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Abstract

Allergic disorders affect at least 20% of the population of developed countries. They 

include hay fever, asthma, atopic dermatitis and food allergies. These symptoms are 

associated with high serum levels of allergen-specific IgE and eosinophilia, and are dependent 

upon IL-4 and IL-5 released from allergen-specific CD4 T cells expressing the Th2 cytokine 

profile. Recent strategies aim to switch allergen specific Th2 responses to Thl, with 

predominant production of XFN-y and IL-2. The basis of this strategy is the supposed mutual 

opposition between Thl and Th2, where Thl cytokines downregulate Th2 function, and so 

would be expected to reduce IgE. The purpose of this study was the development of a 

therapeutic vaccine for treatment of allergy based on Mycobacterium vaccae, since the 

mycobacteria have been highlighted as suitable carriers possessing appropriate Thl 

adjuvanticity and this organism is used as a killed preparation, and has undergone extensive 

toxicological studies and safety assessment in man. A specific murine model of ovalbumin 

(OVA)-induced Th2 type immune response was developed for this study. BALB/c mice that 

receive two doses of OVA develop high levels of IgE and IL-5 which are crucial factors for 

allergic responses. The therapeutic vaccines compared in this murine model included 

unmodified M. vaccae, M. vaccae conjugated to OVA and recombinant M .vaccae 

expressing the major epitope recognised by murine T cells (OVA323-339). The efficacy of the 

vaccine is judged by inhibition of the IgE response and switching the specific cytokine pattern 

from Th2 to Thl. Interestingly, treatment with unmodified M.vaccae was most effective at 

reducing IgE and IL-5 release, whereas M.vaccae conjugated to OVA or expressing OVA323- 

339 had enhanced capacity to evoke a allergen specific IL-2 response but a diminished capacity 

for downregulation of IL-5. Meanwhile, the procedure of conjugation between OVA and 

mycobacteria appeared to damage the ability of M. vaccae to suppress the serum IgE response. 

The data suggest dissociation between the ability of M.vaccae to downregulate IgE, and its 

ability to downregulate the potential for EL-5 secretion. Results of this study will be very 

important in development of immunotherapy and of an effective vaccine for allergy, and will 

add to our understanding of immunoregulation by pathogenic mycobacteria.
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Chapter 1 
Introduction

Allergic diseases are the most widespread immunological disorder in humans, 

representing the most prevalent and rapidly increasing health problem. They affect one in 

four individuals in developed nations, with consequences ranging in severity from irritating 

to life-threatening (HayGlass, 1995). Allergen avoidance has always been the most effective 

therapy, but preventing exposure to common environmental substances such as house dust 

mite, and cat and dog allergens is virtually impossible. Furthermore, it is now accepted that 

the efficacy of traditional allergen immunotherapy is low. For these reasons it is urgent and 

necessary to develop a new therapeutic strategy for the cure of allergy.

The study of allergy reveals that the symptoms are associated with high levels of 

serum IgE (Saban et al., 1994, Shakib and Smith, 1994, Stampfli et al., 1995) and 

eosinophilia (Coyle et al., 1 9 9 ^ Egan et al., 1996, Eum et al., 1995) which are dependent 

upon IL-4 and IL-5 released from allergen specific CD4+ T cells expressing the Th2 cytokine 

profile (Del Prete, 1992, Kapsenberg et al., 1996, Secrist et al., 1995). One recent therapeutic 

strategy aims to switch the allergen specific Th2 response into Thl. The basis of this strategy 

is that Thl cytokines can down-regulate Th2 function and would be expected to relieve the 

allergic symptoms. This concept is supported by Shirakawa’s study. Children that are 

tuberculin skin-test positive are less likely to be atopic and their ratio of circulating Thl/Th2 

cytokines is higher (Shirakawa et al., 1997). In the studies presented in this thesis, a harmless 

mycobacterium, M. vaccae, is applied to provoke a Thl immune response to down-regulate 

the allergen specific Th2 immunity in an animal model. The results suggest that this 

mycobacterium can suppress an ongoing Th2 response and lower the IgE titre and may 

provide a novel immunotherapy for allergy.



1.1 Thl/Th2 immunity

It is well known that antibodies are effective against soluble toxins and extracellular 

microorganisms, whereas cell-mediated immunity is more important for the elimination of 

intracellular agents. Furthermore, a reciprocal relationship exists between delayed-type 

hypersensitivity (DTH) and humoral immunity. In the last decade, considerable evidence 

from the study of inbred mice has accumulated to suggest that this reciprocal relation 

between humoral and cellular immunity is due to the existence of functionally polarized 

responses by the CD4+ T helper (Th) and the CD8+ T cytotoxic (Tc)-cell subsets that depend 

on the cytokines they produce. Murine Thl and Th2 cells have been defined on the basis of 

their different profile of cytokine secretion. Thl cells produce IFN-y, IL-2 ,and TNF-(3, and 

promote the production of opsonizing and complement-fixing antibodies, macrophage 

activation, and antibody-dependent cell cytotoxicity and delayed-type hypersensitivity. On 

the other side, Th2 cells produce IL-4, IL-5, IL-6, IL-9, IL-10 and IL-13 and provide optimal 

help for humoral immune responses, including IgE and IgGl isotype switching, and mucosal 

immunity, through production of mast cell and eosinophil growth and differentiation and 

facilitation to IgA synthesis. Moreover some Th2-derived cytokines, such as IL-4, IL-10, and 

IL-13 inhibit several macrophage functions (Mosmann and Coffman, 1989^^Snapper and 

Paul, 1987, Stevens et al., 1988). Thl and Th2 cells not only produce a different set of 

cytokines and induce production of different subclasses of immunoglobulins, but also appear 

to express different activation markers preferentially. CD30, a member of the tumor necrosis 

factor (TNF) receptor superfamily, is mainly expressed by Th2-like and T cytotoxic 2 (Tc2) 

cells, whereas lymphocyte activation gene 3 (LAG-3), a member of the immunoglobulin 

superfamily, is preferentially associated with Thl-like cells (Annunziato et al., 1996, Del- 

Prete et al., 1995). In addition, human Thl and Th2 cells show functional properties 

comparable to murine Thl and Th2 cells (Romagnani, 1994).

In the absence of clear polarizing signals, CD4+ T cell subsets with a less 

differentiated lymphokine profile than Thl or Th2 cells, designated ThO, usually arise that 

mediate intermediate effects depending upon the ratio of lymphokines produced and the



nature of the responding cells. ThO cells probably represent a heterogeneous population of 

effector cells. The cytokine response of the single ThO cell can remain mixed or further 

differentiate into the polarized Thl or Th2 pathway in subjects with a particular genetic 

background or under the influence of strong microenvironmental signals (Abehsira-Amar et 

a l, 1992, Maggi et ah, 1992, Manetti et ah, 1994).

Ag-specific immune response is largely dependent on the selection or preferential 

activation by the offending agent of particular subsets of CD4 helper T cells able to secrete 

defined patterns of cytokines leading to the triggering of strikingly different effector 

mechanisms (Del-Prete et ah, 1994). These subsets of Th cells have distinct regulatory and 

effector functions, and the inappropriate selection of Thl or Th2 phenotype results in 

ineffective or disease-promoting immune responses (Romagnani, 1994, Seder and Paul,

1994). Human responses to intracellular bacteria and viruses result in the preferential 

development of the Thl cell subset. Thl cells express cytolytic activity against APCs and can 

provide helper function for IgM, IgG, and IgA synthesis only at low T/B ratios. In contrast, 

Th2 cells develop in response to allergens or helminth antigens, provide help for all Ig 

classes, including IgE, and lack cytolytic potential. Thl-type responses appear to be involved 

in the pathogenesis of organ-specific autoimmune disorders and acute allograft rejection, as 

well as in some chronic inflammatory diseases of the gastrointerestinal tract, such as 

Helicobacter pylori -induced gastric antritis and Crohn's disease. In contrast, allergic 

reactions involving IgE and mast cells result from the development and activation of 

allergen-specific Th2 cells. Thus, understanding the factors involved in the generation of Thl 

and Th2 cells might have important clinical implications. Furthermore, once the T helper 

responses become established, the question remains as to the stability of these populations 

and whether these phenotypes can be altered to provide the desired response.



1.2 Factors that influence the Thl/Th2 cytokine balance

1.2.1 The cytokine milieu at priming

The selection of Th cell phenotype occurs at an early stage of the immune response 

and is determined by a number of factors. Among these factors, cytokines appear to play the 

most important role, and it is likely that the other factors affect T cell differentiation by 

acting on the production of endogenous cytokines at priming. The maturation of naive human 

T cells into the Th2 pathway mainly depends on the levels and the kinetics of autocrine IL-4 

production at priming. On the other hand, Th2 cell maturation can occur without exposure to 

IL-4 from accessory cells and may be determinated by the genetic background of individual 

and the nature/intensity of T cell receptor (TCR) signaling by the peptide ligand. In some 

conditions, IL-4 produced by CD4+NK1.1+ T cells may also play a role in the development 

of Th2 cells (Yoshimoto and Paul, 1994). By contrast, priming of naive T cells to IFN-y 

production probably results from the stimulation of natural immunity and consequent release 

of IL-12 from macrophage and IFNs (y and a )  from NK cells by different pathogens 

(Romagnani, 1997). In addition, the cytokine milieu generated by macrophages and NK cells, 

in response to intracellular bacteria or viruses, plays a functional role in determining the 

functional phenotype of the subsequent antigen-specific Thl response. In contrast, the 

absence or low concentrations of IFN-y and early production of IL-4 by cells of the mast 

cell/basophil lineage ( Piccinni et al, 1991, Bradding et al, 1993, Brunner et a l, 1993, 

Moqbel et al, 1996 ) or by T cells themselves, which occur in response to allergens or 

helminth components, probably favor the development of Th2 cells.

IL-12 is the dominant factor in directing the development of T helper cells producing 

high levels of IFN-y and thus leading to cell-mediated immune responses (Hsieh et al., 1993, 

Manetti et a l, 1994, Manetti et a l, 1993, Seder et a l, 1993). IL-12 is a 75kD heterodimer 

secreted by monocytes (D'Andrea et a l, 1992) with multiple activities on NK cells and T 

cells (Gazzinelli et a l, 1993, Heinzel et a l, 1993, Manetti et a l, 1993, Sypek et a l, 1993, 

Tripp et a l, 1993) including augmentation of IFN-y production (Chan et al, 1992). Studies in 

the mouse have demonstrated the obligatory role of IL-12 for the development of in vivo and



in vitro Thl responses. Addition of IL-12 at priming, not only polarized the phenotype of the 

effector cells but it also increased their responsiveness to IL-12. IFN-a and TGF-p may 

contribute together with IL-12 to the development of Thl cells mainly by inhibiting IL-4/IL- 

5 production. The acquisition of a Thl phenotype requires a prolonged exposure to IL-12 

and additional cytokines (suppressing IL-4 at priming, like IFN-y, IFN-a and TGF-P) may be 

required. Because of the potent proinfiammatory and immunoregulatory functions of IL-12, 

the immune system has developed feedback mechanisms for antagonizing its action. IL-10 

negatively regulates IL-12 production by inhibiting IL-12p40 transcription. In B-cell lines, 

NF-kB appears to play a crucial role in the regulation of IL-12p40 production (Adorini and 

Sinigalia, 1997).

The induction of protective Thl responses against several pathogens is explained by 

their ability to trigger IL-12 production by cells of the innate immune system prior to, or at 

the time of Ag presentation to naive T cells (Ma et al., 1996). Interestingly, IL-12 may also 

be released, at low but functionally sufficient levels, by dendritic cells (DCs) upon antigen 

presentation to T cells in neutral conditions. IL-12 induces IFN-y synthesis in NK cells 

independent of T cells (DAndrea et a l, 1992). Nevertheless, this offers a novel pathway of 

the natural immune response to influence the cellular microenvironment regulating a Th 

response, as IL-12 is mainly produced by antigen-presenting macrophages and can be 

induced by intracellular bacteria or viruses. IL-12 increases Ab-dependent cellular 

cytotoxicity (ADCC) and cell-mediated cytotoxicity by NK cells and acts back on 

macrophages inducing TNF-a and IFN-y. With respect to T cells, IL-12 was recently shown 

to induce a typical Thl response. However, this effect can be overcome by the addition of IL- 

4 (Manetti et a l, 1993, Schmitt et a l, 1994).

The presence of IL-4 during initial stimulation of resting T cells with mitogens (Le- 

Gros et a l, 1990, Swain et a l, 1990) or specific antigens (Hsieh et a l, 1992, Maggi et a l, 

1992, Seder et a l, 1992, Swain et al., 1991) gives rise to T cell populations that can secrete 

high levels of IL-4 upon restimulation. Addition of recombinant IL-4 in bulk cultures before



cloning shifted the differentiation of PPD-specific T cells from the Thl to the ThO or even to 

the Th2 phenotype (Maggi et a l, 1992, Seder and Paul, 1994). IL-4 added in bulk culture 

before cloning inhibited not only the Thl differentiation of PPD-specific T cells, but also the 

development of their cytolytic potential. In contrast, early addition of both IFN-y and anti-IL- 

4 antibody induced most of allergen-specific T cells to differentiate into cytolytic ThO and 

Thl, instead of non-cytolytic Th2, clones (Maggi et al, 1992, Parronchi et a l, 199'^.

It has been suggested that IFN-y may induce a Thl phenotype development (Hsieh et 

a l,  1992, Parronchi et a l, 1992^ Swain et a l,  1991) but direct addition of IFN-y had no 

effect. Other reports supported this notion because IFN-y activated only a small subset of 

CD4+ T cells (O'Garra and Murphy, 1994). IL-2 is a growth and activating factor for Thl and 

Th2 cells, whereas IL-4 and IFN-y play an opposite regulatory role on proliferation and 

cytokine synthesis of Th2 and Thl cells, respectively. IL-2 by itself seems not to be capable 

of polarizing a Th response, but together with IL-12 or PGE2, IL-2 drives a Th response in 

the direction of the Thl type or Th2 type (Betz and Fox, 1991, DeKruyff et a l, 1995). IL-12 

in the presence of IL-2 also induced IFN-y production in Th2 clones (Yssel et a l, 1994). 

Thus, the humoral immune response is influenced by IL-12 as it inhibits IL-4-induced IgE 

synthesis in PBMC (Brunda, 1994). This inhibition of IgE synthesis seems to be T cell 

dependent and distinct from the effects of IFN-y or TGF-p.

IL-10 has been shown to inhibit monocyte- or macrophage-dependent antigen- 

specific proliferation of mouse Thl clones as well as human ThO, Thl, and Th2 like T cell 

clones (de-Waal-Malefyt et a l, 1993). One important mechanism by which IL-10 inhibits 

accessory functions of macrophage/APCs is the suppression of MHC class I expression (de- 

Waal-Malefyt et a l,  1 9 9 de-Waal-Malefyt et a l,  199lt^ Ding et a l,  1993, Ding and 

Shevach, 1992) and IL-12 production (D'Andrea et al., 1993), as well as expression of B7 

(Ding et a l,  1993, Kubin et a l, 1994). IL-10 also markly influences B cells by inducing IgA 

synthesis in CD40-activated B cells and promotes naive B cells to secrete IgGl and IgG3 

(Briere et a l, 1994^Briere et a l, 1994^ IL-10 inhibits IL-4-induced in vitro IgE synthesis in



human PBMC cultures indirectly via monocytes (Bober et al., 1994, Nonoyama et al., 1994, 

Punnonen et al., 1993).

Cross-regulation of Th subsets has been proposed where cytokines such as IFN-y 

inhibit responses by Th2 cells (Fernandez-Botran et al., 1988, Gajewski and Fitch, 1988). 

