al. (1977). “Antibodies to pancreatic duct 
cells in Sjogren's syndrome and rheumatoid arthritis.” Gut. 18(4): 311-315.

Lukic, M. L, S. Stosic-Grujicic, N. Ostojic, W. L. Chan and F. Y. Liew. (1991). “Inhibition of 
nitiric oxide generation affects the induction of diabetes by streptozocin in mice.” 
Biochem. Biophys. Res. Commun. 178: 913-920.

Lund, T., L. O'Reilly, P. Hutchings, O. Kanagawa, E. Simpson, R. Gravely, P. Chandler, J. 
Dyson, J. K. Picard, A. Edwards, D. Kioussis and A. Cooke. (1990B). “Prevention of 
insulin-dependent diabetes mellitus in non-obese diabetic mice by transgenes encoding 
modified 1-A R-chain or normal I-E a -chain.” Nature. 345: 727-729.

Lund, T., E. Simpson and A. Cooke. (1990A). “Restriction fragment length polymorphisms 
in the major histocompatability complex of the non-obese diabetic mouse.” j. Autoimmun. 
3: 289-298.

MacCuish, A. C., E. W. Bames, W. J. Irvine and L. J. P. Duncan. (1974). “Antibodies to 
pancreatic islets in insulin-dependent diabetics with coexistant autoimmune disease.” 
Lancet 2: 1529-1531.

MacDonald, H. R., R. Schneider, K. R. Lees, R. C. Howe, H. Acha-Orbea, H. Festenstein, R. M. 
Zinkernagel and H. Hengartner. (1988). “T-cell receptor VR use preducts reactivity and 
tolerance to Mls^encoded antigens.” Nature. 332: 40-44.

Mackay, 1. R. (1963). “Thymic 'germinal centres' and plasma cells in systemic lupus 
erythematosis.” Lancet. 2: 667.

MacKay, P., J. Jacobson and A. Rabinovitch. (1986). “Spontaneous diabetes mellitus in 
BB/W rat: evidence in vitro for natural killer cell lysis of islet cells.” J Clin Invest. 77: 
916-924.

290



MacLaren, N. K., S. W. Huang and J. Fogh. (1975). “Antibody to cultured human insulinoma 
cells in insulin-dependent diabetes.” Lancet. 1: 997-1000.

MacPhail, S. and O. J. Statman. (1989). “Specific neonatal induction of functional tolerance 
to allogeneic Mis determinants occurs intrathymically and the tolerant state is Mis 
haplotype-specific.” J. Immunol. 143:1795-1800.

Majno, G., 1. Joris, E. S. Handler, J. Desemone, J. P. Mordes and A. A. Rossini. (1987). “A 
pancreatic venular defect in the BB/Wor r a t” Am. J. Path. 128: 210-215.

Makino, S., M. Harada, Y. Kishimoto and Y. Hayashi. (1986A). “Absence of insulitis and 
overt diabetes in athymic nude mice with NOD genetic background.” Exp. Anim. 35 (4): 
495-498.

Makino, S. and Y. Hayashi. (1986B). “Genetic analysis for insulitis in the NOD mouse.” In: 
Insulitis and Type 1 Diabetes: Lessons from the NOD mouse, ed. S. Tarui, Y. Tochino, K. 
Nonaka. Tokto: Academic. : pp. 23-31.

Makino, S., K. Kunitmoto, Y. Muraoka and K. Katagiri. (1981). “Effects of castration on the 
appearance of diabetes in the NOD mouse.” Exp. Anim. 30: 137-140.

Makino, S., Y. Matsushima, A. Kanatsuka, M. Osegawa, A. Kumagaj, M. Nishimura, Y.
Tochino and S. Makino. (1982). “Pancreatic somatostatin contents in spontaneously 
diabetic KK and NOD mice.” Igakunayumi (In Japanese). 120: 733-735.

Makino, S. K., Y. Kunimoto, Y. Muraoka, Y. Mizushima, K. Katagiri and Y. Tochina. (1980). 
“Breeding of a non-obese, diabetic strain of mice.” Exp Anim. 29(1): 1-13.

Mandrup-Poulsen, T., J. Egeberg, J. Nerup, K. Bendtzen, J. H. Nielsen and C. A. Dinarello.
(1987). “Utlrastructural studies of time course and cellular specificity of interleukin-1 
mediated islet cytotoxicity.” Acta. Path. Microbiol. Immunol. Scand. Sect. C, 95: 55-63.

Mandrup-Poulsen, T., S. Helgvist, j. Molvig, L D. Wogensen and J. Nerup. (1989).
“Cytokines as immune effector molecules in autoimmune endocrine diseases with special 
reference to insulin-dependent diabetes mellitus.” Autoimmunity. :

Manley, S. W., J. R. Biurke and R. W. Hawker. (1974). “The thyrotrophine recptor in 
guinea-pig throid homongenate interaction with the long-acting throid stimunlator.” J. 
Endocrinol. 61: 437.

Markholst, H., j. Reimers, B. E. Andreasen, L Morck and J. Nerup. (1991). “The effect of 
interleukin-lR (IL-IR) on the peripheral blood lymphocyte subsets in different strains of 
rats.” Proceedings of the 11th International Immunology and Diabetes Workshop. : Abst. 
S2-P25.

Markmann, J., D. Lo, A. Naji, R. D. Palmiter, R. L. Brinster and E. Haber-Katz. (1988). 
“Antigen presentation fuction of class II MHC expressing pancreatic B cells.” Nature.
336: 476-479.

Marrack, P. and J. Kappler. (1987). “The T cell receptor.” Science. 238: 1073-1079.

Marrack, P. and J. Kappler. (1988B). “The T-cell repertoire for antigen and MHC.”
Immunol. Today. 9: 308-315.

Marrack, P. and J. W. Kappler. (1988A). “T cells can disdguish between allogenic major 
histocompatibility products on different cell types.” Nature. 332: 840-843.

Marrack, P., E. Kushnir, W. Born and M. McDuffie. (1988A). “The development of helper T 
cell precursors in mouse thymus.” J. Immunol. 140: 2508-2514.

291



Marrack, P., E. Kushnir and J. Kappler. (1991). “A maternally inhrited superantigen 
encoded by a mammary tumor virus.” Nature. 349: 524-526.

Marrack, P., D. Lo, R. Brinster, R. Palmiter, L. Burkly, R. H. Flavell and J. Kappler.
(1988B). “The effect of the thymus enviroment on T cell development and tolerance.” Cell. 
53: 627-634.

Marrack, P., J. McCormack and J. Kappler. (1989). “Presentation of antigen, foreign major 
histocompatibilty complex protein and self thymus by thymus cortical epithelium.” 
Nature. 338: 503-505.

Marusic-Galesic, S., D. L. Longo and A. M. Kruisbeek. (1989). “Preferred differentiation of 
T-cell receptor specificities based on the MHC glycoproteins encountered during 
development: evidence for positive selection.” J. Exp. Med. 169: 1619-1630.

Maruyama, M., I. Takei, M. Taniyama, K. Kataoka and S. Matsuki. (1984). “Immunological 
aspect of non-obese diabetic mice: immune islet cell-killing mechanism and cell-mediated 
immunity.” Diabetologia. 121-123:

Maruyama, T., Y. Hattori, Y. Asaba and et. al. (1986). “Increased antibody-dependent cell- 
mediated cytotoxicity of spleen lymphocytes from low-dose streptozotocin-induced 
diabetes in mice.” J. Jpn. Diabetes. Soc. 29: 425-431.

Maruyama, T., M. Ogawa, P. Kobayashi, Y. Tochion, and H. Uda (1988). “Electron 
microscopic studies on the interaction of pancreatic and splenic lymphocytes in nonobese 
diabetic (NOD) mice.” Biomed. Res. 9: 67-73.

Matsunaga, M., K. Seki, T. Mineta and M. Kimoto. (1990). “Antigen-reactive T cell clones 
restricted by mixed isotype AR^/Ea ^ class II molecules.” J. Exp. Med. 171: 577-582.

Matzinger, P. and S. Guerder. (1989). “Does T cell tolerance requi re a dedicated antigen- 
presenting cell?” Nature. 338: 74-76.

McDonald, H. R. and R. K. Lees. (1990). “Programmed death of autoreactive thymocytes.” 
Nature. 343: 642-644.

McDonald, H. R., R. Schneider, R. M. Zinkernagel and H. Hengartner. (1988). “T cell 
receptor VR use predicts reactivity and tolerance to Mlsa-encoded antigens.” Nature. 32: 
40-45.

McEvoy, R. C., J. Andersson, S. Sandler and C. Hellerstrom. (1984). “Multiple low-dose 
streptozotocin induced diabetes in the mouse: evidence for stimulation of a cytotoxic 
cellular immune response against an insulin-producing beta cell line.” J. Clin. Invest.
74: 715-722.

Mclnemey, F. M., S. B. Pek and D. W. Thomas. (1991). “Prevention of insulitis and diabetes 
onset by treatment with complete Freund's adjuvant in NOD mice.” Diabetes. 40: 715-725.

Mclnemey, M. P., S. Rath and C, Janeway. (1991). “Exclusive expression of MHC class II 
proteins on CD45+ cells in pncreatic islets of mice.” Diabetes. 40: 648-651.

McKeever, U., J. P. Mordes, D. L. Greiner, M. C. Appel, J. Rozing, E. S. Handler and A. A. 
Rossini. (1990). “Adoptive transfer of autoimmune diabetes and thyroiditis to athymic 
rats.” Proc. Natl. Acad. Sci. 87: 7618-7622.

McMaster, W. R. and Williams. A. F. (1979). “Identification of la glycoproteins in rat 
thymus and purification from rat spleen.” Eur. J. Immunol. 9: 426-433.

292



Mendola, J., J. R. Wright and P. E. Lacy. (1989). “Oxygen free-radical scavengers and 
immune destruction of murine islets in allograft rejection and multiple low-dose 
streptozotiocin-induced insulitis.’’ Diabetes. 38: 379-385.