Production of IL-4 and IL-10 by Th2 cells partly accounts for the ability of Th2 cells to 

down-regulate inflammation and Thl activity in cell-mediated immune (CMI) responses 

(Powrie and Coffman, 1993, Powrie et al., 1993). IL-10 is selectively produced by murine 

Th2 cells (though it is made by human Thl and Th2 cells) and because of its differential 

effects on Thl cytokine synthesis, IL-10 has been thought to play a major role in 

crossregulation of Thl and Th2 development and activation, perhaps helping to control the 

balance between immune responses induced by these T cell subsets (Mosmann and Moore, 

1991). Murine IL-10 acts as a selective inhibitor of cytokine production by Thl cells 

(Fiorentino et al., 1989). Human IL-10 significantly inhibits the proliferation and the 

cytokine production of both Thl and Th2 clones in response to either specific antigen or 

PHA (Del-Prete et al., 1993).

1.2.2 The type of antigen presenting cells (APC)

Early regulation of Thl and Th2 cytokines in a developing immune response and the 

identity of the initiating APCs are critical in determining the Th phenotype of the developing 

T cells (Hsieh et al., 1992, Macatonia et al., 1993, Seder and Paul, 1994, Seder et al., 1992, 

Swain et a l, 1991, Tanaka et a l, 1993). It is now thought that cytokines made by other cells, 

such as antigen-presenting macrophages and B cells, control the differentiation of 

uncommitted helper T cell precursors into either type of effector cell (Fiorentino et al., 1991, 

Swain et a l, 1990, Manetti et a l, 1993, Berg et al, 1994, Brewer et a l, 1994).

1.2.3 Co-stimulatory signals

Effector T cells are triggered when their Ag-specific receptors and either the CD4 or 

the CD8 co-receptors bind to peptide: MHC complexes. But ligation of the TCR does not



stimulate naive T cells to proliferate and differentiate into effector T cells unless a second, 

co-stimulatory, signal is also present. Of the known costimulatory molecules, the family of 

proteins termed B7 appears to be the most potent. The B7 costimulatory pathway involves at 

least two molecules, B7-1 (CD80) (Freeman et al., 1991) and B7-2 (CD86) (Azuma et a l, 

1993, Freeman et a l, 1993), both of which can interact with their counterreceptors, CD28 

and CTLA-4, on T cells (Freeman et a l, 1993). B7-1 and B7-2 have different functions in the 

development of Thl and Th2 cells. Blocking B7-1 interactions during T cell activation 

induces functional inactivation in Thl cells, leading to a state of hyporesponsiveness or 

anergy (Schwartz, 1992, Chen and Nabavi, 1994). Meanwhile, Kuchroo et al found that anti- 

B7-1 treatment increases the production of IL-4 and anti-B7-2 enhances the production of 

IFN-y. Furthermore, the majority of Th clones derived from anti-B7-1 -injected mice were of 

the Th2 phenotype (Kuchroo et a l, 1995).

1.2.4 Dose of antigen

Many studies have indicated that different doses of microbes, or protein antigens 

appear to favor the selective induction of distinct Th subsets and thus the development of 

humoral or cell-mediated immune responses (Bretscher et a l, 1992, Carballido et a l, 1992, 

Pfeiffer et a l, 1991). The mechanism(s) responsible for these effects is poorly understood. It 

is possible that certain concentration of antigen induce a state of tolerance that preferentially 

shuts off Thl or Th2 responses. Alternatively, a low concentration of soluble antigen may be 

taken up by antigen-specific B cells that induce a Th2 response, whereas a low concentration 

of particulate antigen is likely to be taken up by macrophages that preferentially elicit a Thl 

response. On the other hand, high concentrations of soluble and particulate antigen both 

induce a Thl+Th2 response.

1.2.5 The genetic background

The products of individual MHC alleles can differ from one another by up to 20 

amino acids, making each allele quite distinct. Because different MHC molecules bind 

different peptides, the T cells responding to a given protein Ag presented by several different



MHC molecules will usually have to recognize different peptides. So MHC polymorphism 

might control the responses of T cells. Previous studies show that MHC genotype controlled 

the selective activation of Thl and Th2-type cells in response to the collagen IV peptide 

(Bretscher et a l, 1992, Carballido et a l, 1992, Pfeiffer et al, 1991).

1.2.6 Adjuvant

Adjuvants are used for conventional vaccines to elicit an early, high and long-lasting 

immune response. With the use of adjuvants less Ag is required to evoke the immune 

response. The mode of action of adjuvants include the presentation of antigen to 

immunocompetent cells, the formation of a depot of Ag at the site of inoculation which is 

slowly released, and the production of different lymphokines such as various interleukins and 

TNF.

Currently, the only adjuvant licenced for use in human vaccines is alum. This 

notwithstanding, alum is certainly less than the ideal adjuvant for every situation. For 

example, it does not induce strong humoral immune responses to all Ags and generally fails 

to induce cell-mediated immunity (Warren et a l, 1986). Another adjuvant used in mice is 

Freund’s adjuvant. Mineral (paraffin) oil mixed with killed mycobacteria is known as 

complete Freund’s adjuvant (CFA) and the water-in-oil emulsion without mycobacteria is 

known as incomplete Freund’s adjuvant (IFA). The mode of action of IFA may include 

depot formation at the site of injection and slow release of the Ag with stimulation of Ab- 

producing cells (Herbert, 1968). The Ag must be trapped within water droplets in the lipid 

phase for augmentation of the immune response. The mineral oil emulsion did not 

significantly enhance CMI in the absence of mycobacteria (Bomford, 1980). In a study of 

malaria merozoite vaccine against Plasmodium knowlesi in monkeys. Incomplete Freund’s 

Adjuvant (IFA) was less effective than CFA (Butcher et a l, 1978).

It is now recognized that adjuvant’s biological properties depend upon their ability to 

activate selectively one of the two CD4 T cell subpopulations, Thl or Th2, that control the
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major features of specific immune responses (Mosmann and Coffman, 1989). Phenotypically 

different subpopulations of CD4 cells were elicited by the same Ag administered in different 

adjuvant preparations. Th2-like cells were generated after immunization with polymers on 

alum (A1K(S04)2) and Thl-like cells after immunization with Ags in CFA. An examination 

of the isotypes of polymer-specific Abs present in the sera of immunized mice also supported 

this conclusion (Grun and Maurer, 1989). In the guinea-pig the response to CFA is 

distinguished from that of IFA by inducing CMI (DTH) and Ig02a as well as IgGl Ab 

(Bomford, 1980).

1.2.7 Nature of antigen

Environmental allergens and parasite antigens usually expand Th2-like cells, whereas 

responses to some bacterial and viral antigens are associated with expansion of Thl-like 

cells. The response to a given antigen or allergen does not simply result in the outgrowth of 

Th 1 or Th2 cells, but is usually associated with the expansion of variable proportions of ThO 

cells. T cell clones specific for PPD generated from atopic individuals belong not only to the 

Thl, but, at least in part, to the ThO, or even the Th2, cell subset (Parronchi et a l, 1992^

1.2.8 Antigen epitope

A polypeptide might contain both protective and suppressive epitopes. The ability to 

specify the primary structure of a vaccine by recombinant DNA techniques or peptide 

synthesis provides the opportunity of excluding such inhibitory sequences (Sercarz and 

Krzych, 1991). The encephalitogenic proteolipid protein (PLP) peptide 139-151 induces Thl 

cells, whereas immunization with a single-residue-substituted peptide induces Th2 and ThO- 

type cells (Adorini and Sinigalia, 1997). Immunization of mice with an altered peptide may 

deviate the phenotype of the T cell response from Thl to Th2 (Pfeiffer et a l, 1995).

1.2.9 Hormones

Following exposure to physiological amounts of glucocorticoids, naive T cells 

produced high levels of IL-4/5 and low levels of IL-2/IFN-y if cells were cultured under
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serum-free conditions suggesting that the absence of IL-4 production by naive T cells in 

serum-containing media may be an in vitro artifact (Daynes et al., 199cl .̂ DHEA directly 

influenced the cytokine pattern of T cells (Daynes et al., 199(55*- DHEA sulfate is the most 

abundant steroid in the circulation of humans, but it has to be enzymatically activated to 

become functional. Macrophages are known to contain this DHEA sulfatase enzyme within 

their granules (Hennebold and Daynes, 1994). Increased DHEA sulfatase activity was also 

found in human kératinocytes and in the placenta (Haning et a l, 1990, Milewich et al., 

1988). High DHEA sulfatase activity was found in the spleen and also in lymph nodes 

draining nonmucosal tissues such as the skin, whereas low activity was found in other lymph 

nodes, such as the Peyer’s patches.

1.2.10 Signal transduction mediated by T cell receptor (TCR)

The TCR-mediated signals may be as important as the cytokine environment for the 

acquistition of Thl/Th2 phenotype. Important components of IL-12 signaling are Janus 

kinase 2 (JAK2) and STAT4. In both mice and humans, IL-12 treatment induces tyrosine 

phosphorylation of JAK2 and STAT4 selectively in Thl but not Th2 cells. This correlates 

with the differential expression of IL-12R chains in these two cell types.While IL-12R (31 

transcripts are expressed in similar amounts in Thl and Th2 cells, the transcripts coding for 

the IL-12R P2 subunit are selectively expressed in established Thl but not Th2 lines. In 

contrast, signalling by IL-4 occurs through activation of STAT6, and knockout of STAT6 

gene results in deficient Th2 responses (Adorini and Sinigalia, 1997).

1.3 The influence of primary stimulus on Thl/Th2 immunity

Immunological events during primary exposure to an antigen are believed profoundly 

to influence the subsequent immune response. T cells stimulated with a combination of anti- 

CD2 and anti-CD28 produced IL-2 and IL-4, but when in addition PMA was used, IL-4 

production was inhibited and IL-2 production was strongly enhanced. The inhibiting effect of 

PMA on IL-4 production was only observed on freshly isolated T cells and not T cell clones.
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This suggests that regulation of IL-4 production in primary T cells and T cell clones is quite 

different. The capacity of cultured T cells to produce IL-4 is determined and fixed during the 

first 2-3 days of stimulation (van-der-Pouw-Kraan et al, 1993).

BALB/c mice inoculated with live Brugia malayi microfilariae (mf) or immunized 

with a soluble filarial extract {B. malayi Ag, BmA) develop specific Th2 responses. In 

contrast, BALB/c mice immunized with PPD develop Thl responses. PPD induces a Thl 

response in mice which receive simultaneous immunization with BmA and PPD. However, 

inoculation with mf or immunization with BmA prior to immunization with PPD will drive 

PPD to induce a mixed Thl+Th2 response. In vivo neutralization of IL-4 diminished 

induction of Th2 responses to PPD. These results demonstrate that ongoing Th2 responses to 

helminth Ag modulate the Th response to mycobacterial Ag by an IL-4 dependent 

mechanism (Pearlman et a l, 1993). Modulation of the Th response to PPD toward Th2 in B. 

malayi -infected mice was not associated with a reduction in PPD-specific IFN-y production 

(Pearlman et a l,  1993). It is of interest to note that IL-4 and IL-5 responses to PPD 

developed in vivo in the presence of IFN-y, and yet anti-IFN-y enhanced the in vitro IL-4 

and IL-5 responses to PPD. These results are consistent with findings in other model systems 

which demonstrate that IFN-y does not block development of the Th2 response, but can 

down-regulate established Th2 responses (Abehsira-Amar et a l, 1992, Schmitt et al, 1990, 

et a l, 1992).

In another study, infection with Schistosoma mansoni induced a down-regulation of 

Thl responses and elevation of Th2 responses to unrelated foreign immunogens, as well as to 

parasite Ag themselves. One implication of these findings is that helminth-infected 

individuals may have altered cell-mediated immunity function to other microbial agents. 

Sperm whale myoglobin (SwMb) Ag induces a Th2 response in S. mansoni infected mice 

(Kullberg et a l, 1992). In addition to the effects on cytokine production, infected mice had 

lower levels of serum Abs specific for SwMb compared to uninfected animals. SwMb- 

specific IgGl and IgG2a Abs showed similar decreases, suggesting no selective changes in
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isotypes between infected and uninfected mice (Kullberg et a l, 1992). There are several 

alternative explanations for the observed down-regulation in Thl cytokine and increase in IL- 

4 responses to SwMb seen in cultures from infected mice: (1) it is possible that S. mansoni 

infection alters the ratio of Thl/Th2 cells in the entire CD4 population of the animal. (2) The 

down-regulation in Thl cytokine production seen in patently S. mansoni infected mice is due 

to cross-regulation of Th subsets (Pearce et a l, 1991, Sher et a l, 1991). (3) The altered 

Thl/Th2 responses observed in infected animals is due to differences in the AFC population, 

e.g. types of cells and/or changes in expression of cell surface Ag (Kullberg et a l, 1992).

The outcome of infection seems to be associated with the immune responses to the 

parasite (Ottensen, 1984, Ottensen, 1992) and the differential ability of individuals to attack 

each developmental stage of the parasite. Moreover, the different developmental stages in a 

complex life cycle are unlikely to evoke identical immune responses. For example, the Th2 

response in murine schistosomiasis is stimulated by eggs and not by the preceding 

schistosomula and adult worm stages (Pearce and Sher, 1991). Meanwhile, the adult female 

elicits a potent Th2 response in the host that may be modulated or down-regulated by IFN-y 

elicited by microfilariae (Lawrence et a l, 1994). Microfilariae-driven IFN-y may modulate a 

potentially pathologic Th2 response in the host by opposing some of the effects of IL-4. This 

is in accord with recent reports that IgE levels are reduced in microfilariae-positive patients, 

although IgG4 responses are enhanced (Kurniawan et al, 1993).

1.4 Are differentiated T helper cells reversible?

Previous work in both murine and human systems has shown that a significantly 

greater number of cells differentiate into IFN-y producing cells than into IL-4 producing cells 

(Murphy et a l, 1996). For example, approximately 80% of murine cells stimulated in the 

presence of IL-12 were shown to produce IFN-y by flow cytometry analysis. In contrast, only 

30-40% of naive CD4+ T cells cultured in the presence of IL-4 were shown to develop into 

IL-4 producing cells. Moreover, priming naive CD4+ T cells in conditions favoring Th2 cells 

resulted in a far greater percentage of activated cells that produce IL-2 but not IL-4, IL-5, or
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IFN-y. These cells would be referred to as 'activated but uncommitted' cells. The fact that 

there is a substantially greater number of committed Thl than Th2 cells - coupled with the 

relatively large pool of activated but uncommitted cells seen from Th2 cell cultures - might 

account for the greater plasticity of the Th2 response. If the paradigm outlined above is true, 

it might have clinical relevance with regard to using cytokines or cytokine antagonists as 

therapeutics. For example, in diseases in which a Thl response is less desirable (i.e. 

autoinunune), it may be more difficult to manipulate the committed IFN-y-producing cells 

using IL-4 as a therapy, whereas Th2 responses could be altered to produce IFN-y by IL-12.

Once Th2-type cells had developed, they no longer responded to exogenous IL-12 

(Szabo et al., 1995). It was reported that the inability to respond to IL-12 was due to a defect 

in the IL-12 signaling cascade. However, in a study of human clones, it was shown that IL-12 

could induce a transient increase in IFN-y production from established Th2 clones (Manetti et 

a l,  1994). This effect was seen only if IL-12 was present during cell stimulation with 

mitogen. Take together, these results suggest that once Th2 cell lines or clones are 

established, it may be difficult to functionally alter them. These results suggest that while 

stimulating already differentiated human Th2 cells in the presence of IL-12 did not cause a 

change in the overall frequency of IL-4-producing cells, it did cause a significant number of 

the IL-4-producing cells to also produce IFN-y. In contrast, Thl cells stimulated in the 

presence of IL-4 did not show a decrease in the frequency of IFN-y producing cells or an 

increase in the frequency of IL-4-producing cells. Taken together, these results suggest that 

there is greater plasticity in the ability of committed Th2 cells to be altered by IL-12 than in 

that of Thl cells to be altered by stimulating cells in the presence of IL-4 (Seder and Prussin, 

1997).

1.5 The immunobiology of allergy

The immune response to environmental allergens is believed to depend on multiple 

factors including the genetic background of an individual and environmental factors (Ishizaki 

et a l, 1987, Molfino et a l,  1991, Suoniemi et a l, 1981) It is frequently stated that the
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immune response to allergens in nonallergic subjects is characterized by Thl-like 

lymphocyte responses (Sallusto et a l, 1993). Numerous published observations support this 

hypothesis, including the generation of allergen-specific Thl-like clones from nonallergic 

subjects, which secrete IFN-y but not IL-4 or IL-5. However, the normal state is not 

characterized by delayed-type hypersensitivity-like cellular inflammatory responses to 

allergen. Normal subjects remain healthy because they are able to inhale allergens without 

experiencing inflammation. Several findings support the concept that atopic diseases (hay 

fever, bronchial asthma, atopic dermatitis) reflect Th2-dominated responses to single or 

multiple common environmental allergens: (a) allergens preferentially expand Th cells 

showing a Th2-like profile in atopic donors, whereas allergen-specific T cells in nonatopic 

donors are prevalently Thl-like; (b) Th2-like cells accumulate in the target organs of allergic 

patients; (c) allergen-challenge results in the local activation and recruitment of allergen- 

specific Th2-like cells; (d) successful specific immunotherapy associates with changes in the 

cytokine profile of allergen-reactive Th cells; (e) allergen-reactive CD30+ Th2 cells are 

present in the circulation of allergic patients duing seasonal allergen exposure (Romagnani,

1995).

1.5.1 The influence of IL-4 and other Th2 cytokines

The demonstration that allergen-specific Th2-like cells play a triggering role in the 

pathogenesis of atopic disorders suggests that atopic individuals may have alterations in the 

development and/or the functional capability of their Th cells. CD4+ T cell clones generated 

from umbilical cord blood lymphocytes of newborns of atopic parents produce higher IL-4 

concentrations than neonatal lymphocytes of newborns of nonatopic parents. Thus, 

alterations of molecular mechanisms directly involved in the regulation of IL-4 gene 

expression, deficient regulatory activity of cytokines responsible for inhibition of Th2-cell 

development (such as IFN-a and IL-12), or both, may account for the preferential Th2-type 

response to environmental allergens in atopic individuals. For an allergic response it should 

be noted that the primary source of IL-4 needed to mount an appropriate allergen-specific 

Th2 response has not yet been identified. Activated T cells and cells from the mast cell and
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basophil lineage also depend on prior to exposition of IL-4, or previously induced IgE 

synthesis by B cells, to synthesize IL-4 (Ben-Sasson et al., 1990, Brunner gr czA, 1993, 

Piccinni et a l, 1991). Alternatively there may exist another set of IL-4 producing T cells that 

comprise this primary source of IL-4 at the onset of an immune response.

For atopy, human IL-13 may be as important as IL-4, because it induces in vitro IgE 

and IgG4 synthesis in a subpopulation of human B cells that are activated by T cells, CD40 

ligand, or anti-CD40 antibody (Kopf et a l, 1993, McKenzie et a l, 1993, Punnonen et a l,

1994). Recently IL-13 was described to have a similar effect as it induces in vitro IgE 

synthesis independent of IL-4 (Aversa et a l, 1993, de Vries et a l, 1993, McKenzie et a l, 

1993, Punnonen et a l, 1994). However, in vivo, IL-13 is not able to bypass IL-4 in IL-4 

deficient mice (Kopf et al,\99?>).

In an already established allergic disease IL-4 does not appear to be crucial for its 

perpetuation. The recruitment of eosinophils in the late phase appears to be mediated by Th2 

cells secreting IL-5 (Nakajima et a l, 1992). Th2 cells can be maintained and expanded in 

vitro for a relatively long period of time in the absence of IL-4, suggesting that once 

polarization to Th2-like cells has occurred this phenotype is retained indefinitely and may be 

modulated only temporarily (Swain, 1993). Ag-specific IgE Ab production by memory B 

cells is only partially dependent on IL-4 (Van-Ommen et a l,  1994). These results suggest 

that IL-4 is not necessary for an ongoing allergic response.

Despite these concerns, a role for Th2-like cells in the pathophysiology of allergic 

disorders is convincingly demonstrated by numerous observations. Bronchial biopsy 

specimens from patients with allergic asthma (Robinson et a l, 1992) and skin test challenge 

sites from atopic patients are characterized by T helper lymphocytes displaying a Th2-like 

cytokine profile. However, although there may be a reduced presence of the Thl cytokines, 

allergic disorders are also characterized by the presence of IFN-y. IFN-y can readily be 

identified both as transcripts and protein in bronchoalveolar lavage fluid and biopsy
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specimens (Robinson et a l, 1992), in nasal lavage fluid in which it may be one of the more 

prevalent cytokines, and in the supernatant of antigen-specific T helper lymphocyte cell lines 

(Ikagawa et a l, 1996, Slunt et a l, 1996). Through its ability to activate accessory cell 

function, stimulate IL-1, TNF-a, and IL-6 release, induce endothelial cell adhesion molecule 

expression, and support the recruitment and activation of inflammatory cells, it is likely that 

IFN-y is a proinflammatory cytokine that exacerbates the severity of allergic inflammation. 

(Borish, 1997).

1.5.2 IgE and allergy

Serum IgE levels are 1000- to 10,000-times lower than IgG levels. The amount of 

specific IgE as well as the total IgE level in a patient’s serum is often believed to reflect the 

extent of an allergic disease. Generally, 60-70% of allergic patients have a serum IgE 

concentration higher than the mean value of the corresponding healthy population. The best 

example for the clinical role of IgE may be the amount of specific IgE in pollen-allergic 

patients that show extreme seasonal variations (Moller and Elsayed, 1990). High amounts of 

IgE were also found in a distinct clinical situation, termed hyper-IgE syndrome (Ring and 

Landthaler, 1989). In African children high IgE levels correlated with ascaris infection 

(Johansson et a l, 1968). Other infestations with helminths were also reported to increase IgE 

serum concentrations (Hagel et a l, 1993). At present it is not clear whether this effeet on 

increased IgE synthesis is due to a general adjuvant or an immunologieally specific effect. 

IgE antibodies can strongly bind via their Fc portion to receptors in the membrane of tissue 

mast cells, basophils, and Langerhans cells (Biebert, 1994, Helm et a l, 1988, Kinet, 1989- 

1990). Crosslinking of IgE-receptor complex by means of allergens leads to degranulation 

and to the release of potent mediators such as histamine (Haydik and Ma, 1988, Liu et a l, 

1986, Lowman et a l, 1988).

1.5.2.1 The regulation of IgE by cytokines

Development of immunotherapeutic strategies for control of immediate 

hypersensitivity has long been hindered by a major challenge: persistent inhibition of IgE
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responsiveness is difficult to establish. Allergen immunotherapy currently involves a series 

of injections of allergen extracts with the goal of decreasing the patient's sensitivity to that 

allergen. IgE responses can be polarized by chemically modified allergens or by varying 

antigen concentrations (Baum et a l, 1990, Gieni et a l, 1993, Marcelletti and Katz, 1992). 

However, the absence of IgE did not influence the normal humoral immune response and 

apparently had no negative effect on the health of normal and even parasite-infected mice.

The key cytokine, produced mainly by activated T cells, that seems to be mandatory 

for the isotype switch to IgE is IL-4 (Dugas et a l, 1993, Finkelman et a l, 1990, Kimata et 

a l, 1992, Knoller et a l, 1989, Kopf et a l, 1993). However, IgE synthesis is regulated by a 

very complex system involving not only many different cell types but also a whole cocktail 

of different cytokines as well as glucocorticoids, produced in vivo by adrenal gland cells 

(Kimata et a l, 1995, et a l, 1991). IL-3, IL-5, IL-6, IL-9, and TNF-a all enhance human 

IgE synthesis in vitro (Delespesse et a l, 1989) whereas IL-2, IL-8, IL-10, IFN-y, and TGF-p 

are inhibitors (King and Ashwell, 1993, Knoller et a l, 1989). In vitro, the presence of 

cytokines, such as IL-4 is sufficient to determine the development of a particular Th 

phenotype. In contrast, the efficacy of a T cell to turn on the humoral immune response 

strongly depends on additional contact-mediated signals. The interaction of the CD40 ligand 

on activated T cells with the CD40 molecule on B cells seems to be crucial for IgE class 

switching.

1.5.2.2 The regulation of IgE by accessory signals

A panel of surface molecules on T cells as well as on other cells, such as CD23, 

CD28, CD40 ligand, and the CD45 isoforms, provide accessory signals to B cells for 

switching to IgE. Meanwhile, many studies demonstrated that interactions with membrane- 

associated molecules on T cells as well as soluble factors play a central role in the regulation 

of human IgE synthesis (Armitage et a l, 1993, Yang et a l, 1988). Briefly, a direct contact 

between B cells and T cells is believed to be mandatory for the induction of IgE synthesis. 

The likely relevant molecules for IgE regulation are CD40 ligand on activated T cells.
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basophils, eosinophils, or monocytes and the CD40 antigen on B cells (Banchereau et al., 

1994, Horner gf a/., 1995, Spriggs et a l, 1992).

Signaling via B cell surface anchored CD23 inhibits B cell proliferation and 

differentiation (Luo et al, 1991). IL-4 is the strongest inducer of CD23 expression on most 

cell types (Herbelin et ah, 1994, Katira et at., 1993). A natural ligand for CD23 is the CD21 

molecules, also claimed to be involved in IgE synthesis (Henchoz et a l, 1994). A distinct set 

of anti-CD21 molecules rescued human germinal B cells from apoptosis (Bonnefoy et a l,  

1993). CD23 expression and secretion is a marker of activated cells. As CD23 and CD21 can 

be coexpressed on B cells as well as on T cells, one may assume that secreted CD23 acts as 

an autocrine factor. Previous reports show that signaling via CD28 on T cells inhibited 

human in vitro IgE synthesis (Life et al., 1995) and this inhibition could be bypassed by B. 

pertussi infection (Van-der-Pouw-Kraan et al., 1995). In addition, a crosslink of CD45 and 

CD40 on human B cells resulted in the inhibition of IgE synthesis (Loh et al, 1995).

In summary, surface molecules on T cells provide accessory signals to B cells, 

thereby amplifying the humoral immune response including IgE synthesis. Interestingly, 

many of the well-defined surface molecules play a decisive role in the switching event of B 

cells, to a greater and more selective degree than the concurrent cytokine regulation.

1.5.2.3 The regulation of IgE by CD8+ T ceils

CD8+ T cells producing IFN-y in the airways were reported to modulate the extent of 

a Th2 like immune response after allergen challenge in humans (McMenamin and Holt, 

1993). CD8+ T cells derived from HIV-infected individuals with hyper-IgE have been shown 

to provide help to B cells for class switching to IgE, and IgE measurement in serum of HIV- 

infected persons correlated with the depletion of CD4+ T cells in vivo (Paganelli et a l, 1995). 

In a rat model the involvement of CD8+ T cells in the regulation of specific IgE synthesis to 

allergen has been reported (Diaz-Sanchez and Kemeny, 1990, Diaz-Sanchez and Kemeny, 

1991, Thorpe et al., 1988, Thorpe et al., 1989). Ricin, a toxic lectin from castor beans.
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injected together with a bystander Ag can develop specific IgE Ab to the bystander Ag ( 

Diaz-Sanchez and Kemeny, 1990). Meanwhile, the induced IgE response can be boosted by 

repeated injection of ricin and Ag and is long-lived (Diaz-Sanchez and Kemeny, 1991). 

Functionally, ricin inactivates a subpopulation of CD8+ T cells within 1 day after 

immunization ( Diaz-Sanchez et al, 1993). These observations suggest that CD8+ T cells may 

suppress IgE and deletion of CD8+ T cells might enhance IgE production and favour Th2- 

type immune responses. However, the results are different between the effects of CD8+ T- 

cell depletion on the early and later stages of the immune response. CD8+ T cell deletion in 

the animal which IgE response has been induced can prevent the usual decline in serum IgE 

levels. On the other hand, if depletion of CD8+ T cells is performed prior to immunization, 

the IgE response is inhibited in these animals are immunized with ricin and a bystander Ag 

(Kemeny et al, 1992). These evidences suggest that CD8+ T cells may influence on the 

immune response and may provide help for IgE production in some circumstances (Kemeny 

et al, 1994).

1.5.2.4 The regulation of IgE by basophils and mast cells

The role of tissue mast cells and circulating basophils during the effector phase of an 

IgE-mediated hypersensitivity reaction is very well established (Brunner et al., 1993, 

Gauchat et a i, 1993, Kinet, 1989-1990). It has been shown that lung mast cells and basophils 

also secrete IL-4 if appropriately stimulated in vitro (Ben-Sasson et a l, 1990, Bradding et al, 

1992, Bradding et a l, 1993, Brunner et a l, 1993, MacGlashan et a l, 1994, Piccinni et a l, 

1991, Smith et al., 1994). The stimulated basophils provided to the B cells not only IL-4 

(Mueller et al., 1994) but also a secondary contact-mediated signal that was inhibited by the 

addition of a soluble CD40 construct (Gauchat et a l,  1993). IL-4 production by human 

basophils was induced by an IgE-independent mechanism in vitro (Ochensberger et a l,

1995).
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1.5.2.5 The regulation of IgE by hormones

An allergic response mediated by IgE can be modulated by factors influencing the 

communication between the immune system and the nervous system via the HP A axis. 

Therefore the total and specific IgE response may be influenced in a similar manner as has 

been suggested for autoimmune diseases, namely by chronic stress that interferes with the 

normal circadian rhythm of the neuropeptides.

Glucocorticoids, such as cortisol, stimulate IL-6 production by human mononuclear 

cells (Breuninger et al., 1993) and natural as well as synthetic glucocorticoids deliver, in 

addition to IL-4, a signal for B cells to switch to IgE synthesis in vitro (Jabara et a l, 1991, 

Jabara et a l, 1993, Kimata et a l, 1995, Nusslein et a l, 1992, Nusslein et a l, 1994, Sarfati et 

a i, 1989, Wu a/., 1991). Most importantly, levels of serum cortisol seem to correlate with 

the extent of the late-phase reaction of asthma in humans (Herrscher et a l, 1992). In addition, 

CRF, ACTH, and a-MSH increased or decreased class switching to IgE in presence of IL-4 

(Aebischer et al., 1994). However, CRF, ACTH, and a-MSH did not act directly on the level 

of a switching B cell but indirectly via accessory cells. Monocytes seem to play a key role in 

the PBMC culture system because their removal completely abrogated the IL-4-induced IgE 

synthesis. Furthermore, CRF,ACTH, and a-MSH had no effect on purified B cells as 

assessed in the CD40 system (Banchereau et a l, 1991). For example, IgE synthesis in cell 

cultures performed at various cell densities was never proportional to the number of B cells 

in the culture wells. CRF, ACTH, and a-MSH influenced a given cellular microenvironment 

via accessory cells leading finally to a decrease or increase of IgE synthesis in vitro. These 

data clearly showed that neuropeptides act not at the level of B cells, but indirectly via 

accessory cells. This notion is supported by the observation that the effect of neuropeptides 

on IgE synthesis appears only late during the culture period and is strikingly dependent on 

cell density and culture conditions.
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1.6 Aim of this study

Certain living organisms, including BCG, are known for their capacity to induce a 

cell-mediated response to intrinsic microbial antigens. However, many non-living antigens, 

including extracts containing some of the same antigenic determinants as living organisms, 

fail to provoke cell-mediated immunity unless incorporate in a Freund-type adjuvant. 

However, different from BCG, M. vaccae still keeps the capability to provoke a Thl immune 

response even in a killed preparation. The aim of this study was to develop a M. vaccae- 

based therapeutic vaccine for the treatment of allergy. Our goals were to establish an animal 

allergy model by using OVA as allergen and treat these allergic mice with M. vaccae and a 

set of vaccines based on M. vaccae — recombinant M. vaccae with a T cell epitope of OVA, 

OVÀ323-339, and conjugation of the whole OVA protein onto M.vaccae. OVA is a relatively 

common allergen in humans and the activity of OVA323-339 was valuable in studies of T- 

lymphocyte recognition of protein antigens. A previous report indicates that OVA323-339 

represents a T and B cell epitope of OVA and is important in the generation and development 

of immediate hypersensitivity responses in BALB/c mice (Renz et al., 1993). The purpose of 

this study is to see whether the M. vaccae and M. vaccae -related vaccines can switch an 

allergic Th2 response into Thl for immunotherapy of allergy.