Metcalf, E. S. and N. R. Klinman. (1976). “In vitro tolerance induction of neonatal murine 
spleen cells.” J. Exp. Med. 143:1327 -1340.

Michaelides, M., P. M. Hogarth and 1. F. C. McKenzie. (1981). “The immunosuppressive 
effect of monoclonal anti-Lyt-1.1 antibodies in vivo.” Eur. J. Immunol. 11: 1005-1012.

Michel, C., C. Boitard and J. F. Bach. (1989). “Insulin autoantibodies in non-obese diabetic 
(NOD) mice.” Clin. Exp. Immunol. 75: 457-460.

Michel, W. J., H.-Y. Qjn, J. Lauzon and B. Singh. (1990). “Prevention of type 1 diabetes in 
NOD mice by adjuvant immunotherapy.” Diabetes. 39: 583-589.

Miller, B. J., M. C. Appel, J. J. O'Neil and L. S. Wicker. (1988). “Both Lyt-2 + and L3T4+ T 
cell subsets are required for the transfer of diabetes in non-obese diabetic mice.” J 
Immunol. 140: 52-58.

Miller, J., L. Daitch, S. Rath and E. Seising. (1990). “Tissue-specific expression of 
allogenic class 11 molecules induces neither tissue rejection nor clonal inactivation of 
alloreactive T cells.” J. Immunol. 144: 334-341.

Miller, K. B. and D. Salem. (1982). “Immune regulatory abnormalities produced by 
procainamide.” Am. J. Med. 73: 487-492.

Mineta, T., K. Seki, M. Matsunaga and M. Kimoto. (1990). “Existance of mixed isotype Aĵ Ê f
class 11 molecules in Ea ^ gene-induced C57BL/6 transgeic mice.” Immunology. 69: 385- 
390.

Minota, S., B. Cameron, W. J. Welch and J. B. Winfield. (1988A). “Autoantibodies to the 
constitutive 70-KD member of the hsp family of heat shock proteins in systemic lupus 
erythematosis.” J. Exp. Med. 168: 1475-1480.

Minota, S., S. Koyasu, 1. Yahara and J. Winfield. (1988B). “Autoantibodies to the heat- 
shock protein hsp 90 in systemic Lupus Erythematosis.” J. Ciln. Invest. 81: 106-109.

Mintz, B. and W. K. Silvers. (1967). “Intrinsic immunological tolerance in allophenic 
mice.” Science. 158: 1484-1486.

Mitchinson, N. A. (1964). “Induction of immunological paralysis in two zones of dosage.” 
Proc. Roy. Soc. (Lond.). 161: 275-292.

Mitchinson, N. A. (1971). “The carrier effect in the seconary response to hapten-protein 
conjugates 11. Cellular cooperation.” Eur. J. Immunol. 1: 18-26.

Miyagawa, J. L, T. Hanafusa, A. Miyazaki, K. Yamada, H. Fujiino-Kurihara, H. Nakajima, N. 
Kuno, K. Nonaka, Y. Tochino and S. Tarui. (1986). “Ultrastructural and 
immunocytochemical aspects of lymphocytic submandibulitis in the non-obese diabetic 
(NOD) mice.” Virchows. Arch. B31: 215-225.

Miyazaki, A., T. Hanafusa, K. Yamada, J. Miyagawa, H. Fujino, K. Nakajima and S. Tarui.
(1985). “Predominance of T lymphocytes in pancreatic islets and spleen of pre-diabetic 
non-obese diabetic (NOD) mice: a longitudinal study.” Clin. Exp. Immunol. 60: 622-630.

Miyazaki, T., M. Uno, M. Vehira, H. Kikutani, T. Kishimoto, M. Kimoto, H. Nishimoto, J.-i. 
Miyazaki and K.-l. Yamamura. (1990). “Direct evidence for the contribution of the unique 
1-aNOD jo the development of insulitis in non-obese diabetic mice.” Nature. 345: 722- 
724.

293



Molina, I. J., N. A, R. Thyman and B. T. Huber. (1989). “Macrophages and T cells do not 
express Mls^ determinants.” J. Immunol. 143: 39-45.

Moller, G. (1988). “The T cell repertoire.” Immunol. Rev. 101: 1-215.

Moller, G. J., J. Andersson and O. Sjoberg. (1972). “Lipopolysaccharides can convert 
heterologous red cells into thymus-dependent antigens.” Cell. 4: 416-424.

Moncada, S. and E. A. Higgs. (1990). “Nitric oxide from L-arginine: a bioregulatory 
system.” Excerpta Medica, Amsterdam. :

Morahan, G., J. Allison and J. F. A. P. Miller. (1989). “Tolerance of class I 
histocompatibility antigens expressed extrathymically.” Nature. 339: 622-624.

Mordes, J. P. and A. A. Rossini. (1985). “Animal models of diabetes.” : 110-137.

Morel, P. A., J. S. Dorman, J. A. Todd, H. O. McDevitt et al. (1988). “Aspartic acid at 
position 57 of the HLA-DQ.R chain protects against type 1 diabetes: A family study.” Proc. 
Acad. Sci. 85: 8111-8115.

Mori, Y., M. Suko, H. Okudaira, I. Matsuba, A. Tsuruoka, A. Sasaki, H. Yokoyama, T. 
Tananse, T. Shida, M. Nishimura, E. Terada and Y. Ikeda. (1986). “Preventive effects of 
cyclosporin on diabetes in NOD mice.” Diabetologia. 29: 244-247.

Morimoto, C., D. A. Hafier, H. L. Weiner, N. L Letvin, M. Hagan, J. Daley and S. P. 
Schlossman. (1987A). “Selective loss of the suppressor-inducer T-cell subset in 
progressive muliple sclerosis. Analysis with anti-2H4 monclonal antibody.” N. Eng. J.
Med. 316: 67-72.

Morimoto, C., A. Steinberg D, N. L. Letvin, M. Hagan, T. Takeuchi, J. Daley, H. Levine and S. 
P. Schlossman. (1987B). “A defect of immunoregulatory T cell subsets in systemic lupus 
erythematosus patients demonstrated with anti-2H4 antibody.” J. Clin. Invest. 79: 762- 
768.

Mosmann, T. R., H. Cherwinski, M. W. Bond, M. A. Giedin and R. L. Coffman. (1986). “Two 
types of murine helper T cell clone. 1. Definition according to profiles of lymphokne 
activities and secreted proteins.” J. Immunol. 136: 2348-2357.

Mouritsen, S. (1986). “Rheumatoid factors are anti-idiotypic antibodies against virus- 
induced anti-Pc receptor antibodies. A hypothesis for the induction of some rheumatoid 
factors.” Scand. J. Immunol. 24: 485-490.

Moutsopoulos, H. M., J. J. Hooks, C. C. Chan, Y. A. Dalavanga, P. N. Skopouli and B. Detick. 
(1986). “HLA-DR expression by labial salivary gland tissues in Sjogren's syndrome.” Ann. 
Rheum. Dis. 45: 667-683.

Mueller, D. L., M. K. Jenkins and R. H. Schwartz. (1989). “Clonal expansion versus clonal 
inactivation: a costimulatory signalling pathway determines the outcome of T cell antigen 
receptor occupancy.” Annu. Rev. Immunol. 7: 445-480.

Muller, U., C. V. Jongeneel, S. A. Nedospasov, K. P. Lindahl and M. Steinmetz. (1986). 
“Tumour necrosis factor and lympho toxin genes map close to H-2D in the mouse major 
histocompatibility complex.” Nature. 325: 265-267.

Murase, N., I. Liberman, M. A. Nalesnik, D. H. Mintz, S. Todo, A. L. Drash and T. E. Starzl. 
(1990). “Effect of PK506 on spontaneous diabetes in BB rats.” Diabetes. 39: 1584-1586.

294



Murphy, K. M., C. T. Weaver, M. Elish, P. M. Allen and D. Y. Loh. (1989). “Peripheral 
tolerance to allogenic class 11 histocompatibilty antigens expressed in transgenic mice: 
evidence against a clonal-deletion mechanism.” Proc. Natl. Acad. Sci. 86: 10034-10038.

Nabarra, B. and 1. Andrianarison. (1986). “Thymic reticulum of autoimmune mice. I. 
Ultrastructural studies of the diabetic (db/db) mouse thymus.” Exp. Pathol. 29: 45-53.

Nabarra, B. and 1. Andrianarison. (1991). “Thymus reticulum of autoimmune mice. 3 
ultrastructural study of NOD mouse thymus.” Int J. Path. 72: 275-287.

Nabarra, B., M. Dardenne and J. P. Bach. (1990). “Thymic reticulum of autoimmune mice. II 
Ultrastructural studies of mice with lupus-like syndrome (NZB, BXSB, MRL/1).” I. 
Autoimmunity. 3: 25-36.

Nabarra, B. and M. Papiemik. (1988). “Phenotype of thymic stromal cells : An 
immunoelectron microscopic study with Anti-IA, Anti-MAC-1 and Anti-MAC-2 
antibodies.” Lab. Invest. 58: 524-531.

Nagata, M., K. Yokono, M. Hayakawa, Y. Kawase, N. Hatamori, W. Ogawa, K. Yonezakawa, K. 
Shii and S. Baba. (1989). “Destruction of pancreatic islet cells by cytotoxic T lymphocytes 
in nonobese diabetic mice.” J. Immunol. 143: 1155-1162.

Nagy, M. V., E. K. Chan, M. Teruya, L. E. Forrest, V. Likhite and M. A. Charles. (1989). 
“Macrophage-mediated islet cell cytotoxicity in BB rats.” Diabetes. 38: 1329-.

Naji, A., J. Markmann, K. Blank, J. Gadzik and C. Barker. (1982). “Protection from multiple 
low-dose streptozotocin-induced diabetes by an interferon inducer.” Sur. Forum. 33: 221- 
224.