Previous studies show that rats injected with OVA-BCG conjugation complexes or 

given a mixture of BCG and the same soluble antigen can develop a DTH response (Crum 

and McGregor, 1976). Several mechanisms could explain the capacity of proteins associated 

with BCG to induce a cellular response. One possibility is that the bound proteins 

masquerade as intrinsic mycobacterial antigens. But binding to the organisms is only one of 

several devices where proteins can be made insoluble. In any case the effect is to concentrate 

the proteins at sites of BCG injection. Washed BCG complexes containing either BSA or 

OVA are potent inducers of DTH. The same soluble proteins are far less effective inducers of 

DTH. The capacity of OVA-BCG complexes to provoke a cell-mediated response appears to 

be related, at least in part, to stabilization of the antigen on an appropriate carrier and its 

concentration at the site of BCG injection (Crum and McGregor, 1976). In addition, a recent
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report of an inverse association between atopy and DTH responsiveness to tuberculin 

suggests that exposure to immunogenic mycobacteria can inhibit atopic disorder without any 

link between allergen epitopes and the mycobacteria concerned (Shirakawa et a l, 1997). 

Therefore, it is reasonable to suggest that an ongoing allergen specific Th2 immune response 

may be switched into Thl by the adjuvant effect of mycobacteria.
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Chapter 2 
Experimental Methods

2-1 Animals

Female BALB/c and C57B1/6J mice were obtained from OLAC, U.K. and maintained under 

standard conditions. These mice were used between 6 and 8 weeks of age.

2-2 Mycobacterium vaccae (NCTC11659)

The material used had been manufactured to Good Manufacturing Practice at the Centre for 

Applied Microbiology and Research (CAMR, Porton Down), for use in human trials. The 

manufacturing process involves growth on Sauton’s medium solidified with 1.5% agar, 

followed by autoclaving. Organisms were stored in glass vials at 4°C, suspended in borate- 

buffered saline, pH 8.0 at 1 0 ^̂  organisms/ml. Mice were immunized by injection of lOOjil of 

the appropriate dilution in pyrogen-free normal saline. All immunizations were subcutaneous 

at the base of the tail.

2-3 Recombinant Mv/SOD/OVA323-339 and control recombinant M v/SOD

Hygromycin-resistance based E. coli -mycobacteria shuttle plasmids were used to express the 

OVA323-339 peptide. Superoxide dismutase (SOD) from M. tuberculosis is antigenic and 

highly expressed in M. vaccae and it was hoped this would stabilize the foreign 

protein/peptide. E. coli strain DH5a was grown at 37®C in LB medium. M. vaccae (NCTC 

11659) was grown in Middlebrook 7H9 medium supplemented with 0.5% glucose. When 

appropriate, hygromycin B (Sigma, Poole, Dorset, UK) was added at 200|Xg/ml for E.coli or 

at 50p.g/ml for M.vaccae. Transformation of M. vaccae was carried out by electroporation, 

whereas E. coli was transformed using standard procedures. For immunization purposes, M. 

vaccae expressing chimeric SOD:OVA323-339 or, as a control, native SOD protein were 

grown on plates. These procedures were carried out at St. Mary’s Hospital in the laboratory 

of Professor D.B. Young, by Dr. Jelle Thole.
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2-4 Conjugated Mv-OVA and control NaCI-washed M. vaccae

In order to ensure that conjugated ovalbumin was bound to the cell wall, and not to soluble 

material or non-covalently associated substances, M. vaccae was washed in 4 M NaCl. 

15mg (wet weight) autoclaved M .vaccae  were resuspended in 10ml 4M NaCl and 

washed/shaken for 30 min. Following centrifugation, pellets of NaCl-wasbed M. vaccae 

were resuspended in 2ml distilled water. Then 0.4ml of freshly prepared O.IM sodium 

periodate (Sigma) was added and stirred for 20 min at room temperature. This suspension 

was dialyzed overnight at 4°C against sodium acetate buffer. Meanwhile, 30mg OVA was 

dissolved in 2ml O.OIM Na2C0 3  and dialyzed against Tris buffer (pH 8.0) overnight at 

4®C. Sodium carbonate was then added to the M. vaccae suspension to raise the pH to 9-9.5 

and the OVA solution immediately added to it. An aliquot of the NaCl-wahsed and 

periodate-treated M. vaccae was incubated without OVA for use as a control. Conjugation 

was performed at room temperature for 2 hrs with occasional stirring. Conjugation was 

terminated, and Schiff bases stabilised by addition of freshly prepared sodium borohydride 

(4mg/ml). After a further 2 hrs at 4°C the suspensions were again dialysed against O.IM 

borate buffer ( pH 7.4), and stored at 4°C. The suspension was diluted in saline before use.

2-5 Analysis of expression of chimeric SOD proteins

For analysis of protein expression, 1-5 pg of sonicated extracts of recombinant M.vaccae 

were analyzed by SDS/PAGE and western blotting. Blots were developed with a monoclonal 

antibody (D2D) against mycobacterial SOD and visualized by chemiluminescence 

(Amersham,UK). The electrophoretic mobility of recombinant SOD enzymes was examined 

by activity staining of gels run under non-denaturing conditions.

2-6 Dot Blotting

Aliquots (2pl) of the following were pipetted onto nitrocellulose ( Hybond, Amersham); 

OVA dissolved in PBS (1 mg/ml), M. vaccae , recombinant Mv/SOD/OVA323-339 and 

Mv/SOD, conjugated Mv-OVA and NaCl-washed M. vaccae . All suspensions of M. vaccae 

were at 1 mg/ml (wet weight). Unbound sites on the nitrocellulose were blocked with 2%
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BSA in PBS for 2 hrs. Nitrocellulose squares were then incubated for 1 hr at room 

temperature in a previously prepared and assayed (ELISA) high titre murine polyclonal anti- 

OVA antibody diluted 1/400 in PBS/BSA. Control samples were incubated with normal 

mouse serum at the same dilution. After rinsing, bound antibodies were detected with a 

peroxidase-labelled rabbit anti-mouse IgG (DAKO, P260). This was revealed with DAB 

(Vector, SK-4100) for 1 min.

2-7 Total IgE levels in serum samples

Total IgE levels were determined by a sandwich ELISA using purified anti-mouse IgE mAh 

(Pharmingen, 0211 ID) to coat the microtitre plate as capture antibody and biotinylated anti

mouse IgE mAb (Pharmingen, 02122D) as detecting antibody. The protocol was as 

recommended by the manufacturer. Purified anti-mouse IgE mAb was diluted in coating 

buffer (O.IM NaHCOs, pH 8.2) at a concentration of 2)Lig/ml and adsorbed to the wells of a 

96-well microtiter plate (Corning) at 4^C, overnight. Uncoated sites in the wells were 

blocked with blocking buffer (2% BSA in PBS), for 2 h at 37^C, and the wells were washed 

three times with PB ST (PBS-0.05% Tween). The serum samples were diluted in blocking 

buffer at 1/25 and incubated with the bound anti-IgE mAb for 1 h at 37^C and the wells were 

then washed three times with PBST. Biotinylated anti-mouse IgE mAh was added to each 

well, at a dilution of 2|Lig/ml in blocking buffer, and incubated at 37^C for Ih. After the wells 

had been washed three times with PBST, ExtrAvidin conjugated to alkaline phosphatase 

(Sigma) was added at a dilution of 1/1000 and incubated at 37^C for Ih. The wells were 

washed three times with PBST and the substrate solution added (pNPP; Sigma, N-2770). 

The absorbance values of the solutions in each well were recorded by using an ELISA plate 

reader at 405nm. IgE levels were calculated by reference to standard curves of known 

amounts of purified mouse IgE (Pharmingen, 0312ID).

2-8 OVA-specificIgE

Specific antibodies to OVA in the immune sera were determined by an ELISA described in 

detail elsewhere (Renz et a l, 1993). Briefly, lOOpl OVA (20|Xg/ml) were used to coat the
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microtitreplate, mouse sera were incubated in the antigen-coated wells at a final dilution of 

1/15, and bound IgE was revealed with a biotinylated anti-mouse IgE (Pharmingen; 

02112D). Diluted ExtrAvidin-Alkaline Phosphatase Conjugate (Sigma) was added and 

bound enzyme was detected with pNPP (Sigma ) and absorbance read at 405 nm.

2-9 OVA-specifîc IgGl/2a and Endpoint Titer

Specific IgGl and Ig02a to OVA in the immune sera were determined by an ELISA.

Briefly, the plates (Nunc) were coated with lOOpl OVA in coating buffer (O.IM NaHCOs, 

pH 8.2) at a concentration of 20|ig/ml overnight at 4^0. The plates were washed with PBST 

(PBS-0.05% Tween) three times and blocked with blocking buffer (PBS-2% BSA) at 37^C 

for 2h. Two-fold serial dilutions of serum starting at 1:200 were made in blocking solution 

and 50 |li1  of each dilution was added to the antigen-coated plate. The serum samples were 

incubated with the bound OVA for 1 h at 37^0 and the wells were then washed three times 

with PBST. Goat anti-mouse IgGl/2a conjugated to horseradish peroxidase (Sera-Lab SB A 

1070-05 and 1080-05) was added at a final dilution of 1/2000 and incubated at 37®C for Ih. 

The colour reaction was developed by ABTS (Sigma ) and the absorbance values of the 

solutions in each well were recorded by using an ELISA plate reader at 405nm. Endpoint 

titers were defined as the highest dilution at which the O.D. values were twice the values for 

preimmune sera diluted 1:200 in blocking solution.

2-10 Isolation and culturing of peripheral blood mononuclear cells (PBMC)

In order to obtain peripheral blood cells, mice were bled by cardiac puncture, using 

heparinized syrings. The blood was diluted in 0.9% NaCl and mononuclear cells were 

separated from erythrocytes by centrifugation over a Histopaque-1077 (Sigma, St.Louis, 

MO, USA) gradient at room temperature. Cells at the interphase and above were collected 

and washed three times in PBS. Cells were cultured at 1x10^ cells/ml in RPMI (Imperial 

Laboratories) supplemented with 5% ECS, 2mM glutamine, lOOU/ml of penicillin- 

streptomycin and 5xlO"^M of 2-ME (2-mercaptoethanol ).
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2-11 Cell culture and supernatant collection

The medium used was bicarbonate-buffered RPMI 1640 medium (Imperial Laboratories) 

with added glutamine and gentamicin, containing 1% Nutridoma SR (Boehringer, 

Mannheim, Germany), referred to henceforth as RPMI/SR. Spleens were aseptically 

removed, and placed in bacteriological Petri dishes. Suspensions of splenic cells were 

obtained by inserting a syringe needle through the capsule, clamping the spleen round the 

needle with forceps and then forcing RPMI/SR through the spleen, as described previously 

(Hernandez-Pando and Rook, 1994). This burst the capsule, and forced out the unattached 

cells. The procedure was continued until the spleen was transparent. Cell suspensions were 

collected and washed once and resuspended in ammonium chloride/potassium bicarbonate 

for 7 mins to lyse erythrocytes. They were then washed twice and resuspended in RPMI/SR. 

Viable cells were counted using trypan blue exclusion and plated in 24 well flat-bottomed 

tissue culture plates at 10  ̂ cells/ml/well. ConA (2|ig/ml), OVA(40)ig/ml), or autoclaved M. 

vaccae (2xlO^/ml) were added as antigen. Control wells contained no antigen, in order to 

check for spontaneous cytokine secretion. Cultures were maintained at SV^C in a humidified 

atmosphere with 5% CO2 . After various intervals (24, 48, 72h), lymphocyte suspensions 

were collected and centrifuged (1200rpm, 5 min) and supernatants were collected and stored 

at -2Q0C until used.

2-12 Antigen challenge by intratracheal injection and Bronchoalveolar Lavage (BAL)

Mice sensitized with M. vaccae were injected intratracheally with hsp65 on nitrocellulose 

particles in PBS 500p,l. For the intratracheal injection of particles, mice were anaesthetized 

with an i.p. injection of sodium pentothal (56mg/kg body weight). The trachea was exposed 

by a small incision in the neck region and particles were injected through a catheter placed 

into the trachea. Mice were maintained erect until the effects of anaesthesia passed. Under 

these conditions animal mortality was kept very low. 3 or 7 days after antigen challenge, 

mice were anesthetized and killed by exsanguination from the axillary blood vessels. To 

collect BALs by bronchial washing, the thoracic cavity was opened, a catheter was placed
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into the trachea and the lungs were washed six times with 1 ml of PBS.The cell suspension 

was centrifuged at 600g for 10 min and the cells were counted in a haemocytometer.

2-13 Cytokine assays by ELISA

Concentrations of IFN-y, IL-2, IL-4 and IL-5 in the culture supernatants were determined by 

a sandwich ELISA. The assays were performed as suggested by the manufacturer, using 

purified anti-mouse cytokine mAh’s (Pharmingen 18181D, 18161D, 1803ID, and 1805ID) 

to coat the microtitre plate and biotinylated anti-mouse cytokine mAh’s (Pharmingen 

18112D, 18172D, 18042D, and 18062D) as detecting antibodies. Briefly, the plates (Nunc) 

were coated with anti-IL-2 or anti-IL-5 mAh in coating buffer (O.IM NaHCOs, pH 8.2) at a 

concentration of 2|ig/ml overnight at 4^C. The plates were washed with PBST (PBS-0.05% 

Tween) three times and blocked with blocking buffer (PBS-2% BSA) at 37^C for 2h. The 

supernatant samples were incubated with the bound anti-cytokine mAh for 1 h at 37^C and 

the wells were then washed three times with PBST. Biotinylated anti-mouse cytokine mAh 

was added to each well, at a dilution of 2|xg/ml in blocking buffer, and incubated at 37^C for 

Ih. Streptavidin conjugated to horseradish peroxidase (DAKO, P0397) was added at a final 

dilution of 1/1000 and incubated at 37^C for Ih. The colour reaction was developed by 

ABTS (Sigma ) and the absorbance values of the solutions in each well were recorded by 

using an ELISA plate reader at 405nm. Cytokine levels were calculated by reference to 

standard curves of known amounts of rIFN-y, rIL-2, rIL-4, and rIL-5 (Pharmingen 19301T, 

1921 IT, 1923IW, and 19241W).

2-14 Detection of intracellular cytokines by immunocytochemistry

The fixation and staining was performed on Bio-Rad Adhesion slides (Bio-Rad Laboratories, 

Munich, Germany). Cells were harvested, washed twice in PBS and resuspended to 1-5x10^ 

cells/ml. 10|il of this cell suspendsion were added to the Bio-Rad slide reaction field and the 

cells were allowed to adhere for lOmin. Then, 50 pi of ice-cold 4% paraformaldehyde (PFA) 

in PBS was added for 15min. The slides were washed three times in PBS to remove the PFA 

and excessive cells. 25pi of 2% FCS in PBS were added to the reaction field for blocking.
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Then the slides washed three times in PBS and stained immediately or left to dry and stored 

in -20®C . Before staining the slides were washed once in PBS containing 0.1% saponin for 

10 min in order to render the cells permeable. Endogenous peroxidase activity in the cells 

was blocked by a 30 min incubation of each spot with 1% H2O2 / 0.02% NaNg diluted in 

0.1% saponin-PBS. For staining, 10 pi of biotinylated anti-IFN-y mAb (0.5-5 pg/ml) diluted 

in PBS-saponin with 1% normal mouse serum was added to each reaction field and allowed 

to incubate for 30min. After two washes in PBS-saponin, lOpl of Streptavidin-HRP diluted 

1/500 in PBS-saponin was added. 30 min later the slides were washed in PBS-saponin. 

Specifically bound peroxidase conjugated Ab was then visualized using DAB for 8 min. The 

cells were then finally counterstained with methyl green and dehydrated with ethanol. 

Glycerol was added to the reaction field before examining the cells by microscopy.