Nakajima, H., H. Fujino-Kurihara and T. et. al. Hanafusa. (1985A). “Nicotiamide prevents 
the development of cyclophosphamide-induced diabetes mellitus in male non-obese 
diabetic (NOD) mice.” Biomed. Res. 6: 185-189.

Nakajima, H., Y. Tochino and H. et. al. Fujino-Kur ihara. (1985B). “Decreased incidence of 
diabetes mellitus by monosodiumglutamate in the nonobese diabetic (NOD) mouse.” Res. 
Commun. Chem. Pathol. Pharmacol. 50: 251-257.

Nakajima. H, K. Yamada, T. Hanafusa, H. Fujino-kurihara, J.-L Miyagawa, A. Miyazaki, R. 
Saitoh, Y. Minami, N. Kono, K. Nonaka, Y. Tochino and S. Tarui. (1986). “Elevated antibody- 
dependent cell-mediated cytotoxicity and its inhibition by nicotinamide in the diabetic 
NOD mouse.” Immunol. Lett. 12: 91-94.

Nakano, N., H. Kikutani, H. Nishomoto and T. Kishimoto. (1991). “T cell receptor V gene 
usage of islet R cell-reactive T cells is not restricted in non-obese diabetic mice.” J. Exp. 
Med. 173: 1091-1097.

Nakhooda, A. F., A. A. Like, C. 1. Chapell, F. T. Murray et al. (1977). “The spontaneously 
diabetic wistar rat: metabolic and morphologic studies.” Diabetes. 26: 10-12.

Nemoto , M., Y. Mori, J. Yokoyama, M. Nishimura and Y. Ikeda. (1991). “Promotion of 
spontaneous diabetes in LETL rats by cyclophospamide.” Preceedings of the 11th 
International Immunology and Diabetes Workshop. : Abst. S3-P17.

Ne mazee, D. A. and K. Burki. (1989). “Clonal deletion of B lymphocytes in a transgenic 
mouse bearing anti-MHC class 1 antibody genes.” Nature. 337: 562-566.

Nerup, J. and C. Binder. (1973). “Thyroid gastric and adrenal auto-immunity in diabetes 
mellitus.” Acta. Endocrinol. 72: 279-286.

Nichols, W., K, L. Vaun L and J. B. Spellmann. (1981). “Streptozotocin effects on T- 
lymphocytes and bone marrow cells.” Clin. Exp. Immunol. 46: 627-632.

295



Nishimoto, H., H. Kikutani, K. Yamamura and T. Kishimoto. (1987). “Prevention of 
autoimmune insulitis by expression of I-E molecules in NOD mice.” Nature. 328: 432-.

Nomikos, 1. N., S. J. Prowse, P. Carotenuto and K. J. Lafferty. (1986). “Combined treatment 
with nicotinamide and desferrioxamine prevents islet allograft destruction in NOD mice.” 
Diabetes. 35: 1302-1304.

Nossal, G. J. V. (1983). “Cellular mechanisms of immunologic tolerance.” Ann Rev. 
Immunol. 1: 33-62.

O'Reilly, L., P. R. Hutchings, N. Parish, E. Simpson, T. Tomonari, T. Lund, P. Crocker and A. 
Cooke. (1990). “Factors affects diabetes in rodent models of insulin dependent diabetes 
mellitus. The molecular biology of autoimmune disease.” NATO. ASI. Series. H38: 302- 
311.

O'Reilly, L. A., P. R. Hutchings, P. R. Crocker, E. Simpson, T. Lund, D. Kioussis, P. Takei, J. 
Baird and A. Cooke. (1991). “Characterization of pancreatic islet cell infiltrates in NOD 
mice: effect of cell transfer and transgene expression.” Eur. J. Immunol. 21: 1171-1180.

O'Rourke, E. J., S. B. Halstead, A. C. Allison and T. A. E. Platts-Mills. (1978). “Specific 
lethality of silica for human peripheral blood mononuclear phagocytes, in vitro.” J. 
Immunol. Methods. 19: 137-151.

Ochi, T., E. A. Goldings, P. E. Lipsky and M. Ziff. (1983). “Immunomodulatoiy effects of 
procainamide in man: inhibition of human supressor T cell activity in vitro.” J. Clin. 
Invest. 71: 36-45.

Ogawa, M., T. Maruyama and T. Hasegawa. et al.(1985). “The inhibitoiy effect of neonatal 
thymectomy on the incidence of insulitis in non-obese-diabedc (NOD) mice.” Biomed. Res. 
6: 103-105.

Okada, C. Y., B. Holzmann, C. Guidos, E. Palmer and I. L Weissman. (1990). 
“Characterization of a rat monoclonal antibody specific for a determinant encoded by the 
VR7 gene segment. Deletion of VB7+ T cells in mice with Mls-1^ haplotype.” J. Immunol. 
144: 3473-3477.

Okazaki, K., S. Tamura, M. Mori ta, I. Nishimori and Y. Yamamoto. (1990). Int. J. Pancreat. 
5: 359-377.

Oldstone, M. B. A. (1988). “Prevention of type 1 diabetes in non obese diabetic mice by 
virus infection.” Science. 23: 500 -502.

Oldstone, M. B. A. (1989). “Molecular mimicry.” Spinger-Verlag, New York. :

Ono, S. J., B. Issa-Chergui, E. Colle, R. D. Guttmann, T. A. Seemayer and A. Fuks. (1988). 
“IDDM in BB rats. Enhanced MHC class I heavy chain gene expression in pancreatic islets.” 
Diabetes. 37: 1411-1418.

Opie, E. L. (1901). “On the relation of chronic interstitial pancreatitis to the islands of 
Langerhans and to diabetes melitus..” J. Exp. Med. 5: 397-428.

Ortega, R. G., R. J. Robb, E. M. Shevach and T. R. Malek. (1984). “The murine IL-2 receptor. 
I. Monoclonal antibodies that define distinct functional epitopes.” J. Immunol. 133: 1970- 
1975.

Osborn, L., C. Hession, R. Tizard, C. Vassallo, S. Luhowskyi, G. Clin-Rosso and R. Lobb.
(1989). “Direct expression cloning of vascular cell adhesion molecule 1, a cytokine- 
induced endothelial protein that binds to lymphocytes.” Cell. 59: 1203-1211.

296



Oschilewksi, U., U. Kielsel and H. Kolb. (1985). “Administration of silica prevents 
diabetes in BB rats.” Diabetes. 34: 197-199.

Oschilewski, M., E. Schwab and U. Kiessel. et al. (1986). “Adminstration of silica or 
monoclonal antibody to Thy-1 prevents low-dose streptozotocin induced diabetes in NOD 
mice.” Immunol. Lett. 12: 289-295.

Gudin, J. and M. Michel. (1969). “Idiotypy of rabbit antibodies, I. Comparison of idiotypy 
of antibodies against salmonella typhi with that of antibodies against other bacteria in the 
same rabbits, or of antibodies against salmonella typhi in various rabbits.” J. Exp. Med.
130: 565-567.

Owen, R. D. (1945). “Immunogenetic consequences of vascular anastomoses between bovine 
twins.” Science. 102: 400-401.

Owhashi, M. and E. Heber-Katz. (1988). “Protection from experimental allergic 
encephalomyelitis conferred by a monoclonal antibody directed against a shared idiotype 
on rat T cell receptors specific for myelin basic protein.” J. Exp. Med. 168: 2153-2164.

Palmer, J. P., C. M. Asplin, P. Clemons, K. Lyon, O. Latpati, P. Raghu and T. L. Paquette. 
(1983). “Insulin autoantibodies in insulin-dependent diabetes before insulin treatment.” 
Science. 222: 1337-1339.

Palmer, R. M. J., D. S. Ashton and S. Moncada. (1988). “Vascular endothelial cells 
synthesize nitric oxide from L-arginine.” Nature. 333: 664-666.

Palmer, R. M. J., A. G. Ferrige and S. Moncada. (1987). “Nitric oxide release accounts for 
the biological activity of endothelium-derived relaxing factor.” Nature. 327: 524-526.

Palmiter, R. D. and R. L. Brins ter. (1986). “Germ-line transformation of mice.” Annu. Rev. 
Genet. 20: 465-499.

Pankewycz, O., T. B. Strom and V. E. Rubin-Kelley. (1991). “Islet-infiltrating T cell clones 
from non-obese diabetic mice that promote or prevent accelerated onset diabetes.” Eur. J. 
Immunol. 21: 873-879.

Paracelsus, A. P. T. (1926-1932). “Samkliche Werke.” Fischer, Jena. 4, Vol G:

Parish, C. R. and F. Y. Liew. (1972). “Immune response to chemically modified flagelin. 3. 
Enhanced cell-mediated immunity during high and low zone antibody tolerance to 
flagelin.” J. Exp. Med. 135: 298-311.

Parish, N. M., 1. M. Roitt and A. Cooke. (1988). “Phenotypic characterisation of cells 
involved in induced suppression to murine experimental autoimmune thyroiditis.” Eur J 
Immunol. 18: 1463-1462.

Pasquali, J. L., A. Urlacher and D. Storck. (1984). “Idiotypic network: possible 
explanation of seronegativity in a patient with rheumatoid arthritis.” Clin. Exp. Immunol. 
55:281-286.

Patrick, J. and J. Linstrom. (1973). “Autoimmune response to acetylcholine receptor.” 
Science. 180: 871-874.

Pereira, P., A. Bandeira, A. Coutinho, M.-A. Marcos, M. Toribio and C. Martinez-A. (1989). 
“V-Region connectivity in T cell receptors.” Annu. Rev. Immunol. 7: 209-249.

Pipeleers, D., M. Van De Winkel, T. Dyrberg and A. Lernmark. (1987). “Spontaneously 
diabetic BB rats have age-dependent islet R-cell-specific surface antibodies at clinical 
onset.” Diabetes. 36: 1111-1115.

297



Pociot, F. and J. Nerup. (1991). “An interleukin 1 beta gene RFLP reflects IL-1 beta 
secretion in vitro-A new susceptibility marker for non DR3 and NON DR4 IDDM patient.” 
Proceeding of the 11th International Immunology and Diabetes Workshop. Nagasaki, Japan. 
: Abst S3-P14.

Pontesilli, O., P. Carotenuto, L S. Gazda, P. F. Pratt and S. J. Prowse. (1987). “Circulating 
lymphocyte populations and autoantibodies in non-obese diabetic (NOD) mice: a 
longitudinal study.” Clin. Exp. Immunol. 70: 84-93.

Pozzilli, P., M. Sensi, A. Gorsuch, G. F. Bottazzo and A. G. Cudworth. (1979). “Evidence for 
raised K-cell levels in type 1 diabetes.” Lancet. 2:173-175.

Prochazka, M., E. H. Leiter, D. V. Serreze and D. L. Coleman. (1987). “Three recessive loci 
required for insulin dependent diabetes in nonobese diabetic mice.” Science. : 237-286.

Prud'Homme, G. J., A. Fuks, C. E, T. A. Seemayer and R. D. Guttmann. (1984). “Immune 
dysfunction in diabetes-prone BB rats: Interleukin 2 production and other mitogen- 
induced responses are suppressed by activated macrophages.” J. Exp. Med. 159: 463- 478.

Pujol-Borrell, R., 1. Todd, M. Doshi, G. F. Bottazzo, R. Sutton, D. Gray, G. R. Adolf and M. 
Feldmann. (1987). “HLA class 11 induction in human islet cells by interferon-y plus 
tumour necrosis factor or lymphotoxin.” Nature. 326: 304-306.

Pukel, C., H. Bacquerizo and A. Rabinovitch. (1987). “lnterleukin-2 activates BB/W 
diabetic rat lymphoid cells cytotoxic to islet cells.” Diabetes. 36: 1217-1222.

Pukel, C., H. Baquerizo and A. Rabinovitch. (1988). “Destruction of rat islet cell 
monolayers by cytokines. Synergistic interactions of interferon^ tumor necrosis factor 
lymphotoxin and interleukin-1.” Diabetes. 37:133-136.

Pullen, A. M., P. Marrack and J. W. Kappler. (1988). “The T-cell repertoire is heavily 
influenced by tolerance to polymorphic self-antigens.” Nature. 335: 796-801.

Qjn, S., S. Cobbold, R. Benjamin and H. Waldmann. (1989). “Induction of classical 
transplantation tolerance in the adult.” J. Exp. Med. 169: 779-784.

Qjn, S., M. Wise, S. P. Cobbold, L. Leong, Y.-C. Kong M, J. R. Pames and H. Waldmann.
(1990). “Induction of tolerance in peripheral T cells with monoclonal antibodies.” Eur. J. 
Immunol. 20: 2737-2745.

Quill, H. and R. H. Schwartz. (1987). “Stimulation of normal inducer T cell clones with 
antigen presented by purified la molecules in planar lipid membranes: specific induction 
of a long-lived state of proliferative nonresponsiveness.” J Immunol. 138: 3704-3712.

Rabinovitch, A., W. L. Suare z, P. D. Thomas, K. Stiynadka, and 1. Simpson. (1992). 
“Cytotoxic effects of cytokines on rat islets: evidence for involvement of free radicals and 
lipid peroxidation.” Diabetologia. 35: 409-413.

Rakieten, N., M. L. Rakieten and M. V. Nadkami. (1963). Cancer Chemother. Rep. 29: 91- 
98.

Rammensee, H.-G., R. Kroschewski and B. Frangoulis. (1989). “Clonal anergy induced in 
mature VR6+ T lymphocytes on immunizing Mls-lb mice with Mls-1^ expressing cells.” 
Nature. 339: 541-544.

Ramsdell, F. and B. J. Fowlkes. (1990). “Clonal deletion versus clonal anergy: the role of 
the thymus in inducing self tolerance.” Science. 248: 1342.

298



Ranges, G. E., S. M. Cooper and S. Sriram. (1987). “In vivo immunomodulation by monclonal 
anti-L3T4. 1. Effects on humoral and cellular immunity.” Cellular Immunol. 106: 163- 
173.

Ranges, G. E., S. Sriram and S. M. Cooper. (1985). “Prevention of type 11 collagen-induced 
arthritis by in vivo treatment with anti-L3T4.” J. Exp. Med. 162:1105-1110.

Raulet, D. H. (1989). “The structure, function, and molecular genetics of the y /d  T cell 
receptor.” Ann. Rev. Immunol. 7: 175-207.

Reddy, S., N. J. Bibby and R. B. Elliott. (1988). “Ontogeny of islet cell antibodies, insulin 
autoantibodies and insulitis in the non-obese diabetic mouse.” Diabetologia. 31: 322-328.

Reich, E.-P., R. S. Sherwin, O. Kanagawa et al. (1989). “An explanation for the protective 
effect of the MHC class 111-E molecule in murine diabetes.” Nature. 341: 326-328.

Reimers, J., L. Morch, H. Markholst, A. Rossini, L. Wogensen, T. Mandrup-Poulsen and J. 
Nerup. (1991B). “Long-term treatment with interleukin IB (IL-IB) modifies the natural 
history of IDDM in the diabetes-prone (DP) BB rats.” Proceedings of the 11th International 
Immunology and Diabetes Workshop. : Abst. S2-P24.

Reimers, J., L. D. Wogensen, B. Welinder, K. R. Hejneas, S. S. Poulson, P. Nilsson and J.
Nerup. (1991A). “The pharmacokinetics and distribution of authentic human recombinant 
interleukin IB (rhlL-lB) in normal rats.” Proceedings of the 11th International 
Immunology and Diabetes Workshop. : Abst S2-P22.

Res, P. C. M., C. G. Schaar, P. C. Breedveld, W. Van Eden, J. D. A. Van Embden, 1. R. Cohen 
and R. R. P. De Varies. (1988). “Synovial fluid T cell reactivity against 65 KD heat shock 
protein of mycobateria in early chromic arthritis.” Lancet, ii: 478-480.

Roach, T. 1. A., A. F. Kiderlen and J. M. Blackwell. (1991). “Role of inorganic nitrogen 
oxides and tumor necrosis factor alpha in killing Leishmania donovani amastigotes in 
gamma interferon-lipopolysaccharide-activated marophages from Lshs and Lshr congenic 
mouse strains.” Infection and Immunity. 59: 3935-3994.

Robbins, M. J., A. R. Sharp, A. E. Solonim, and 1. M. Burr. (1980). “Protection against 
streptozotocin-induced diabetes by superoxide dismutase..” Diabetologia. 18: 55-58.

Roberts, J. L, S. O. Sharrow and A. Singer. (1990). “Clonal deletion and clonal anergy in 
the thymus induced by cellular elements with different radiation sensitivities.” J. Exp.
Med. 171: 935-940.

Rodier, M., M. Andary, J. L. Richard, J. Mirouze and J. Clot. (1984). “Peripheral blood T- 
cell subsets studied by monoclonal antibodies in Type 1 (insulin-dependent) diabetes:
Effect of blood glucose control.” Diabetologia. 27: 136-138.

Rooijen, N. V. and R. Van Nieuwnegen. (1984). “Elimination of phagocytic cells in the 
spleen after intravenous injection of liposome-encapsulated dichloromethylene 
diphosponate.” Cell Tissue. Res. 238: 355-358.

Rose, N. R. and Witebsky. E. (1955). “Studies on organ specificity 11. Serological 
interrelationships among thyroid extracts of various species.” J. Immunol. 75: 282-290.

Rose, N. R., J. H. Kite, T. K. Doebbler, R. Spier, P. R. Skelton and E. Witebsky. (1965).
“Studies on experimental thyroiditis.” Ann. NY. Acad. Sci. 124: 201-230.

Rosen, H. and S. Gordon. (1987). “Monoclonal antibody to the murine type 3 complement 
receptor inhibits adhesion of myelomoncytic cells in vitro and inflammatory cell 
recruitment in vivo.” J. Exp. Med. 166: 1685-1701.

299



Rosen, H., G. Milon and S. Gordon. (1989). “Antibody to the murine type 3 complement 
receptor inhibits T lymphocyte-dependent recruitment of myelomonocytic cells in vivo.”
J. Exp. Med. 169: 535-548.

Rossini, A. A., J. P. Mordes and A. A. Like. (1985). “Immunology of insulin-dependent 
diabetes mellitus.” Ann Rev Immunol. 3: 289-320.

Rossini, A. A., R. M. Williams, M. C. Appel and A. A. like. (1978). “Sex differences in the 
multiple dose strep tozotocin model of diabetes.” Endocrinolgy. 103: 1518-1520.

Rotler, J. I. and E. M. Landau. (1984). “Measuring the genetic contribution of a single locus 
to a multilocus disease.” Clin. Gen. 26: 529-542.

Rotteveel, F. T. M., 1. Kokkelink, H. K. Van Walbeeek, C. H. Polman, J. J. M. Van Drugan and 
C. J. Lucas. (1987). “Analysis of T cell receptor-gene rearrangement in T cells isolated 
from the crebrospinal fluid of patients with multiple sclerosis.” J. Neuroimmunol. 15:
243: 17-19.

Rouse, R. V., W. Van Ewijk, P. P. Jones and 1. L Wiessman. (1979). “Expression of MHC 
antigens by mouse thymic dendritic cells.” J. Immunol. 122: 2508-2515.

Rowe, D., M. Griffiths, J. Stewart, D. Norvick, P. C. L. Beverley and D. A. Isenberg. (1987). 
“HLA class I and II, interleukin 2 and interleukin 2 receptor expression on labial biopsy 
specimens from patients with Sjogren's syndrome.” Ann. Rheum. Dis. 46: 580-586.

Rozing, J., C. Coolen, P. J. Tielen, J. Weergenaar, H.-J. Schuurman, D. L. Greiner and A. A. 
Rossini. (1989). “Defects in the thymic epithelial stroma of diabetes prone BB rats.” 
Thymus. 14: 125-135.