2-15 Flow Cytometric Analysis of cell surface maker expression and Intracellular 

IFN-y Synthesis

BALs were resuspended at IxlO^/ml in RPMI medium in bijous and cultured with PMA 

(Sigma) at 50pg/ml plus ionomycin (Calbiochem) at 500ng/ml at 31^C in humidified 

atmosphere with 5% CO2 for 2h. Brefeldin A (Sigma) at lOpg/ml was added to the BAL 

suspensions, which were then incubated for another 2h. Cells were harvested and washed 

with staining buffer (PBS/1% BSA/0.1% sodium azide). 5x10^ lymphocytes were 

resuspended in 50pl staining buffer and monoclonal anti-mouse CD4- (Sigma, R-3637) and 

anti-mouse CDS- (Sigma, R-3762) antibody Quantum Red Conjugated were added at a 

dilution of 1/200 and incubated at 4®C for 30 min in the dark. 2ml fixing buffer (Becton 

Dickinson) was added and kept at room temperature for 10 min in the dark. Cells were 

washed with staining buffer and preincubated with 0.5ml permeabilizing buffer (Becton 

Dickinson) for 10 min at room temperature in the dark. BAL suspensions were centrifuged 

and the supernatants were carefully aspirated. The cell pellets were resuspended in 50pl 

permeabilizing buffer and incubated with FITC-rat anti-mouse IFN-y mAh (Pharmingen, 

18114A) at 2|Lig/ml or isotype-matched control (Pharmingen, 11014C) for 30 min at room 

temperature in the dark. Cells were washed with staining buffer and the pellets were kept in
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0.5ml 1% paraformaldehyde in PBS. Cells were analyzed on a FACSCalibur flow cytometer 

(Becton Dickinson ) using a gate for lymphocytes.

2-16 Statistical analysis

Data from cytokine and antibody assays were expressed as the mean ± standard deviation 

(S.D.) or standard error (SE). A two-tailed Student’s t-test or Mann-Whitney U-test was 

used to determine significant differences between control and experimental groups. 

Differences were considered statistically significant when the p value was less than 0.05.
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Chapter 3 
Development of immunoassays for detecting cytokines, 

and immunoglobulin isotypes to determine 
the Thl/Th2 balance of the immune response

3-1 INTRODUCTION

For the study of the Thl/Th2 balance of immune responses, several major methods 

have emerged. One of the most popular methods is to use monoclonal antibodies to measure 

cytokines and immunoglobulin (Ig) subclasses / isotypes, usually by enzyme-linked 

immunosorbent assays (ELISAs). This provides good information on the presence of the 

cytokine protein and the isotype of IgG, but does not guarantee that the cytokine is 

biologically active. Another technique is to evaluate the expression of cytokines by 

measuring the mRNA production. Although this method does not directly measure the 

secretion of active cytokine, in many cases the mRNA levels correlate very well secreted 

protein amounts. The other method is bioassay. Bioassays remain the only method for 

evaluating the production of functional protein, but these assays must be supplemented with 

additional controls, especially monoclonal antibodies, to establish specificity.

Recently, a method for analyzing cytokine production by single cells by staining 

intracellular cytokines and fluorescence-activated cell sorter (FACS) analysis has been 

developed. Briefly, this technique involves the in vitro stimulation of the cells of interest in 

the presence of brefeldin A (BFA) or monensin. These chemicals act to collapse the Golgi 

complex thus preventing the secretion of synthesized cytokines and causing their 

accumulation within the cell. Following this, the cells may be stained for surface marker 

expression and are then fixed and permeabilized with a detergent to allow the entry of anti

cytokine antibodies into the cells which can then be determined by FACS analysis. 

Intracellular cytokine staining has been applied to in vivo and in vitro derived effector T cells

32



from mice and humans. A number of protocols for intracellular cytokine FACS staining 

analysis have been published in the scientific literature and in literature available with 

commercially produced reagents (Ferrick et al., 1995, Jung et al., 1993, Jung et al., 1996, 

Meyaard et a l, 1996, Openshaw et al., 1995, Prussin and Metcalfe, 1995). Although this 

method seems to be simple, there are multiple parameters that should be optimized in each 

model system, as well as signal-enhancing hints and issues of specificity.
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3-2 EXPERIMENT AND RESULT

3-2-1 Cytokine secretion profiles by spleen cells from naive and immunized mice

ConA-inducible IFN-y and IL-4 during various periods of culture was measured using 

cytokine-specific ELIS As. Lymphocytes cultured with ConA resulted in the vigorous 

production of mitogen-inducible IFN-y and IL-4 that were maximal after 24 and 9 hr culture 

respectively (Fig. 3-1 A/B). No cytokine can be detected in culture supernatants from splenic 

cells stimulated by ConA and treated with monensin. These data show that monensin has the 

capability to block the secretion of cytokines induced by mitogen. On the other hand, the 

time course of cytokine secretion stimulated by protein antigen is different from that of 

mitogen. Splenic cells from mice which received 4 doses of OVA cultured with OVA 

resulted in the maximal secretion of IL-4 and IL-5 after 48 hr culture (Fig. 3-2 A/B). These 

results reveal that the kinetics of cytokine secretion depend on the properties of the 

antigen/mitogen.

3-2-2 Antigen-specific IgGl and IgG2a assay by ELISA

Antigen-specific Ig02a is enhanced by Thl cytokines like IFN-y which are induced 

by infection with intracellular microbes. Meanwhile, allergen stimulation usually elicits 

specific IgGl and IgE, not Ig02a. BALB/c mice immunized with various doses of OVA once 

produce OVA-specific IgGl and no IgG2a can be detected (Fig. 3-3 A/B). In contrast to 

OVA, specific IgG2a, as well as IgGl, was induced in BALB/c mice immunized with killed 

M.vaccae ( Fig. 3-4 A/B). These results show that M.vaccae might tend to indue specific 

Thl immune response and OVA tend to Th2.
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Figure 3-1.

The time course of cytokine synthesis. Production of IFN-y (A) and IL-4 (B) by splenocytes 

cultured with or without monensin treatment and stimulated with medium or ConA. Spleen 

cells were obtained from naive BALB/c mice. Culture supernatants were collected for 

IFN-y and IL-4 estimation after 4, 6, 9, and 24 hours.

This is the representiüve of 5 individual experiments.
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Figure 3-2.

The time course of cytokine synthesis. Production of IL-4 (A) and IL-5 (B) by splenocytes 

cultured with medium or OVA. All spleen cells were obtained from BALB/c mice given 

50pg OVA in IF A 4 times prior to saline treatment (as indicated on the Figure). Culture 

supernatants were collected for IL-4 and IL-5 estimation after 9, 24, and 48 hours.

Data are expressed as mean of O.D. ± S.D. There are 5 mice in each group
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Figure 3-3.

OVA-specific IgGI (A) and IgG2a (B) synthesis in the serum of BALB/c mice immunized 

with OVA once. Sera were collected on 13 days after immunization. Data are expressed as 

mean of CD and S.D. ( Control: immunization with saline in IFA, OVA 0.03mg : 

immunization with 30 jig OVA in IFA )

There are 4 mice in each group.
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Figure 3-4.

M .vaccae  -specific IgG l (A) and IgG2a (B) synthesis in the serum of BALB/c mice 

immunized with M.vaccae twice. Data are expressed as mean of CD and S.D. ( 10*7 -+ 10*9 

: immunization with 10  ̂ and 10^ M.vaccae )

There are 4 mice in each group.
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3-2-3 Intracellular IFN-y detection by immunocytochemistry

Localization of intracellular IFN-y in lymphocytes was determ ined by 

immunocytochemistry using a specific anti-IFN-y antibody. Non-IFN-y secreting cells 

exhibited a green colour due to staining with methyl green. In contrast, intracellular IFN-y 

was stained by DAB and exhibited intense brown spots in the cytoplasm (Fig. 3-5 A). The 

similar result was observed in this method without counterstain with methyl green. The IFN-y 

secreting cells were stained brown and negative cells were colourless (Fig. 3-5 B).

3-2-4 Intracellular cytokine detection by flow cytometry

Flow cytometry was used to identify what kind of cells are responsible for cytokine 

synthesis. BALB/c mice were immunized with 10  ̂ M. vaccae and intratracheal challenge 

with hsp65 10 days later. The BALs were collected on day 7 after the challenge. These BALs 

were stained with Quantum red-conjugated anti-CD4 or anti-CD8 monoclonal antibodies 

prior to staining with FITC-conjugated anti-IFN-y antibody. Fig. 3-6 shows the cytokine 

profile in CD4+ T lymphocytes. Cells in the control group were treated with FITC-conjugated 

isotype control immunoglobulin (Fig. 3-6A). As shown in Fig. 3-6 B, about 35% of BALs 

secreted IFN-y and there were more# than 30% IFN-y positive cells in the CD4+ cell 

populations. Similar results were observed in CD8+ T cells (Fig. 3-7).
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Figure 3-5 (A).

Intracellular cytokine staining of peripheral blood mononuclear cells (PBMC) was performed 

by immunocytochemistry. Lymphocytes from BALB/c mice given M.vaccae twice (10"^4-10^ 

on day 0 and 31, blood collected on day 65) were stimulated with PMA and ionomycin and 

treated with Brefeldin A. Intracellular IFN-y was detected by biotin conjugated anti-mouse 

IFN-y monoclonal antibody and colour development by streptavidin HRP and DAB with 

methyl green counterstain.
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Figure 3-5 (B).

Intracellular cytokine staining of peripheral blood mononuclear cells (PBMC) was performed 

by immunocytochemistry. Lymphocytes from BALB/c mice given M.vaccae twice (10^+10^ 

on day 0 and 31, blood collected on day 65) were stimulated with PMA and ionomycin and 

treated with Brefeldin A. Intracellular IFN-y was detected by biotin conjugated anti-mouse 

IFN-y monoclonal antibody and colour development by streptavidin HRP and DAB without 

methyl green counterstain.
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Figure 3-6.

Analysis of lymphocyte surface marker expression and intracellular cytokine synthesis was 

performed by flow cytometry. The staining was performed as described in experimental 

methods. CD4 and intracellular IFN-y staining of BALs stimulated with PMA and 

ionomycin and treated with Brefeldin A. BALB/c mice were given 10  ̂M. vaccae prior to 

intratracheal challenge of hsp65. The data are presented as the percentage in lymphocytes.
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Figure 3-7.

Analysis of lymphocyte surface marker expression and intracellular cytokine synthesis was 

performed by flow cytometry. The staining was performed as described in experimental 

methods. CDS and intracellular IFN-y staining of BALs stimulated with PMA and 

ionomycin and treated with Brefeldin A. BALB/c mice were given 10  ̂M. vaccae prior to 

intratracheal challenge of hsp65. The data are presented as the percentage in lymphocytes.
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3-3 DISCUSSION

It is convenient to measure the cytokine production in supernatants of lymphocyte 

bulk culture by ELISA to assess the Thl/Th2 balance of the immune response. However, the 

kinetics of cytokine secretion depend on the nature of the stimulus. For example, IL-4 

secretion can peak at 9 hr culture with Con A and at 48 hr with OVA. Meanwhile, OVA- 

immunized BALB/c mice developed high levels of OVA-specific IgGI, but no Ig02a. In 

contrast, Ig02a was induced in BALB/c mice which immunized with M. vaccae. On the 

other hand, the observation that CD4+- and CD8 +- IFN-7+ cells can be found in hsp65- 

challenged BALs from M. vaccae -immunized mice suggests that FACS analysis is another 

powerful tool to assess Thl/Th2 balance of the immune response.

The cytokine production which defines T cell subsets has most often analyzed by 

measuring secreted protein in bulk-stimulated cultures. The use of bulk cultures is 

advantageous because cytokine protein is produced in measurable quantities. The differences 

in time and speed of response for any one cytokine may probably be explained in terms of the 

number of responding cells, the activation state of those cells, the specific receptor density on 

those cells for antigen-specific responses and homeostatic control mechanisms, such as the 

influence of other cytokines in the immediate environment (Maggi et a l, 1992). Early 

cytokine production is restricted to IL-2 and IL-4, which are primarily responsible for T cell 

activation, proliferation and functional phenotype selection (Thl or Th2). Next appear the 

cytokines responsible for continued recruitement and activation of inflammatory effector 

cells such as IL-3 and GM-CSF (mast cells, basophils and macrophages), IL-5 (eosinophils) 

and possibly IL-8  (neutrophils). These are followed by cytokines with major homeostatic 

regulatory roles such as IFN-y (Thl inducer in absence of IL-4), IL-10 and IL-12, and finally 

by those responsible for terminal differentiation and maintenance of immunological activity 

(TNF-a, which mediates cytokine and growth factor gene expression and IL-6  which induces 

B and T cell expansion).
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In some bulk-stimulation systems, however, the presence of suppressor cells may also 

be a factor. The cytokines secreted into the culture are often quantitated hjf ELISA. Although 

convenient and relatively inexpensive, ELIS As have the critical drawback that the amounts 

measured reflect uptake as well as secretion. Thus, in a bulk population, only the composite 

production and the use over time may be inferred. Furthermore, the use of disparate standards 

and disparities in the maintenance/resting of indicator cell lines by different laboratories has 

limited the comparability of these assays (Ledur et a l, 1995).

Measurement of cytokines produced in vivo, for example in serum or plasma, may 

indicate gross abnormality. However, due to the regulatory networks and the apparent built-in 

redundancy, specific cytokine dysregulation may never become apparent in body fluids. For 

this reason, several techniques have been developed to examine cytokine production in 

tissues or in vitro, such as immunohistochemistry, in situ hybridization and functional assays, 

but there is also evidence that activated T lymphocytes associated with specific disease states 

can be detected in peripheral blood (Doi et al., 1994). However, measurment of IgGI, Ig02a, 

and IgE titre in serum may be a potent method to determine Thl or Th2 immune response. 

Results for several alloreactive and rabbit IgG-specific Thl clones show that IgG2a typically 

accounts for 5% to 10% of the total Ig response, whereas IgG2a usually accounts for 0.1% to 

0.5% of the total response if the same B-cell population is stimulated by Th2 clones. Several 

lines of evidence, both in vitro and in vivo suggest that IFN-y is important for high levels of 

IgG2a production, but other factors may be involved, since neither the addition of anti-IFN-y 

antibody to Thl-stimulated cultures nor the addition of IFN-y to Th2-stimulated cultures 

causes much change in IgG2a responses (Coffman et a l, 1988). In contrast, IgE responses 

are only induced by the Th2 clones whereas none of the Thl clones tested could induce 

detectable IgE production (Coffman e ta l,  1988).

Cytokine mRNA levels have been assessed by PCR amplification of RNA purified 

from bulk cultures and whole organ homogenates. This method is very sensitive, alowing the 

detection of very low levels of message. Competitive PCR techniques have made it possible
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to quantitate relative levels of message, but detection of transcription of cytokine message 

does not always correlate with detection of secreted production (Tang et al., 1994). PCR 

studies may also be complicated by the RNA contribution of non-T cells. Nonquantitative or 

semiquantitative PCR, which is most widely used, is more susceptible to artifacts than 

ELISA or bioassays because of the variable levels of amplification that can occur.

A major limitation of measuring cytokines produced by ELISA, bioassay or PCR is 

the inability to study the individual cells within a population. However, only by analyzing 

such cells can explore the frequency of cells actually producing cytokines, whether the 

various cytokines are produced by the same cells or by different cells, and whether the cells 

producing cytokines express unique markers. Intracellular cytokine FACS staining analysis is 

a very powerful technique as it allows for the rapid analysis of large numbers of cells 

required for accurate statistical analysis. The use of different fluorochromes allows 

evaluation of co-production of different cytokines by the same cell. The percentage of cells in 

a population that are producing or co-producing various cytokines can be determined quickly. 