Saito, L, B. Servenius, T. Compton and R. I. Fox. (1991). “Detection of Epstein-Barr virus 
DMA by polmerase chain reaction in blood and tissue biopsies from patients with Sjogren's 
syndrome.” J. Exp. Med. 169: 2191-2198.

Sastre, L., T. K. Kishimoto, C. Gee, T. Roberts and T. A. Spinger. (1986). “The mouse 
leukocyte adhesion proteins Mac-1 and LFA-1: studies on mRNA translation and protein 
glycosylation with emphasis on Mac-1.” j. Immunol. 137:1060-1065.

Satoh, J., H. Seino, T. Abo, S. Tanaka, S. Shintani, S. Ohta, K. Tamura, T. Sawai, T. Nobunaga, 
T. Oteki, K. Kumagai and T. Toyota. (1989). “Recombinant human tumor necrosis factor a 
suppresses autoimmune diabetes in nonobese diabetic mice.” J. Clin. Invest. 84: 1345- 
1348.

Savino, W., C. Boitard, j.-F. Bach and M. Dardenne. (1991). “Studies on the thymus in 
Nonobese Diabetic Mouse.” Lab. Ivest. 36: 405-417.

Savino, W. and M. Dardenne. (1988). “Developmental studies on expression of monoclonal 
antibody defined cytokerotins by thymic epithelial cells from normal and autoimmune 
mice.” J. Histochem. and Cytochem. 36: 1123-1129.

Scadding, G. K., A. Vincent, J. Newsom-Davis and K. Henry. (1981). “Acetylcholine 
receptor antibody synthesis by thymic lymphocytes correlation with thymic histology.” 
Neurology. 31: 935-.

Schafer, E. A. (1895). “Address in physiology: On internal secretions.” Lancet. 2: 321- 
324.

Schechter, Y., R. Maron, D. Elias and 1. R. Cohen. (1982). “Autoantibodies to insulin 
receptor spontaneously develop as antd-idiotypes in mice immunized with insulin.”
Science. 216: 542-545.

300



Schein, P. S., D. A. Cooney, M. G. McMenamin and T. Anderson. (1973). “Streptozotocin 
diabetes-further studies on the mechanism of depression of nicotinamide adenine 
dinucleotide concentrerations in mouse pancreatic islets and liver.” Biochem. Pharmacol. 
22: 2625-2631.

Schernthaner, G., W. Scherbaun, M. Borkenstein, J. E. Banatvala, J. Bryant, E. Schober and 
W. R. Mayr. (1985). “Coxsackie B virus specific IgM responses complement fixing islet cell 
antibodies, HLA DR antigens and peptide secretion in insulin-dependent diabetes 
mellitus.” Lancet. 2: 630-632.

Schlegel, R., S. Banks-Schlegel and G. S. Pinkus. (1980). “Immunohistochemical 
localization of keratin in normal human tissues.” Lab. Invest. 42: 91-96.

Schmidtke, J. R. and F. J. Dixon. (1972). “Immune response to a hapten coupled to a 
nonimmunogenic carrier. Influence of lipopolysaccharide.” J. Exp. Med. 136: 392-397.

Schwab, E., V. Burkart, G. Freytag, U. Kiesel and H. Kolb. (1986). “Inhibition of immune 
mediated low-dose streptozotocin diabetes by agents which reduce vascular permeability.” 
Immunopharmocology. 12:17-21.

Schwartz, R. H. (1985). “T lymphocyte recognition of antigen in association with gene 
products of the major histocompatibilty complex.” Annu. Rev. Immunol. 3: 239-263.

Schwartz, R. H. (1989). “Acquisition of immunologic self tolerance.” Cell. 57: 1073-1081.

Schwimmbeck, P. L., D. T. Yu and M. B. Oldstone. (1987). “Autoantibodies to HLAB27 in 
the sera of HLAB27 patients with ankylosing sponylitis and Reiter's syndrome. Molecular 
minicry with Klebsiella pneumoniae as potential mechanism of autoimmune disease.” 166: 
173-181.

Schwizer, R. W., E. H. Leiter and R. Evans. (1984). “Macrophage mediated cytotoxity 
against cultured pancreatic islet cells.” Transplant. 37: 539-544.

Scott, D. W. (1984). “Mechanisms in immune tolerance.” CRC Critcal Rev. Immunol. 5: 1- 
25.

Scott, F. W., R. Mongeau, M. Kardish, G. Hadna and K. D. Trick. (1985). “Diet can prevent 
diabetes in the BB rat.” 34: 1059-1062.

Seister, C., S. Odent-Pogu, M. Bonneville, C. Maurel, F. Lang and P. Sai. (1985).
“Cyclosporin enhances diabetes induced by low-dose streptozotocin treatment in mice.” 
Immunol. Lett. 10: 57-60.

Sempe, P., P. Bedossa, M.-F. Richard, M.-C. Villa, J.-F. Bach and C. Boitard. (1991). “Anti- 
a/B T cell receptor monclonal antibody provides an efficient therapy for autoimmune 
diabetes in nonobese diabetic (NOD) mice.” Eur. J. Immunol. 21: 1163-1169.

Serreze, D. V., K. Hamaguchi and E. H. Leiter. (1989). “Immunostimulation circumvents 
diabetes in NOD/ Lt mice.” J. Autoimmunity. 2: 759-776.

Serreze, D. V. and E. H. Leiter. (1988A). “Defective activation of T suppressor cell fuction 
in nonobese diabetic mice.” J. Immunol. 140: 3801-3807.

Serreze, D. V. and E. H. Leiter. (1991). “Development of diabetogenic T cells from NOD/Lt 
marrow is blocked when an allo-H-2 haplotype is expressed on cells of hemapoietic origin, 
but not on thymic epithelium.” J. Immunol. 147: 1222-1229.

Serreze, D. V., E. H. Leiter, E. L. Kuff, P. Jardieu and K. Ishizaka. (1988B). “Molecular 
minicry between insulin and retroviral antigen p73. Development of crossreactive 
autoantibodies in sera of NOD and C57BL/KsJ db/db mice.” Diabetes. 37: 351-358.

301



Serreze, D. V., E. H. Leiter and L. D. Shultz. (1990). “Transplantation analysis of fi cell 
destruction in (NOD X CBA)F1 mouse bone marrow chimeras." Diabetologia. 33: 84-92.

Serreze, D. V., E. H. Leiter, S. M. Worthen and L. D. Schultz. (1988C). “NOD marrow stem 
cells adoptively transfer diabetes to resistant (NOD x NON) FI mice.” Diabetes. 37: 252- 
255.

Sha, W. C., C. A. Nelson, R. D. Newberry, D. M. Kranz, J. H. Russell and D. Y. Lob. (1988). 
“Positive and negative selection of an antigen receptor on T cells in transgenic mice.” 
Nature. 336: 73-76.

Sharrow, S. O., B. J. Mathieson and A. Singer. (1981). “Cell surface appearance of 
unexpected host MHC determinants on thymocytes from radiation bone marrow chimeras.” 
J. Immunol. 126: 1327-1235.

Shehadeh, N. and K. J. Lafferty. (1991). “Prevention of Type 1 Diabetes with the free 
radical scavenger N-Acetylcysteine.” Proceedings of the 11th International Immunology 
and Diabetes Workshop. : Abst. W1-P14.

Shimada, A., I. Takei, T. Maruyam, A. Kasuga, T. Kasatani, K. Watanabe, K. Kataoka and T. 
Saruta. (1991). “Acceleration of diabetes in young NOD mice with peritoneal exudate cells 
from diabetic NOD mouse.” Proceedings of the 11th International Immunology and 
Diabetes Workshop. : Abst. S2-P12.

Shimizu, H., Y. Uehara, Y. Tanaka, K. Kashima, N. Sato, Y. Shimomura and I. Kobayashi.
(1991). “Probucol prevents development of hyperglycemia in two different types of 
diabetes model, NOD and multiple low-dose streptozotocin-induced diabetic mice.” 
Proceedings of the 11th International Immunology and Diabetes Workshop. : Abst. Wl- 
P27.

Shimizu, J., S. Ikehara, J. Toki, H. Ohtsuki, R. Yasumizu and Y. Hamashima. (1987). 
“Immunohistochemical and ultrastructural studies on beta cell destruction in NOD mouse, 
an animal model for type 1 diabetes mellitus.” Acta, Histochem, Cytochem. 20: 9-19.

Shizuru, J. A., A. K. Gregory, C. T-B and C. G. Fathman. (1987). “Islet allograft survival 
after a single course of treatment of recipient with antibody to L3T4.” Science. 237: 278- 
280.

Shizuru, J. A., C. Taylor Edwards, B. A. Banks, A. K. Gregory and C. G. Fathmann. (1988). 
“Immunotherapy of the non-obese diabetic mouse: treatment with an antibody to T-helper 
lymphocytes.” Science. 240: 659-662.

Shizuru, J. A., C. Taylor-Edwards, A. Livingstone and C. G. Fathman. (1991). “Genetic 
dissection of T cell receptor Vfi gene requirements for spontanious murine diabetes.” J.
Exp. Med. 174: 633-638.

Shulman, S. (1974). “Tissue Specificity and Autoimmunity.” in Molecular Biology and 
Biochemistry and Biophysics,. 16: Chapman and Hall Ltd, London, Springer Verlag.

Sibley, R. K., D. E. R. Sutherland, F. Goetz and A. F. Michael. (1985). “Recurrent diabetes 
mellitus in the pancreas iso- and allograft. A light and electron microscope and 
immunohistochemical analysis of four cases.” Lab Invest 53: 132-144.

Signore, A., P. G. Pozzilli E, A, M, D. Andreani and P. C. L. Beverley. (1989). “The natural 
history of lymphocyte susets infiltrating the pancreas of NOD mice.” Diabetologia. 32:
282.

Singer, A., T. I. Munitz, H. Golding, A. S. Rosenberg and T. Mizuochi. (1987). “Recognition 
requirements for the actvation, differentiation and function of T-helper cells specific for 
class I MHC alloantigens.” Immunol. Rev. 98: 143-170.

302



Singh, B. and W. J. Cliffe. (1986). “Treatment of diabetic (db/db) mice with anti-class II 
MHC monoclonal antibodies.” Ann. N. Y. Acad. Sci. 475: 353-355.

Singh, B., W. J. Cliffe, P. D. Kilgannon, J. Fontg-Walmsley, J. Lauzon and A. Fotedar.
(1986). “Autoimmune status of genetically diabetic db/db mice.” In "The Immunology of 
Diabetes Mellitus." Jaworski, M. J, Molner, G. D, Rajotte, R.V and Singh, eds. Elsevier, 
Amsterdam. : pp 65-71.

Singh, B., T. Dillon, E. Fraga and J. Lauzon. (1990). “Role of the first external domain of I- 
Afi chain in immune responses and diabetes in Non-obese diabetic (NOD) mice.” J. 
Autoimmunity. 3: 507-521.

Sinha, A. A., M. T. Lopez and H. O. McDevitt. (1990). “Autoimmune Diseases: The failure of 
self tolerance.” Science. 248: 1380-1387.

Slattery, R. M., L. Kjer-Nielson, J. Allison, B. Charlton, T. E. Mandel and J. F. A. P. Miller.
(1990). “Prevention of diabetes in non-obese diabetic I-A^ transgenic mice.” Nature.
345: 724-726.

Smith, H. R. and A. D. Steinberg. (1983). “Autoimmunity-A Prespective.” Ann. Rev. 
Immunol. 1: 175-210.

Soeldner, J. S., M. Tuttleman, S. Srikanta, O. P. Ganda and G. S. Eisenbarth. (1985). 
“Insulin-dependent diabetes mellitus and autoimmunity: islet-cell autoantibodies, 
insulin autoantibodies and beta-cell failure.” New. Eng. J. Med. 313: 893-894.

Speiser, D. E., L. R. K, H. Hengartner, R. M. Zinkernagel and H. R. MacDonald. (1989). 
“Positive and negative selection of T cell receptor VR domains controlled by distinct cell 
populations in the thymus.” J. Exp. Med. 170: 2165-2170.

Spinas, G. A., B. S. Hansen, S. Linde, W. Kastem, J. Molvig, T. Mandrup-Poulsen, C. A. 
Dinarello, J. H. Nielsen and J. Nerup. (1987). “Interleukin 1 dose-dependently affects the 
biosynthesis of (pro)insulin in isolated rat islets of langerhans.” Diabetologia. 30: 474- 
480.

Spinas, G. A., B. S. Hansen, S. Linde, W. Kastem, J. Molvig, T. Mandrup-Poulsen, C. A. 
Dinarello, J. H. Nielson and J. Nerup. (1987). “Interleukin 1 dose-dependent affects the 
biosynthesis of (pro) insulin in isolated rat islets of langerhans.” Diabetologia. 30: 474- 
480.

Spinas, G. A., T. Mandrup-Poulsen, J. Molvig, L. Baek, K. Bendtzen, C. A. Dinarello and J. 
Nerup. (1989). “Low concentrations of interleukin-1 stimulate and high concentrations 
inhibit insulin release from isolated rat islets of Langerhans.” Acta Endocrinol. 113: 
551-558.

Sprent, J., D. Lo, E.-K. Gao and Y. Ron. (1988). “T cell selection in the thymus.” Immunol. 
Rev. 101:173-190.

Sriakanta, S., A. T. Ricker, D. K. McCuIIoch, J. S. Soelder, G. S. Eisenbarth and J. P. Palmer.
(1986). “Autoimmunity to insulin, beta cell dysfunction and development of insulin- 
dependent diabetes mellitus.” Diabetes. 35: 139-142.

Staerz, U. D., H.-G. Rammensee, J. D. Denedetto and M. J. Bevan. (1985). “Characterization 
of a murine monoclonal antibody specific for an allotypic determinant on T cell antigen 
receptor.” J. Immunol. 134: 3994-4000.

Stallcup, K. C., T. A. Springer and M. F. Mescher. (1981). “Characterization of an anti-H-2 
monclonal antibody and its use in large-scale antigen purification.” J. Immunol. 127: 
923-930.

303



Starkey, P. M., L. Turley and S. Gordon. (1987). “The mouse macrophage-specific 
glycoprotein defined by monoclonal antibody F4/80: characterization, biosynth esis and 
demonstration of a rat analogue.” Immunol. 60: 117-122.

Sternithal, E., A. A. Like, K. Sarantis and L. E. Baverman. (1981). “Lympjpcytic 
thyroiditis and diabetes in the BB/W, a new model of autoimmune endcrinopathy.” 
Diabetes. 30: 1058-1060.

Stuehr, D. J., S. S. Gross, I. Sakuma, R. Levi and C. F. Nathan. (1989). “Activated murine 
macrophages secrete a metabolite of arginine with the bioactivity of endothelium-derived 
relaxing factor and the chemical reactivity of nitric oxide.” J. Exp. Med. 169: 1011-1020.

Stuehr, D. J. and M. A. Marietta. (1987). “Induction of nitrite/nitrate synthesis in murine 
macrophages by BCG infection, lymphokines, or interferon-y.” J. Immunol. 139: 518-525.

Sugihara, T., Y. Yoshimura and O. Tonaka. (1989). “Ultrastructural and immunoelectron 
microscopic studies on infiltrating mononuclear cells in lymphocytic submandibulitis in 
NOD mice.” Histol. Histopathol. 4: 397-404.

Supon, P., P. Stecha and K. Haskins. (1990). “ Anti-islet cell antibodies from NOD mice.” 
Diabetes. 39: 1366-1372.

Takei, F. (1985). “Inhibition of mixed lymphocyte response by a rat monoclonal antibody 
to a novel murine lymphocyte activation [MALA-2].” J. Immunol. 134: 1403-1407.

Taki, T., M. Nagata, W. Ogawa, N. Hatamori, M. Hayakawa. et al. (1991). “Prevention of 
cyclophospamide-induced and spontaneous diabetes in NOD/Shi/Kbe mice by anti-MHC 
class I Kd monoclonal antibody.” Diabetes. 40: 1203-1208 
1209.

Talal, N. (1989). “Autoimmunity and sex revisited.” Clin. Immunol. Immunopathol. 53: 
355-357.

Tanka, S.-L, S. Nakajima, S. Inoue, Y. Takamura, I. Aoki and K. Okuda. (1990). “Genetic 
control by I-A subregion in H-2 complex of incidence of streptozotocin-induced 
autoimmune diabetes in mice.” Diabetes. 39: 1296-1304.

Tam, A. C., C. P. Smith, K. M. Spencer, G. F. Bottazzo and E. A. M. Gale. (1987). “Type 1 
(insulin-dependent) diabetes: a disease of slow clinical onset.” Br. Med. J. 294: 342-345.

Terada, M., M. Salzler, K. Lennartz and Y. Mullen. (1988). “The effect of H-2 compatibility 
on pancreatic beta cell survival in the non-obese diabetic mouse.” Transplantation. 45: 
622-627.

Theofilopoulous, A. N. and F. J. Dixon. (1981). “Etipathogenesis of murine SLE.” Immunol. 
Rev. 55:179-216.

Thivolet, C., A. Bendelac, P. Bedossa, J.-F. Bach and C. Carnaud. (1991). “CD8+ T cell 
homing to the pancreas in the nonobese diabetic mouse is CD4+ T cell-dependent.” J. 
Immunol. 146: 85-88.

Timsit, J., M. Debray-Sachs, C. Boitard and J. F. Back. (1988). “Cell-mediated immunity to 
pancreatic islet cells in the non-obese diabetic (NOD) mouse: in vitro characterization 
and time course study.” Clin. Exp. Immunol. 73: 260-264.

Tiwari, J. L. and P. 1. Terasaki. (1985). “HLA and disease associations.” Spinger Verlag,
New York.

Tochino, Y. (1987). “The NOD mouse as a model of Type 1 Diabetes.” CRC. Critical Rev. 
Immunol. 8: 49-81.

304



Todd, J. A., H. Acha-Orbea, J. I. Bell, N. Chao, Z. Fronek, C. O. Jacob, M. McDermott, A. A. 
Sinha, L Timmerman, L. Steinman and H. O. McDevitt (1988). “A molecular basis for MHC 
class Il-associated autoimmunity.” Science. : 1003-1009.

Todd, J. A., T. J. Aitman, R. J. Cornall, S. Ghosh, J. R. S. Hall, C. M. Hearne, A. M. Knight, J. 
M. Love, M. A. McAleer, J.-B. Prins, N. Rodrigues, M. Lathrop, A. Pressey, N. H. DeLarto, L.
B. Peterson and L. S. Wicker. (1991). “Genetic analysis of autoimmune type 1 diabetes 
mellitus in mice.” Nature. 351: 542-547.

Todd, J. A., J. I. Bell and H. O. McDevitt (1987). “HLA-DQl̂  gene contributions to 
susceptability and resistance to insulin-dependant diabetes mellitus.” Nature. 329: 599- 
604.

Todd, J. A., C. Mijovic, J. Fletcher, D. Jenkins, A. R. Bradwell and A. H. Barnett. (1989). 
“Identification of susceptability loci for insulin - dependant diabetes mellitus by trans - 
racial gene mapping.” Nature. 338: 587-589.

Tomonari, K. and S. Fairchild. (1991). “The genetic basis of negative selection of Tcrb- 
11+ T cells.” Immunogenetics. 33: 157-162.

Tomonari, K. and E. Lovering. (1988). “T cell-receptor specific monoclonal antibodies 
against a VRl 1-positive mouse T cell clone.” Immunogenetics. 28: 445-451.

Toyota, T. (1984). “Islet cell antibody and immunologic aspects of NOD mice.” in. Lessons 
from animal diabetes, Shafrir. E et al. eds. John Libby, London. : 308-319.