Studies using this method will provide valuable information about the behavior of individual 

cells within polarized populations. In addition, cytokine staining can be correlated with the 

expression of surface markers making it feasible to phenotype the actual cytokine-producing 

cells within a population. However, an in vitro stimulation condition that results in the 

secretion of cytokines should be chosen; without this stimulation step it is very difficult to 

detect cytokines intracellularly. Phorbol myristate acetate (PMA)Zionomycin, anti-CD3 and 

other polyclonal activators have been used more often than Ag-bearing APCs. Brefeldin A or 

monensin should be added for 2 to 4 hours during this period. There is no cytokine secretion 

if Brefeldin A or monensin is added at the begining of the culture. The action of both 

chemicals is reversible, the effect of a single addition will not persist so staining should be 

done immediately after the period of incubation in Brefeldin A/monensin. The main 

disadvantages of intracellular cytokine FACS staining analysis is that it is currently 

nonquantitative for the titers of the cytokines being produced, it involves the removal of cells
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from their immunological mileu and its application is limited to tissues from which viable 

lymphocytes can be easily isolated.
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Chapter-4
Development of a murine model of allergy by ovalbumin

sensitization

4-1 INTRODUCTION

The allergic response of atopic patients is characterized by the production of 

unusually high amounts of allergen-specific IgE against common environmental antigens 

(Sutton and Gould, 1993). Indeed, in atopic diseases such as bronchial asthma, there is a 

close correlation between serum IgE levels and the prevalence (Burrows et al., 1989) and 

severity (Sears et a l, 1991) of the disease. IgE bound to high affinity IgE receptors on mast 

cells and basophils triggers the activation of these cells after cross-linking by antigen, thus 

initiating the allergic cascade (Galli, 1993). Activated mast cells release tryptase and 

histamine, central elements in anaphylactic and immediate-type allergic reactions. Other 

mediators released by mast cells, such as prostaglandins and leukotrienes, have 

proinflammatory properties that enhance and sustain allergic inflammation (Galli et a l, 

1991).

In this study, we established a murine model to mimic the immunological situation in 

patients with allergy : a high level of IgE in serum and IL-4/IL-5 synthesis from T cells in 

response to allergen. Egg allergy is a common cause of allergic reactions to food in children. 

All four predominant egg white proteins (ovalbumin, ovotransferrin, ovomucoid, and 

lysozyme) have been found to cause IgE production (Aabin et a l, 1996). Ovalbumin (OVA), 

which is a major allergen in patients with egg allergy and by weight accounts for 58% of 

whole egg white, is a water-soluble glycoprotein of which the complete primary structure has 

been defined. Furthermore, OVA has been widely used as a model antigen and its 

immunogenic efficacy has been well established. Based on this knowledge, we thought OVA 

a suitable protein for studies on IgE response regulation. High IgE responder BALB/c mice 

were primed with ovalbumin (OVA) in incomplete Freund’s adjuvant (IFA) and the effects
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of OVA immunization on serum IgE levels and OVA-specific IgGI and Ig02a production 

were studied.
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4-2 EXPERIMENT

Experiment I

OVA was dissolved in sterile water at 1 mg/ml and emulsified with an equal volume of 

Incomplete Freund’s Adjuvant (IFA; DIFCO ) just prior to injection. 100|ll1 of antigen- 

adjuvant mixture were injected s.c. at the base of the tail. Each animal received OVA on 

day 0 and again on day 28. Controls received IFA only on the same days. There were 4-5 

mice in each group. Sera were collected on day 13 and 47 as indicated on the Figure.

0 13 28 47 Day

IX----------------------X -----------------------1-------------------- X

1/3/10/30 ^g OVA 1/3/10/30 jig OVA

X: serum collection

Experiment II

OVA was dissolved in sterile water at 1 mg/ml and emulsified with an equal volume of 

Incomplete Freund’s Adjuvant (IFA; DIFCO ) just prior to injection. 100|il of antigen- 

adjuvant mixture were injected s.c. at the base of the tail. Each animal received 50|ig OVA 

on day 0 and again on day 21, 53, and 76. Sera were collected on day 18 and day 88  .

0 18 21 53 76 88  Day

IX--------------X — I----------------------- 1------------------------ 1----------------------X

5 0 |ig  OVA 50|Lig OVA 50p.g OVA 5 0 |ig  OVA 

X: serum collection
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4-3 RESULT

4-3-1 OVA-specific IgGI and IgG2a in mice immunized with OVA

To explore the antibody response to OVA, BALB/c mice were immunized with 

OVA twice and the mice were bled after the primary and second immunizations as indicated 

in the protocol of Experiment I. No OVA-specific IgG2a was detected in the mice which 

received OVA once (Fig. 4-1 B). In contrast, OVA specific IgGI were induced in mice 

given various concentration of OVA (Fig. 4-1 A). The OVA-specific IgGI increased 

significantly after the boost (Fig. 4-2 A). There were very strong OVA-specific IgGI 

responses in mice immunized twice even when the sera were diluted 1 in 48600. Meanwhile, 

OVA-specific IgG2a was induced after 2 doses of OVA. However, the increases in IgG2a 

levels were not significant (Fig. 4-2 B). These data suggest that the Ah response induced by 

OVA is mainly IgGI.

4-3-2 Total serum IgE levels in mice immunized with OVA

To explore the change of total serum IgE level, BALB/c mice were immunized with 

OVA twice and the mice were bled after the primary and second immunizations as indicated 

in the protocol of Experiment I. The total serum IgE level increased significantly after the 

primary and second immunization compared with control mice (Fig. 4-3 A/B). The titre of 

IgE after the second immunization was almost double the titre of IgE after primary 

immunization (Fig. 4-3 A/B). This result indicates that the level of IgE increases in OVA- 

primed BALB/c mice.
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Figure 4-1.

OVA-specific IgGI (A) and Ig02a (B) synthesis in BALB/c mice immunized with OVA 

once. Serum samples were diluted in blocking buffer. Data are expressed as mean of OD and 

S.D. ( Control: immunization with saline in IFA , 30ug : immunization with 30 pg OVA in

IFA ) There are 4 mice in each group.
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Figure 4-2.

OVA-specific IgGl (A) and Ig02a (B) synthesis in BALB/c mice immunized with OVA 

twice. Serum samples were diluted in blocking buffer. Data are expressed as mean of OD and 

S.D. (Control: immunization with saline in IFA, 30ug x 2: immunization with 30 pg OVA in

IFA twice ) There are 4 mice in each group.
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Figure 4-3.

Total serum IgE levels in BALB/c mice immunized with OVA once (A) and twice (B). 

Serum samples were diluted in blocking buffer 1 in 25. Data are expressed as mean of IgE ± 

S.D. ( Control: immunization with saline in IFA , 30ug OVA : immunization with 30 jiig 

OVA in IFA ) There are 4 mice in each group.
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4-3-3 OVA-specific IgGl and IgG2a in mice immunized with OVA 4 times

To explore the effect of multiple OVA-immunization on the OVA-specific IgGl and 

Ig02a levels, BALB/c mice were immunized with OVA 4 times and the mice were bled 

after the primary and the last immunization with OVA as indicated in the protocol of 

Experiment II. No OVA-specific Ig02a was detected in the mice that received 50pg OVA 

once (Fig. 4-4 A). In contrast, high levels of OVA specific IgGl were induced in mice given 

one dose of OVA (Fig. 4-4 A). However, OVA-specific IgG2a were enhanced dramatically 

after immunization with 4 doses of 50pg OVA (Fig. 4-4 B). These results indicate multiple 

immunizations of OVA can drive specific IgG2a synthesis.

4-3-4 Total serum IgE levels in mice immunized with OVA 4 times

To explore the change of total serum IgF level, BALB/c mice were immunized with 

OVA 4 times and the mice were bled after the last immunization with OVA as indicated in 

the protocol of Experiment II. The total serum IgF level increased dramatically after the 4 

doses of immunization with OVA compared with mice which received 2 doses of various 

concentrations of OVA (Fig. 4-5). This data suggest that serum IgF response is allergen dose- 

dependent.
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Figure 4-4.

OVA-specific IgGl and Ig02a synthesis in BALB/c mice immunized with 50|ig OVA once 

(A) and 4 times (B). Serum samples were diluted in blocking buffer. Data are expressed as 

mean of OD and S.D.

There are 33 mice in each group.
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Total serum IgE levels in BALB/c mice immunized with OVA . Serum samples were diluted 

in blocking buffer. Data are expressed as mean of O.D. ± S.D. ( 30ug OVA x 2 : 

immunization twice with 30 fig OVA in IFA)

There are 4 mice in each group.
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4-4 DISCUSSION

BALB/c mice immunized with various doses (l-30fxg) of OVA once develop an 

IgGl-dominated OVA-specific antibody response and increased serum IgE levels, but do not 

develop specific Ig02a synthesis. However, OVA-specific Ig02a can be detected in the sera 

from BALB/c mice given OVA twice and an increased Ig02a response was observed in mice 

injected with OVA 4 times. Similar to these results showing an increase of Ig02a after 

boosting with OVA, multiple immunizations with OVA induce strikingly high levels of IgGl 

and IgE. These data demonstrate that OVA can induce a specific Th2 type immune response, 

with increased serum IgE levels. However, immunization four times with OVA may result in 

a Thl4-Th2 mixed immune response. The appearance of an antigen-specific Thl type 

response after 4 injections might be due to immunoregulation of the murine immune system 

over time and to the high quantity of antigen.

One factor which is clearly important for the determination of the Thl/Th2 balance of 

immunity to an antigen is adjuvant. BALB/c mice immunized with OVA develop both 

eosinophilia and increased IgE levels depending on the adjuvant used. Alum induces high 

IgE levels and CFA induces high IgG levels with almost no IgE (Katz and Tung, 1978, 

Kishimoto and Ishizaka, 1973). These observations strongly suggest that OVA in CFA 

induces Thl specific immune responses and OVA in alum induces Th2. Data presented here 

show that IFA may act like alum to drive OVA to induce Th2 responses. IL-5 regulates 

eosinophilopoiesis (Warren and Moore, 1988) and IL-4 causes resting B cells to become B 

cells bearing IgE (Snapper et a l, 198^Yoshida et a l, 1990) which increases IgE synthesis 

(Ishizaka, 1989).

Brewer et al found that IL-4 deficient mice produced IgGl with no associated 

splenocyte IL-5 production after inoculation with OVA emulsified in CFA. A likely 

explanation is that IgGl production was via a Th2-independent pathway (Brewer et al.,

1996). Previous studies have demonstrated that Thl clones could induce IgGl synthesis by B 

cells via an IL-4 and IL-5-independent pathway which had an absolute requirement for Thl-

58



derived IL-2 production (DeKruyff et aL, 1990). From these results, it appears that although 

IgG2a production may be a good indicator of IFN-y and Thl induction, or lack of Th2 

response, IgGl production does not necessarily mean that a Th2 response has been induced 

(Brewer etal., 1996).

IgE synthesis is central to the induction and maintenance of immediate 

hypersensitivity. Production of this antibody class is critically dependent on the ratio in 

which the cytokine IL-4 and IFN-y are elicited after exposure to allergen (Snapper and Paul, 

1987, Stevens et a i,  1988). Furthermore, several investigators have proposed that primary 

IgE responses were found to be highly IL-4-dependent but memory IgE responses in vivo 

were found to be less IL-4-dependent and not susceptible to IFN-y, indicating that memory 

IgE responses are not tightly controlled by T cells (Van-Ommen et aL, 1994). However, 

transfer of allergen-specific IgE into B-cell-deficient mice during the course of airway 

sensitization resulted in measurable serum levels of allergen-specific IgE and fully restored 

the capacity of these mice to develop airway hyperresponsiveness (AHR). These findings 

indicate that the development of allergy depends on the presence of IgE (Hamelmann et ai,

1997).

OVA has been studied as a model protein for T cell recognition and the murine T cell 

epitope has been defined (Shimonkevitz et aL, 1984). Meanwhile, Elsayed et al and Kahlert 

et al analysed the epitopes on OVA recognized by IgE using synthetic peptides or cyanogen 

bromide (CNBr)-cleaved OVA, and demonstrated that OVAi-ii, which corresponds to amino 

acid residues 1-11 of OVA (Elsayed et aL, 1988), OVA323-339 (Johnsen and Elsayed, 1990), 

OVA34-46, OVA47-55 (Elsayed and Stavseng, 1994), and OVA41-172, and OVA301-385, react 

with IgE antibodies in patients with egg allergy. Moreover, IgE antibodies to OVA in the 

serum of patients with egg allergies differ from the IgG or IgA antibodies with respect to 

their binding activities with different preparations of denatured or fragmented OVA (Honma 

et aL, 1994). IgE binds to denatured or fragmented OVA suggesting that IgE recognizes
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deteriminants associated not only with the conformational structure but also with the primary 

structure.

In conclusion, our murine model represents the sensitization to allergen. High levels 

of serum IgE and anti-OVA IgGl are induced in mice given OVA immunization. Further 

research will focus on the role of distinct T cell subsets and their cytokines in the regulation 

of induced IgE responses and the induction of IgE-selective unresponsiveness for allergy 

immunotherapy.
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Chapter 5
Immunological Characteristics of Mycobacterium vaccae 

and M.vaccae -related vaccines

5-1 INTRODUCTION

Mycobacteria elicit different classes of immune responses, but protection is provided 

only by a cell-mediated response. The type of response depends on the predominant T cell 

maturation pathway, Thl or Th2, which in turn is determined by priming or by prior contact 

with environmental mycobacteria. Vaccination by BCG boosts whichever response the 

recipient is primed to make, and this is a likely explanation of the variable efficacy of this 

vaccine in prevention of tuberculosis and therapy of cancer. (Grange et a l, 1995). Following 

the clear differentiation of two pathways of cellular immune response to mycobacterial 

challenge, and the recent description of two functional types of helper T cells, ideas of what 

controls them have allowed the logical development of a potential new vaccine and a new 

immunotherapy.

Mycobacterium vaccae is a rapidly growing mycobacterial species that was not 

considered a human pathogen. A previous study showed that intradermal injection of a 

suspension of killed Mycobacterium vaccae promotes cell-mediated immune responses to 

antigens common to all mycobacteria, and switches off the tissue-necrotizing aspects of the 

Koch phenomenon. These properties led to the testing of the suspensions as an improved 

vaccine, either alone or in combination with BCG. The same properties led to the 

employment of the suspension in immunotherapy as an adjunct to chemotherapy in the 

treatment of both leprosy and tuberculosis (Stanford et al., 199(^1* Meanwhile, the 

recombinant M. vaccae system is a convenient approach to induction of type 1 responses to 

M. tuberculosis antigens (Abou-Zeid et al., 1997). A 19-kD lipoprotein from 

Mycobacterium tuberculosis was expressed as a recombinant antigen in M .vaccae. 

Immunization of mice with the recombinant M.vaccae resulted in induction of a strong Th 1
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immune response to the 19-kD antigen, characterized by IgG2a antibodies and IFN-y 

production by splenocytes.

Antigen concentration is an important factor in the deterimination of the development 

of antigen-specific Thl/Th2 responses. Bretscher reported that infection of susceptible 

BALB/c mice with low numbers of Leishmania major subcutaneously in the foot induces 

DTH exclusive of antibody production, and establishes resistance to a high-dose challenge 

that is normally pathogenic (Bretscher et a l, 1992). Resistance following low-dose infection 

is associated with a strong and stable Thl type cell-mediated response and restricted neither 

to a particular site of infection nor to a particular parasite strain. The general validity of this 

vaccination strategy is also supported by the study with other parasites (Bretscher et al., 

1996). Similar to results obtained by parasites, studies from our laboratory showed that low 

dose (1Q7 per mouse) immunization of M. vaccae results in an essentially “pure” Thl 

immune response and high dose (10^ per mouse) tends to evoke a mixture of Thl and Th2, or 

ThO (Hernandez-Pando and Rook, 1994). However, this has not been analyzed at the clonal 

level.

The purpose of this chapter is to examine the immune response induced by a set of 

M .vaccae -derived vaccines: recombinant M .vaccae  expressing an OVA peptide 

(Mv/SOD/OVA323-339) and OVA conjugated onto M. vaccae (Mv-OVA). The 

immunogenicity of these vaccines was assessed.
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5-2 EXPERIMENT

Experiment I

Autoclaved recombinant Mv/SOD/OVA323-339, Mv/SOD, conjugated Mv-OVA, and NaCl- 

washed M. vaccae were injected s.c. into BALB/c and C57B1/6J mice. Immunized mice 

were killed on day 5 and lymph nodes were collected for bulk culture.