Toyota, T., J. Satoh, K. Oya, S. Shinoani and T. Okano. (1986). “Streptococcal preparation 
(OK-432) inhibits development of type 1 diabetes in NOD mice.” Diabetes. 35: 496-499.

Traub, E. (1938). “Factors influencing the persistence of chorimeningids virus in the 
blood of mice after clinical recovery.” J. Exp. Med. 68: 229-250.

Tulsiani, D., R, and P, O. Tous ter. (1981). “Thymus involution and inhibition of spleen 
cell growth accompanies streptozotocin-induced diabetes in rats: possibile relationship 
of these changes to the elevated hydrolase levels in diabetic plasma.” Arch. Biochem. 
Biophys. 208: 59-68.

Tyler, J. D., S. J. Galli, M. E. Snider, A. M. Dvorak and D. Steinmuller. (1984). “Cloned Lyt- 
2+ cytolytic T lymphocytes destroy allogeneic tissue in vivo.” J. Exp. Med. 159: 234-243.

Uchigata, Y., S. Kuwata, K. Tokunaga, Y. Egughi, S. Takayama-Hasumi, M. Miyamoto, Y. 
Omori, T. Juji and Y. Hirata. (1992). “Strong association of insulin autoimmune syndrome 
with HLA-DR.” Lancet. 339: 393-394.

Uchigata, Y., H. Yamamoto, A. Kawamura and H. Okamoto. (1982). “Protection by 
superoxide dismutase, catalse, and poly(ADP-ribose) synthetase inhibitors against 
alloxan- and streptozotocin-induced islet DNA strand breaks and against the inhibition of 
proinsulin synthesis.” J. Biological Chemistry. 257: 6084-6088.

Uehira, M., M. Uho, T. Kurner, H. Kikutani, K. Mori, T. Inomoto, T. Uede, J. Miyazaki, J. 
Nishimoto, T. Kishimoto and K. Yamamura. (1989). “Development of autoimmune insulitis 
is prevented in Ea ^ but not in Ap^ NOD transgenic mice.” Int Imm. 1: 209-213.

Unanue, E. R. and P. M. Allen. (1987). “The basis for the immunoregulatory role of 
macrophages and other accessory cells.” Science. 236: 551-557.

Vallance, P. (1989). “EDRF and microvascular constriction after angioplasty.” Lancet. 1: 
1139.

305



Van Eden, W., J. Holoshitz, Z. Nevo, A. Frenkel, A. Klajam and I. R. Cohen. (1985).
“Arthritis induced by a T-lymphocyte clone that responds to mycobacterium tuberculosis 
and to cartilage proteoglycans.” Proc. Natl. Acad. Sci. 82: 5117-5120.

Van Eden, W., J. E. R. Thole, R. Van der Zee, A. Noordzij, J. D. A. Van Embden, E. J. Hensen 
and I. R. Cohen. (1988). “Cloning of the mycobacterial epitope recognised by T 
lymphocytes in adjuvent arthritis.” Nature. 331: 171-173.

Van Ewijk, W. (1991). “T-cell differentiation is influenced by thymic microenviroments.” 
Annu. Rev. Immunol. 9: 591-615.

Van Ewijk, W., P. Kisielow and H. Von Boehmer. (1990). “Immunohistology of T cell 
differentiation in the thymus of H-Y specific T cell receptor a/R transgenic mice.” Eur. J. 
Immunol. 20: 129-137.

Van Ewijk, W., Y. Ron, J. Monaco, J. Kappler, P. Marrack, M. Le meur, P. Gerlinger, B. 
Durand, C. Benoist and D. Mathis. (1988). “Compartmentalization of MHC class II gene 
expression in transgenic mice.” Cell. 53: 357-370.

Van Laar, J. M., A. M. M. Miltenburg, M. J. A. Verdonk, M. R. Daha, R. R. P. DE Veries, P. J. 
Van Den Elsen and P. C. Breedveld. (1991). “Lack of T cell oligoclonality in enzyme- 
digested synovial tissue and in synovial fliud in most patients with rheumatoid arthritis.” 
Clin. Exp. Immunol. 83: 352-359.

Van Ouwerkerk, B. M., E. P. Krenning, R. Docter, R. Brenner and G. Hennemann. (1985). 28 
(1): 32-36.

Vardi, P., S. A. Dib, M. Tuttleman, J. E. Connelly, M. Grinbergs, A. Rabizadeh, W. J. Riley,
N. K. Maclaren, G. S. Eisenbarth and J. S. Soeldner. (1987). “Competitive insulin 
autoantibody RIA: prospective evaluation of subjects at high risk for development of Type 
1 diabetes mellitus.” Diabetes. 36: 1286-1291.

Varey, A. M., P. Hutchings, L. O'Reilly, T. Hussell, H. Waldmann, E. Simpson and A. Cooke.
(1991). “The development of insulin-dependent diabetes mellitus in non-obese diabetic 
mice: the role of CD4+ and CD8+ T cells.” Boi. Chem. Soc. Trans. 19: 187-191.

Varey, A. M., P. M. Lydyard, B. M. Dean, P. H. Van der Meide, J. D. Baird and A. Cooke.
(1988). “Interferon-gamma induces class II MHC antigens on Rin-m5F cells.” Diabetes. 37: 
209-212.

Vavra, J. J., C. Deboer, A. Dietz, L J. Hanka, and W. T. Sokolski. (1959-1960). 
“Streptozotocin: a new antibacterial antibiotic.” Antibiot. A nn.. 7: 230-235.

Vincent, A., H. C. Thomas, G. K. Scadding and J. Newson-Davis. (1978). “In vitro synthesis 
of anti-acetylcholine receptor antibody by thymic lymphocytes in myasthenia gravis.” 
Lancet. 1: 305.

Vitetta, E. S., R. Fernandez-Botran, C. D. Myers and V. M. Sanders. (1989). “Cellular 
interactions in the humoral immune response.” Adv. Immunol. 45: 1-105.

Vives, M., G. Soldevila, L. Alcalde, C. Lorenzo, N. Somoza and R. Pujol-Borrell. (1991). 
“Adhesion molecules in human islet R-cells: De novo induction of ICAM-1 but not LFA-3.” 
Diabetes. 40: 1382-1390.

Von Boehmer, H. and K. Schubiger. (1984). “Thymocytes appear to ignore class I major 
histocompatibilty antigens expressed on thymus epithelial cells.” Eur. J. Immunol. 14: 
1048-1052.

Von Boehmer, H., H. S. Teh and P. Kisielow. (1989). “The thymus selects the useful and 
destroys the harmful.” Immunol. Today. 10: 57-61.

306



Von Mering, J. and O. Minkowski. (1889). “Diabetes mellitus nach pankreas exstirpation.” 
Arch. Exp. Pharmakol. 26: 371-387.

Waldor, M. K., S. Sriram, R. Hardy, L. A. Herzenberg, L. A. Herzengerg, L Lanier, M. Lim, 
and L. Steinman . (1985). “Reversal of experimental allergic encephalomyelitis with 
monclonal antibody to a T-cell subset marker.” Science. 227: 415-417.

Walker, R., A. J. Bone, A. Cooke and J. D. Baird. (1988A). “Distinct macrophage 
subpopulations in pancreas of pre-diabetic BB/E rats. Possible role for macrophages in 
pathogenesis of IDDM.” Diabetes. 37: 1301-1304.

Walker, R., A. J. Bone, A. Cooke and J. D. Baird. (1988B). Aberrant expression of class 11 
MHC molecules on pancreatic beta cells during development of insulin-dependent 
diabetes: cause or consequence. Frontiers in Diabetes Research 11. London, John Libbey.

Walker, R., A. Cooke, A. j. Bone, B. M. Dean, P. Van der Meide and J. D. Baird. (1986). 
“Induction of class 11 MHC antigens in vitro on pancreatic beta cells isolated from BB/E 
rats.” Diabetologia. 29: 749-751.

Wang, Y., L. Hao, R. G. Gill and K. J. Lafferty. (1987). “Autoimmune diabetes in NOD mouse 
is L3T4 T-lymphocyte dependent.” Diabetes. 36: 535-538.

Watenabe, K., R. Tanaka, T. Nishimura, Y. Kumagai, J.-l. Miyazaki, K.-I. Yamamura and S. 
Habu. (1991). “I-E-restricted monoclonal expansion of B lymphocytes in the thymus of 
NOD mice.” Int. Immunol. 3: 839-842.

Waters, S. H., j. J. O'Neal, D. T. Melican and M. C. Appel. (1992). “Multiple TCR VB usage 
by infiltrates of young NOD mouse islets of langerhans: a p ymerase chain reaction 
analysis.” Diabetes. 41: 308-312.

Webb, M. (1990). “Inhibition of mixed lymphocyte reaction by a monoclonal antibody 
specific for a rat T cell subset.” In: Procedures of biological fluids. 28th colloquium. H. 
Peteres (ed) Pergamon Press, Oxford. : pp. 549-.

Webb, S. R., A. Okamoto, Y. Ron and J. Sprent. (1989). “Restricted tissue distribution of 
Mls^ determinants : Stimulation of Mls^ - reactive T cells by T cells but not by dendritic 
cells or macrophages.” J. Exp. Med. 169:1-12.

Weber, C. J., G. La Foret, L. Straus berg, S. Rivera, T. Mundinger and K. Reemtsma. (1986). 
“Prevention of multiple low-dose streptozotocin diabetes in BIO.BR mice by whole body 
irradiation.” Transplant. Proc. 18: 812-816.

Weigle, W. O. (1973). “Immunological unresponsiveness.” Adv. Immunol. 16: 61-122.

Weinstein, A. (1980). “Drug-induced systemic lupus erythematosus.” Prog. Clin. Immunol. 
4: 1-21.

Weiss, S. and B. Bogen. (1989). “B-lymphoma cells process and present their endogenous 
immunoglobulin to major histocompatibility complex-restricted T cells.” Pro. Natl. Acad. 
Sci. 86: 282-286.