0 5 Day

 1------------------------------------------------------- 1

\QP Mv/SOD or Mv/SOD/OVA323-339 Lymph Node

10  ̂Mv/SOD or Mv/SOD/OVA323-339 

\Qp Mv-OVA or NaCl-Mv 

10  ̂Mv-OVA or NaCl-Mv

Experiment II

Autoclaved recombinant Mv/SOD/OVA323-339 and NaCl-washed Mv/SOD/OVA323-339 were 

injected s.c. into BALB/c mice. Immunized mice were killed on day 28 and spleens were 

collected for bulk culture.

0 28 Day

 1--------------------------------------------------------- 1

10  ̂Mv/S OD/OVA323-339 spleen

10  ̂NaCl-washed Mv/SOD/OVA323-339
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5-3 RESULTS

5-3-1 The effect of M.vaccae immunization on IFN-y production by spleen cells

To explore the cytokine response to M.vaccae , BALB/c mice were immunized with 

10  ̂ M.vaccae and their spleen cells were harvested and cultured with OVA, OVA323-339, 

M.vaccae , and Con A in vitro on day 28. Spleen cells from the M.vaccae -immunized mice 

produced IFN-y in response to Con A (Fig. 5-1). A very low level of IFN-y was induced by 

OVA stimulation and no IFN-y synthesis was detected under OVA323-339 stimulation (Fig. 5- 

1). IFN-y synthesis was induced using M.vaccae as recall antigen. However, 10  ̂M.vaccae 

was better than 10  ̂ in induction of IFN-y production. In addition, no M. vaccae -specific 

antibody can be detected in the mice that received 10  ̂M. vaccae twice (Fig. 3-4). On the 

other hand, both specific IgGl and IgG2a were induced in mice given 10  ̂ M. vaccae prior 

to 10  ̂ or 10  ̂ M. vaccae boost. These data indicate that 10  ̂of M. vaccae may not result in 

humoral/Ab-predominant immune response.

5-3-2 OVA protein conjugated on the surface o f M .vaccae and OVA323-339 peptide 

expressed in recombinant Mv/SOD/OVA323-339

M. vaccae - derived vaccines expressing OVA peptide (Mv/SOD/OVA323-339) or 

conjugated to OVA (Mv-OVA), were examined to check the presence of OVA. The SOD 

of M. tuberculosis, was readily detected in the recombinant strains with the anti-SOD 

monoclonal antibody (Fig. 5-2 A ). The SOD from Mv/SOD/OVA323-339 ran with a higher 

apparent molecular weight than that from Mv/SOD, suggesting the presence of the OVA 

insert. Further evidence for the expression of the OVA peptide in M. vaccae 

Mv/SOD/OVA323-339 is shown in Fig. 5-2 B. The strains were coated on nitrocellulose
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Figure 5-1.

Production of IFN-y by splenocytes cultured with ConA, OVA, OVA323-339 (OVAp), 10  ̂

M.vaccae (Mv-7), and 10  ̂M.vaccae (Mv-9). Spleen cells were obtained from mice that 

had been immunized with 10  ̂M.vaccae once. Culture supernatants were collected for IFN-y 

estimation after 24 hours. (R2 and L lR l were BALB/c mice given 10  ̂M .vaccae 

immunization once and spleen were removed 18 days after immunozation)
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Figure 5-2-A. Demonstration of the expression of superoxide dismutase (SOD) of M.t 

iiherculosis in the recombinant Mv/SOD and Mv/SOD/OVA by Western blotting using a 

monoclonal antibody against SOD. Lane a. Mv/SOD/OVA323-339 Ip. g; Lane b. 

Mv/SOD/OVA323-339 2|ig; Lane c. Mv/SOD/OVA323-339 5pg; Lane d. Mv/SOD Ipg; Lane 

e. Mv/SOD 2|ig; Lane f. Mv/SOD 5p.g.
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1. ovalbumin (OVA)
2. M. vaccae
3. recombinant M.vaccae / SOD / OVA323-339
4. recombinant M.vaccae / SOD
5. conjugated M.vaccae-OVA
6. salt-washed M.vaccae

Figure 5-2-B. Examination of the conjugation of OVA onto M. vaccae and OVA peptide 

expressed in Mv/SOD/OVA323-339 by dot blotting. OVA and M. vaccae -derived vaccines 

were added on nitrocellulose sheets and OVA was detected by anti-OVA polyclonal 

antibody as described. 1. Ovalbumin (OVA); 2. M. vaccae; 3. recombinant 

Mv/SOD/OVA323-339 ; 4. Mv/SOD; 5. Mv-OVA conjugation; 6. NaCl-washed M. vaccae.
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sheets as described above, and the OVA expression was detected by polyclonal antibody 

against OVA. The OVA-specific antibody (but not control mouse serum; data not shown) 

bound to recombinant Mv/S OD/O VA323-339 and conjugated Mv-OVA but not to Mv/SOD, 

NaCl-washed M. vaccae, or unmodified M. vaccae. Therefore OVA was expressed in both 

recombinant Mv/SOD/OVA323-339 and conjugated Mv-OVA vaccines.

5-3-3 The immunogenicity of M.vaccae -derived vaccines

To explore the immunogenicity of M. vaccae -derived vaccines, BALB/c and 

C57B1/6J mice were injected with recombinant Mv/S OD/O VA323 339 and conjugated Mv- 

OVA as in the protocol Experiment I. Lymph node cells from the Mv/SOD/OVA323-339 

immunized group produced IFN-y in response to OVA (Fig. 5-3 ). The response to OVA in 

BALB/c mice given recombinant vaccine was better than in C57B1/6J mice. On the other 

hand, no IFN-y was induced by OVA as a recall antigen in mice immunized with conjugated 

Mv-OVA ( Data not shown ) in either strain of mice. These results confirmed that the OVA 

epitope was expressed in M. vaccae and induced OVA-specific IFN-y synthesis.

5-3-4 The effect of high molarity NaCl wash treatment on Mv/SOD/OVA 323 339

BALB/c mice were subjected to the protocol Experiment III. Four weeks after 

recombinant Mv/SOD/OVA323-339 vaccine immunization, murine spleen cells were 

harvested and cultured with M. vaccae, OVA, or ConA in vitro. Spleen cells, from the 

Mv/SOD/OVA323-339 immunized group produced IFN-y in response to M. vaccae (Fig. 5-4 

A). The quantity of IFN-y released was inversely related to immunizing dose (10^>1Q8>10^). 

In contrast, 10  ̂was the optimum dose for IFN-y synthesis in spleen cells from NaCl-washed 

Mv/SOD/OVA323-339 immuized mice (Fig. 5-4 B). Furthermore, there was no obvious 

difference in IFN-y and IL-4 synthesis in response to ConA between mice that received 

NaCl-washed and unwashed Mv/SOD/OVA323-339 (Fig. 5-5; Fig. 5-6). These data show that 

high molarity NaCl washing may change the immunogenicity of M. vaccae . However, the 

cytokine synthesis to the unrelated mitogen was not affected.
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Figure 5-3.

Production of IFN-y by lymph node cells cultured with OVA. Lymph node cells were 

obtained from BALB/c or C57BL/6J mice that had been immunized with 10  ̂

Mv/SOD/OVA323-339 or corrosponding control Mv/SOD. Culture supernatants were 

collected for IFN-y estimation after 24 hours.
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Figure 5-4.

The effect of washing in 4M NaCl on the recombinant Mv/S OD/O V A323-339. Production of 

IFN-y by splenocytes cultured with M.vaccae at the concentration of 10^/ml. Spleen cells 

were obtained from BALB/c mice that had been immunized with recombinant 

Mv/SOD/OVA323-339 (A) or NaCl-washed Mv/SOD/OVA323-339 (B). Culture supernatants 

were collected for IFN-y estimation after 24 hours. ( vaccine: immunization with 

Mv/S OD/O V A3 23 -3 39 ; NaCl-Mv : immunization with 4M NaCl-washed Mv/S OD/O VA323 

339 ) I Data are expressed as mean ± S.D. There are 4 mice in each group.
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Figure 5-5.

The effect of washing in 4M NaCl on the recombinant Mv/SOD/OVA323-339. Production of 

IFN-y by splenocytes cultured with ConA. Spleen cells were obtained from BALB/c mice 

that had been immunized with recombinant Mv/SOD/OVA323-339 (A) or NaCl-washed 

Mv/SOD/OVA323-339 (B). Culture supernatants were collected for IFN-y estimation after 9 

hours. ( vaccine: immunization with Mv/SOD/OVA323-339 ; NaCl-Mv : immunization with 

4M NaCl-washed Mv/S OD/O VA323-339 )

Data are expressed as mean + S.D. There are 4 mice in each group.
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Figure 5-6.

The effect of washing in 4M NaCl on the recombinant Mv/S OD/O V A323-339. Production of 

IL-4 by splenocytes cultured with ConA. Spleen cells were obtained from BALB/c mice 

that had been immunized with recombinant Mv/SOD/OVA323-339 (A) or NaCl-washed 

Mv/S OD/O VA323-339 (B). Culture supernatants were collected for IFN-y estimation after 9 

hours. ( vaccine: immunization with Mv/S OD/O VA323-339 ; NaCl-Mv : immunization with 

4M NaCl-washed Mv/SOD/OVA323-339 )

Data are expressed as mean ± S.D. There are 4 mice in each group.
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5-4 DISCUSSION

! IFN-y production in response to OVA was observed in culture of lymphocytes 

from 3/3 BALB/c mice, but only 1/3 C57B1/6J mice immunized with recombinant 

Mv/SOD/OVA323-339. Numbers of mice are too small for firm conclusion.

Furthermore, BALB/c mice that received 10  ̂Mv/SOD/OVA323 339 developed the optimal 

syntheisis of IFN-y under M.vaccae stimulation in vitro. In contrast to the results of 

recombinant M.vaccae immunization, the optimal dose is 10  ̂ for IFN-y synthesis to 

M.vaccae in high molar NaCl-washed Mv/S OD/O VA323-339 primed mice.

Previous studies revealed that mice receiving the lowest dose of M. vaccae s.c. (10'^) 

showed a slowly developing Thl response, without a Th2 component, and after 2 weeks have 

a type of DTH reactivity which does not undergo tissue damage upon introduction of TNF-a. 

In contrast, 10  ̂M.vaccae primed a mixed responses (ThO or mixed Thl4-Th2). Meanwhile, 

the quantity of IL-4 released was directly related to immunizing dose (10^>10^>10^). This 

may result in IL-4-mediated down-regulation of activated macrophage function, and also 

cause the TNF-a that is inevitably released in the presence of M. tuberculosis to mediate 

local necrosis rather than macrophage activation (Hernandez-Pando and Rook, 1994).

In conclusion, we have confirmed that adminstration of a low dose of killed M.

vaccae to BALB/c mice induces a polarization of the immune response towards a Thl

phenotype. This finding might have implications for the design of an immunotherapeutic

vaccine based on mycobacteria for allergy which is a typical Th2-type immune response. 
Moreover, it is possible that lymphocytes from BALB/c mice immunized with
recombinant Mv/SOD/OVA323-339 can produce IFN-y in response to OVA.

These data suggest that M. vaccae combined with allergen,

might switch allergen-specific Th2 response into a Thl type response. However, it is not 

clear why the conjugated vaccine failed to prime for OVA-induced release of IFN-y. |
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Chapter 6
Treatment with Mycobacterium vaccae expressing an 

antigenic epitope of ovalbumin (OVA) can cause 
subsequent OVA immunization to induce a specific Thl

immune response

6-1 INTRODUCTION

It has been shown previously that CFA can evoke strong delayed-type 

hypersensitivity (DTH) and IgG2a responses in guinea-pigs while predominant IgGl 

response is seen in animals immunized with incomplete Freund’s adjuvant (IFA) (Butcher et 

a l, 1978). However, CFA contains mycobacteria and evokes good Thl responses but it is too 

toxic to be used as an adjuvant for human vaccines (Gupta et al., 1993). Several 

investigators have attempted to purify components of Mycobacterium with adjuvant activity 

(Masihi et a l, 1986). These facts suggest that a Mycobacterium could be used as an adjuvant 

to evoke Thl immune responses against the antigenic determinants when animals are 

immunized with a Mycobacterium expressing the relevant antigenic epitope.

The purpose of this study was to investigate the adjuvanticity of M. vaccae in the 

induction of a Thl immune response.|

BALB/c

mice were given M. vaccae or M. vaccae expressing a T cell epitope of ovalbumin (OVA), 

OVA323-339, prior to OVA immunization. The results show that unmodified M. vaccae has 

the nonspecific capability to enhance IgG2a against OVA and suppress serum IgE. 

Meanwhile, recombinant M. vaccae with OVA323-339, Mv/SOD/OVA323-339, can increase 

IFN-y production in response to OVA stimulation and decrease the OVA-specific IgE 

response. All the evidence show that M. vaccae could be a powerful adjuvant/carrier for the 

induction of a specific Thl immune response. The characteristic of selective induction of Thl
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immune response to subsequent antigen immunization suggests that it would be beneficial to 

use M. vaccae as an adjuvant/carrier to design vaccines for infectious and allergic diseases.
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6-2 EXPERIMENT

Experiment I

Autoclaved M. vaccae was injected s.c. at 10  ̂organisms/mouse and boosted with 10^, 10^, 

or 10  ̂M. vaccae after one month. The control group was injected with the same volume of 

saline. All mice were subsequently injected with 50p,g OVA after one month. OVA was 

dissolved in sterile water at 1 mg/ml and emulsified with an equal volume of Incomplete 

Freund’s Adjuvant (IFA) just prior to injection. lOOjLil of antigen-adjuvant mixture were 

injected s.c. at the base of the tail. There were 4-5 mice in each group. Sera were collected 

before and after OVA immunization as indicated on the Figure. All animals were earmarked 

so that longitudinal studies were possible in each individual animal.

0 31 65 67 85 149 Day

 1-----------------------------1----------------- X— I-----------X-------------------1

10  ̂M.vaccae 10  ̂M.vaccae OVA spleen

10  ̂M.vaccae 

10  ̂M.vaccae

X: serum collection 

Experiment II

Autoclaved recombinant Mv/S OD/O VA323-339 or Mv/SOD was injected s.c. at 10  ̂

organisms/mouse. Mice were subsequently injected with 50|ig OVA after 3 weeks and sera 

were collected before and after OVA immunization. There were 8 mice in each group.

0 16 24 37 86 Day

 1------------------ X--------1---------------- X--------------------------- 1

1Q7 Mv/SOD/OVA OVA spleen

107 Mv/SOD

X: serum collection
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6-3 RESULT

6-3-1 The effect of M, vaccae on OVA-specific IgGl and IgG2a

To determine the effect of M. vaccae on OVA-specific antibodies, BALB/c mice 

were immunized with M. vaccae twice prior to OVA. The mice were bled 2 days before 

and 2 weeks after the OVA immunization. Anti-OVA IgGl and Ig02a were assessed to 

evaluate the Ab response induced by OVA challenge. There is no difference in OVA-specific 

IgGl titre between control mice and the mice that received M. vaccae treatment (Fig. 6-1

A). In contrast to OVA-specific IgGl, anti-OVA IgG2a was increased in mice pre-treated 

with M. vaccae compared with the control mice which had been given saline twice (Fig. 6-1

B). These data suggest that M. vaccae can cause a subsequently injected unrelated Ag to 

induce specific IgG2a response, which is a Thl-dependent humoral immune response.

6-3-2 The effect of M. vaccae on serum IgE

To determine the effect of M. vaccae on total serum IgE, the day 65 (before OVA 

immunization) value for each mouse was used to normalise data to a starting value, and was 

subtracted from the subsequent value (day 85, 18 days after OVA immunization). Therefore 

the values are the changes in ng/ml relative to day 65. The total IgE titre in control mice (pre

treated with saline) had increased after OVA immunization. In contrast, the increase in IgE 

level was suppressed in mice pre-treated with M. vaccae (Fig. 6-2). This result indicates that 

serum IgE induced by allergen could be suppressed by M.vaccae. Like the induction of 

IgG2a response, the suppression of IgE by M. vaccae is a non-specific response.

6-3-3 The effect of M.vaccae treatment on IFN-y production by spleen cells

BALB/c mice were subjected to the protocol Experiment I. Then on day 149, their 

spleen cells were harvested and cultured with OVA, M.vaccae , or ConA in vitro. Spleen 

cells from the saline treated group produced low levels of IFN-y in response to Con A (Fig. 