Wekerle, H. and U.-P. Ketelsen. (1980). “Thymic nurse cell-la-bearing epithelium 
involved in T-lymphocyte differentiation?” Nature. 283: 402-404.

Whaley, K., J. Webb and B. A. McAvoy. et al. (1973). “Sjogren's syndrome 2. clinical 
associations and immunological phenomena.” Q, j. Med. 42: 513-548.

Whittingham, S., L. J. McNeilage and I. R. MacKay. (1987). “EBV as an etilogical agent in 
primary Sjogren's syndrome.” Med. Hypotheses. 22: 373-386.

307



Wicker, L S., B. J. Miller, A. Chai, M. Terada and Y. Mullen. (1988). “Expression of 
genetically determined diabetes and insulitis in the nonobese diabetic (NOD) mouse at the 
level of bone marrow-derived cells. Transfer of diabetes and insulitis to nondiabetic 
(NOD X BIO) FI mice with bone marrow cells from NOD mice.” J Exp Med. 167: 1801- 
1810.

Wicker, L. S., B. J. Miller, L. Z. Coker, S. E. McNally, S. Scott, Y. Mullen and M. C. Appel.
(1987). “Genetic control of diabetes and insulitis in the non-obese diabetic (NOD) mouse.” 
J. Exp. Med. 156 (6): 1639-1654.

Wicker, L. S., B. J. Miller, P. A. Fischer, A. Pressey and L. B. Peterson. (1989). “Genetic 
control of diabetes and insulitis in the nonobese diabetic mouse; Pedigree analysis of a 
dibetic heterozygote.” J. Immunol. 142: 781-784.

Wicker, L. S., B. J. Miller and Y. Mullen. (1986). “Transfer of autoimmune diabetes 
mellitus with splenocytes from nonobese diabetic (NOD) mice.” Diabetes. 36: 855-860.

Wilkin, T., P. J. Hoskins, M. Armitage, D. L Rocher and R. D. G. Leslie. (1985). “Value of 
insulin autoantibodies as serum markers for insulin-dependent diabetes mellitus.” 
lancet, ii: 480-482.

Wilkin, T. J., L. Scott-Morgan, J.-L. Diaz, C. R. Casey, M. Armitage and P. Betts. (1990).
“The relationship between insulin autoantibodies (lAA) and islet cell antibodies (1CA) as 
serological markers for type 1 diabetes in man and the BB rat.” Immunology of Diabetes 
10th International Workshop . Lessons from Animal Diabetes 3rd International 
Workshop. Jersusalem, Israel. : pp 87A Abst. 345.

Williams, A. J. K., E. Procaccini, P. E. Beates, K. Mansfield, A. Signore, S. Xu, E. A. M. Gale 
and P. Pozzilli. (1991). “Therapy with a free oxygen radical scavenger, glutathione, in the 
NOD mouse.” : Abst. W1-P15. P r o c e e d i n g s  of th e  11 In terna t ional  Immunology and D ia b e te s  
W o rk sh o p .
Williams, C. L. and V. A. Lennon. (1986). “Thymic B lymphocyte clones from patients with 
myasthenia gravis secrete monoclonal striational autoantibodies reacting with myosin, 
alpha actinin, or actin.” J. Exp. Med. 164: 1043-.

Willis, T. (1676-1680). Opera Omria (Geneva). 2:

Wofsy, D. and W. E. Seaman. (1985). “Successful treatment of autoimmunity in NZB/NZW 
FI mice with monoclonal antibody to L3T4.” J. Exp. Med. 161: 378-391.

Wolf, J., F. Lilley and S. Shin. (1984). “The influence of genetic background on the 
susceptibility of inbred mice to streptozotocin-induced diabetes.” Diabetes. 33: 567-571.

Woodland, D., M. P. Happ, J. Bill and E. Palmer. (1990). “Requirement for co-tolerogenic 
gene products in the clonal deletion of 1-E reactive T cells.” Science. 247: 964-967.

Woodland, D. L, M. P. Happ, K. J. Gollob and E. Palmer. (1991). “An endogenous retrovirus 
mediating deletion of aft T cells?” Nature. 349: 529-530.

Worlledge, S. M. (1973). “Immune drug-induced haemolytic anaemias.” Semin. Haematol. 
10: 327-344.

Wraith, D. C., D. E. Smilek, D. J. Mitchell, L. Steinman and H. O. MacDevitt. (1989).
“Antigen recognition in autoimmune encephalomyelitis and the potential for peptide- 
mediated immunotherapy.” Cell. 59: 247-255.

Wright, J. R., P. E. Lacy, E. R. Unanue, C. Musynski and V. Haupfeld. (1986). “Interferon-^ 
mediated induction of la antigen expression on isolated murine whole islets and dispersed 
islet cells.” Diabetes. 35: 1174-1177.

308



Yamada, K., T. Hanafusa and H. Fujino-Kurihara. et al. (1985). “Nicotinamide prevents 
lymphocytic infiltration in submandibular glands but not the appearance of anti-salivary 
duct antibodies in non-obese diabetic (NOD) mice.” Res. Commun. Patbol. Pharmacol. SO: 
83-91.

Yamada, K., C. Inada, N. Takane, S. Otabe, E. Miyajima and K. Nonaka. (1991). “Involvement 
of free radicals in cytokine-induced islet cell damage accompanied by MHC antigen 
expression.” Proceedings of the l l tb  International Immunology and Diabetes Workshop. : 
AbsL W1-P25.

Yamada, K., K. Nonaka, T. Hanafusa, A. Miyazaki, H. Toyoshima and S. Tarui. (1982). 
“Preventative and therapeutic effects of large-dose nicotinamide injections on diabetes 
associated with insulitis; an observation in nonobese diabetic (NOD) mice.” Diabetes. 31: 
749-753.

Yamamoto, H. and H. Okamoto. (1980). “Protection by picolinamide, a novel inhibitor of 
poly (ADP-ribose) synthetase, against both streptozotocin-induced depression of 
proinsulin synthesis and reduction of NAD content in pancreatic islets.” Biochem.
Biophys. Res. Commun. 95: 474-481.

Yamamoto, H., Y. Wchigata and H, Okamoto. (1981). “Streptozotocin and alloxan induce 
DNA strand breaks and ploy (ADP-ribose) synthetase in pancreatic islets.” Nature. 294: 
284-286.

Yasunami, R. and J. P. Bach. (1988). “Anti-suppressor effect of cyclophosphamide on the 
development of spontaneous diabetes in NOD mice.” Eur J Immunol. 18: 481-484.

Yokono, K., Y. Kawase, M. Nagata, N. Hatamori and S. Baba. (1989). “Suppression of 
concanavalin A-induced responses in splenic lymphocytes by activated macrophages in 
the non-obese diabetic mouse.” Diabetologia. 32: 67-73.

Zamvil, S. S., D. M. Mitchel, A. C. Moore, K. Kitamura, L. Steiman and J. B. Rothbard.
(1986). “T cell epitope of the autoantigen myelin basic protein that induces 
encephalomyelitis.” Nature. 324: 258-260.

Zamvil, S. S., D. S. Mitchel, N. E. Lee, A. C. Moore, M. K. Waldor, K. Sakai, J. B. Rothbard, H.
O. McDevitt, L. Steinman and H. Acha-Orbea. (1988). “Predominant expression of a T cell 
receptor Vft gene subfamily in autoimmune encephalomyelitis.” J. Exp. Med. 167: 1586- 
1596.

Ziegler, A. G., P. Varchi, A. T. Ricker, M. Hattori, J. S. Soeldner and G. S. Eisenbarth.
(1989). “Radioassay determination of insulin autoantibodies in NOD mice: correlation 
with increased risk of progression to overt diabetes.” Diabetes. 38: 358-363.

Zier, K. S., M. M. Leo, R. S. Spielman and L Baker. (1984). “Decreased synthesis of 
interleukin-2 (11-2) in insulin-dependent diabetes mellitus.” Diabetes. 33: 552-555.

Zinkernagel, R. M., G. N. Callahan, A. Althage, S. Cooper, P. A. Klein and J. Klein. (1978).
“On the thymus in the differentaion of "H2 self recognition by T cells: Evidence for dual 
recognition?” J. Exp. Med. 147: 882-896.

Zipris, D., A. R. Crow and T. L. Delovich. (1991A). “Altered thymic and pheripheral T- 
lymphocyte repertoire preceeding onset of diabetes in NOD mice.” Diabetes. 40: 429-435.

Zipris, D., A. H. Lazarus, A. R. Crow, M. Hadzija and T. L. Delovitch. (1990). “Defective 
thymic T cell activation by concnavalin A and anti-CD3 in autoimmune nonobese diabetic 
mice: Evidedence for thymic T cell anergy that correlates with the onset of insulitis.” J. 
Immunol. 146: 3763-3771.

Zipris, D., A. H. Lazarus, A. R. Crow, M. Hadzija and T. L. Delovitch. (1991B). “Defective 
thymic T cell activation by concanavalin A and anti-CD3 in autoimmune nonobese diabetic

309



mice: Evidence for thymic T cell anergy that correlates with the onset of insulitis.” J. 
Immunol. 146: 3763-3771.

Zoller, M. (1991). “Intrathymic presentation by dendritic cells and macrophages : their 
role in selecting T cells with specificity for internal and external nominal antigen.” J. 
Immunol. 74: 407-413.

Zuelzer, G. L. (1908). “Weber versuche einer specifischen ferment therapie des diabetes.” 
Z. Exp. Pathol. Then 5: 307-318.

310



Bibliography Continued

Miller, J. E  A. P. (1971). “B cell Tolerance.” Rec. Aust. Acad. Sci. 2: 82-87.

Smith, C. A., G. T., Williams, R. Kingston and E. J. Jenkinson. (1989). “Antibodies 

to CD3/T-cell receptor complex induce death by apoptosis in immature T cells in thymic 

cultures.” Nature. 337: 181-184.