6-3 A) and 10̂  ̂M .vaccae (Fig. 6-3 C). A low level of IFN-y was induced by OVA 

stimulation (Fig. 6-3 B). Splenic cells from OVA-immunized mice that had been
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Figure 6-1.

The effect of treatment with s.c. injections of M. vaccae on the antibody response to 

subsequent OVA challenge. OVA-specific IgGl (A) and XgG2a (B) synthesis before OVA 

challenge ( O ) compared with that of after challenge ( •  ) in BALB/c mice previously 

immunized with M. vaccae or saline. Data are expressed as end-point titre of each mouse. ( 

10^7 Mv : immunization with 10  ̂M. vaccae ; OVA: 50p,g OVA in IFA )
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Figure 6-2.

The effect of treatment with s.c. injections of M.vaccae on the change of total serum IgE 

level induced by subsequent OVA challenge. BALB/c mice were given different doses of M. 

vaccae twice prior to OVA challenge. Data are expressed as mean + S.B. ( Mv 7+7: 

immunization twice with 10  ̂ M. vaccae ; Mv 7+8 : immunization with 10  ̂ and 10  ̂ M. 

vaccae ; OVA: 50|ig OVA in IFA )

There are 2-4 mice in each group.
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Figure 6-3.

Production of IFN-y by splenocytes cultured with ConA (A), OVA (B), and 10^ M. vaccae 

(C). Spleen cells were obtained from mice that had been immunized with M. vaccae twice 

and challenged with OVA. Culture supernatants were collected for IFN-y estimation after 

9, 24, 48, 72 hours. ( Mv 7+7: immunization twice with 10^ M. vaccae  ; Mv 7+8 : 

immunization with 10^ and 10* M. vaccae ; OVA: 50|lg OVA in IFA )
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pre-treated with autoclaved M. vaccae released high levels of IFN-y in response to Con A 

(Fig. 6-3 A) and 10  ̂M. vaccae (Fig. 6-3 C), but not to OVA (Fig. 6-3 B).

6-3-4 The effect of M.vaccae treatment on IL-4 production by spleen cells

BALB/c mice were subjected to the protocol Experiment I. Then on day 149, their 

spleen cells were harvested and cultured with OVA, M. vaccae , or ConA in vitro. All 

spleen cells, from the saline pre-treated group or M. vaccae pre-treated group, produced IL-

4 in response to Con A after 9 hours of incubation (Fig. 6-4 A). Meanwhile, IL-4 synthesis 

in response to OVA, 10  ̂ M. vaccae, and 10  ̂ M. vaccae was observed in the splenic cells 

from mice pre-treated with saline and OVA immunization (Fig. 6-4 B/C/D). In contrast, there 

was no IL-4 production by spleen cells from mice pre-treated with M. vaccae in response to 

OVA, 10  ̂M. vaccae , or 10  ̂ M. vaccae (Fig.6-4 B/C/D). Splenic cells from OVA- 

immunized mice that had been pre-treated with autoclaved M. vaccae did not show antigen- 

specific IL-4 synthesis.

6-3-5 The effect of M.vaccae treatment on IL-5 production by spleen cells

BALB/c mice were subjected to the protocol Experiment I. Then on day 149, their 

spleen cells were harvested and cultured with OVA, M. vaccae , or ConA in vitro. All 

spleen cells, from the saline pre-treated group or M. vaccae pre-treated group, produced EL-

5 in response to Con A (Fig. 6-5 A). IL-5 synthesis in response to OVA was suppressed in 

the splenic cells from mice pre-treated with 10  ̂ M. vaccae + 10  ̂ M. vaccae and OVA 

immunization (Fig. 6-5 B). On the other hand, there was no difference in IL-5 production in
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Figure 6-4.

Production of IL-4 by splenocytes cultured with ConA (A), OVA (B), 10  ̂M .vaccae (C), 

■ànd \(P M.vaccae (D). Spleen cells were obtained from mice that had been immunized with 

M.vaccae twice and challenged with OVA. Culture supernatants were collected for IL-4 

estimation after 9, 24, 48, 72 hours. ( Mv 7+7: immunization twice with 10  ̂M.vaccae ; Mv 

7+8 : immunization with 10  ̂ and 10* M.vaccae ; OVA: 50p.g OVA in IFA )
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Figure 6-5.

Production of IL-5 by splenocytes cultured with ConA (A), OVA (B), 10”̂ M. vaccae (C), 

and 10̂  M. vaccae (D). Spleen cells were obtained from mice that had been immunized with 

M. vaccae twice and challenged with OVA. Culture supernatants were collected for IL-5 

estimation after 9, 24, 48, 72 hours. ( Mv 74-7: immunization twice with 10"̂  M. vaccae ; Mv 

74-8 : immunization with 10̂  and 10* M. vaccae ; OVA: 50|Lig OVA in IFA )
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mice pre-treated with saline or M. vaccae in response to 10  ̂M. vaccae or 10  ̂M. vaccae 

(Fig.6-5 C/D).

6-3-6 The effect of recombinant Mv/SOD/OVA323-339 treatment on IFN-y and IL-4 

production by spleen cells

BALB/c mice were subjected to the protocol Experiment II. Then on day 86, their 

spleen cells were harvested and cultured with OVA in vitro. Spleen cells from the 

recombinant Mv/SOD/OVA323-339 pre-treated group produced a higher level of IFN-y in 

response to OVA than did spleen cells from mice that received saline or control Mv/SOD 

treatment (Fig. 6-6 A). On the other hand, splenic cells from OVA-immunized mice that had 

been pre-treated with M.vaccae , Mv/SOD or Mv/SOD/OVA323-339, produced less IL-4 than 

the mice given saline treatment (Fig. 6-6 B). However, these differences were not significant. 

This result indicates that M.vaccae might have the capacity to suppress the Th2 response 

induced by subsequent antigen challenge non-specifically.
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Figure 6-6.

Production of IFN-y (A) and IL-4 (B) by splenocytes cultured with OVA. BALB/c mice 

were given 107 Mv/SOD/OVA323-339, Mv/SOD, or saline prior to OVA challenge. Culture 

supernatants were collected for IFN-y estimation after 24 hours and IL-4 for 48 hours. The 

data are presented as the mean levels of cytokine ± SE. (Mv/SOD/OVA: immunization with 

Mv/SOD/OVA323-339 ; OVA: immunization with 50p.g OVA in IFA ).
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6-4 DISCUSSION

The results presented here show that M. vaccae treatment prior to OVA 

immunization can drive OVA-specific IgG2a induction and suppress the total serum IgE 

levels. Meanwhile, IL-4 synthesis to OVA challenge was suppressed in spleen cells from 

OVA-primed mice pre-treated with M. vaccae. Furthermore, spleen cells from BALB/c mice 

that received recombinant Mv/SOD/OVA323-339 immunization produced IFN-y in response to 

OVA. On the other hand, non-specific suppression of IL-4 synthesis in response to OVA was 

observed in mice given recombinant Mv/SOD/OVA323-339 and control Mv/SOD. On the 

basis of these results, it can be concluded that M. vaccae has the ability to suppress a Th2 

type response to an unrelated antigen non-specifically and could be a good carrier for the 

induction of antigen-specific Thl type immune responses.

The antibody isotype and cytokine profile elicited by mice immunized with particular 

antigen/adjuvant combinations is affected by that animal’s previous history of immune 

stimulation. The changes in the ratio of Thl:Th2 cytokine secreting cells may account for 

differences in the response of genetically identical animals to self and environmental agents. 

Early exposure to an infectious agent stimulating a strong Th2 response might alter an 

animal’s reactivity to subsequent immune challenge. For example, mice stimulated by S. 

mansoni mount a Th2-dominant response that reduces their ability to generate protective 

CD8+ CTL when exposed to vaccinia virus (Actor et al., 1993). Since pathogens can persist 

for a long time in vivo, the effect of the initial infection can be long lasting. However, even 

short-acting (nonreplicating) antigens can induce strong primary responses that alter the 

profile of cytokines elicited upon subsequent antigenic stimulation and lead to long-term 

changes in the resting T cell pool (Sacks and Klinman, 1997). These observations suggest 

that M. vaccae -primed BALB/c mice showing Thl responses to subsequent OVA challenge 

may be due to the immunological environment induced by the M. vaccae primary stimulus.
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Recent interest in vaccine research has centered on expressing antigenic epitopes of 

pathogens in harmless microbes as carriers to induce protective humoral and cellular immune 

responses. A number of bacteria, such as BCG and Salmonella, have been used to construct 

recombinant vaccines. It has been shown previously that M. vaccae is a good inducer of Thl 

immune responses and safe for humans. Therefore, it is reasonable to suggest that given the 

capacity of intracellular bacteria to stimulate macrophages to the production of XL-12 and 

IFN-a (which in turn induce IFN-y production by both T cells and NK cells), Th cells 

responding to these pathogens may be simultaneously presented with processed antigen plus 

cytokines that induce them to differentiate towards a Thl phenotype (Romagnani, 1992).

The goal of immunization is to elicit an immune response to non-self proteins. Most

immunizations have been performed by the injection of antigen preparations along with a

variety of adjuvants. It is now recognized that adjuvant’s biological properties depend upon

their ability to selectively activate Thl or Th2 cells which control the major features of
ah

specific immune responses (Mosmann and Coffman, 1989). Alum is the only adjuvant 

licenced for use in human vaccines, but it does not induce strong humoral immune responses 

to all antigens and generally fails to induce cell-mediated immunity (Warren et a l, 1986). 

CFA can trigger Thl inunune response but is too toxic to be used as an adjuvant for human 

vaccines (Gupta et ah, 1993). However, mycobacteria in CFA play a critical role in the 

activation of macrophages and induction of Thl responses. Killed M. vaccae has similar 

properties of induction of Thl immune response and is safe for use in humans. For these 

reasons, M. vaccae could be used as an adjuvant/carrier to convert antigen-specific Th2 

immune response into Thl and could be utilized in the design of vaccines for allergy and 

some infectious diseases.
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Chapter 7
Inhibition of an established allergic response to ovalbumin 

in BALB/c mice by killed Mycobacterium vaccae

7-1 INTRODUCTION

Allergic disorders affect at least 20% of the population of developed countries. They 

include hay fever, asthma, atopic dermatitis and food allergies. These symptoms are 

associated with high levels of serum IgE and allergen-specific IgE (Saban et a l,  1994, 

Shakib and Smith, 1994, Stampfli et a l, 1995) and eosinophilia (Coyle et a l, 1996!“Egan et 

a l,  1996, Eum et a l, 1995), and are dependent upon IL-4 and IL-5 released from allergen- 

specific CD4 T cells expressing the Th2 cytokine profile (Del-Prete et a l,  1994, Kapsenberg 

et a l,  1996, Secrist et a l, 1995). Current specific allergen immunotherapy involves a series 

of injections of allergen extracts with the aim of reducing the patient's sensitivity to the 

allergen. However, this form of immunotherapy has been increasingly questioned because of 

limited efficacy and the danger of anaphylaxis. Moreover, when it works the mode of action 

is unclear.

More recent strategies aim to switch allergen specific Th2 responses to Thl, with 

predominant production of IFN-y and IL-2. The basis of this strategy is the supposed mutual 

opposition between Thl and Th2, where Thl cytokines downregulate Th2 function, and so 

would be expected to reduce IgE (Daser et a l, 1995, Gieni et a l,  1993). Most authors 

attempt to switch the cytokine profile in an allergen-specific manner. However a recent 

report of an inverse association between atopy and delayed-type-hypersensitivity (DTH) 

responsiveness to tuberculin suggests that exposure to immunogenic mycobacteria, (whether 

M. tuberculosis itself, BCG, or immunogenic environmental species) can inhibit atopic 

disorders without any link between allergen epitopes and the mycobacteria concerned 

(Shirakawa e ta l,  1997).
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The purpose of this study was to examine whether a killed mycobacterial preparation 

derived from Mycobacterium vaccae , which in other contexts has undergone extensive 

toxicological studies and safety assessment in man (Onyebujoh et a l, 1995, Stanford et a l, 

1990^ von-Reyn et al., 1993), can downregulate an ongoing allergen-specific Th2 immune 

response. The results show that killed M.vaccae can suppress serum IgE and down-regulate 

an allergen-specific Th2 immune response. These findings suggest that killed M.vaccae is 

effective in modulating allergic responses, and may provide a novel therapeutic approach for 

allergic diseases.
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7-2 EXPERIMENT

Immunization and treatment o f mice

OVA was dissolved in sterile water at 1 mg/ml and emulsified with an equal volume of 

Incomplete Freund’s Adjuvant (IFA, DIFCO) just prior to injection. lOOfil of antigen- 

adjuvant mixture were injected s.c. at the base of the tail. Each animal received 50|Xg OVA 

on day 0 and again on day 21. M. vaccae were administered as 10  ̂ ,10^, or 10  ̂organisms 

in 100|il saline given s.c. on day 42. Controls received saline only on the same days. There 

were 8 mice in each group. Sera were collected on day 32 (i.e. after immunization with OVA 

but before treatment with M. vaccae ) and again on days 52 and 70.

All animals were earmarked so that longitudinal studies were possible in each individual 

animal, and data could be normalised by calculating changes in IgE level relative to the 

reading in the sample taken after immunization, but before treatment.

0 21 32 42 52 70 82 Day

OVA OVA 10  ̂M.vaccae spleen

10  ̂M.vaccae 

10  ̂M.vaccae

X: serum collection
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7-3 RESULTS

7-3-1 The effect of different doses of M.vaccae on serum IgE

To determine the effect of M.vaccae on total serum IgE, BALB/c mice were 

immunised with OVA in IFA twice (day 0 and 21) to induce IgE responses. They were bled 

on day 32, and then treated with saline or with 10'̂ , 10^, or 10  ̂M.vaccae on day 42.

On day 32 the OVA-immunised mice had 117.09± 35.81 (S.D.) ng/ml IgE, compared 

to 69.27 ± 6.09 (S.D.) ng/ml in unimmunised animals (p<0.001). For each mouse the day 32 

value was used to normalise data to a starting (i.e. day 32 ) value of 0, and subtracted from 

each subsequent value. Therefore the values plotted are the changes in ng/ml relative to day 

32. The IgE response in control mice (treated with saline) had increased further by days 52 

and 70 when further samples were taken (i.e. 10 and 28 days after treatment on day 42) (Fig. 

1). In contrast, the increase in IgE level was suppressed in mice treated with M.vaccae at 

10 ,̂ 10^, and 10  ̂(Fig. 7-1). All p values are less than 0.01 between mice treated with saline 

and different doses of M.vaccae . These results suggest that M.vaccae can suppress serum 

IgE titres in dose-independent way.

7-3-2 The effect of M.vaccae treatment on cytokine production by spleen cells

BALB/c mice were subjected to the same protocol used for Figs 7-1. Then on day 

82, their spleen cells were harvested and cultured with OVA, M.vaccae , or ConA in vitro. 

Spleen cells from the saline treated group produced IFN-y, IL-4, and IL-5 , but no IL-2, in 

response to OVA (Fig.7-2 A/B/C/D). Splenic cells from OVA-immunized mice that had been 

treated with 10  ̂ autoclaved M.vaccae induced IL-2 synthesis and decreased the IL-4
I

production in response to OVA.

On the other hand, spleen cells from the saline 

treated group produced IFN-y and IL-2 in response to M.vaccae (Fig.7-3 A and B), but no 

IL-4 and IL-5 (data not shown).
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Figure 7-1.

The effect of treatment with single s.c. injection of different doses of M. vaccae compared 

to saline on serum IgE levels in BALB/c mice previously immunized with OVA. Serum IgE 

is expressed as the change relative to readings obtained with the samples taken on day 32, 

before the treatment with M. vaccae or saline (mean ±SE). Post-treatment serum samples 

were collected on days 52 and 70 (i.e. 10 days and 28 days after the treatment with saline or 

M. vaccae on day 42). Immunization and treatment schedules are indicated in experimental 

methods. Comparison between different groups was performed by the Mann-Whitney U-test.

There are 8 mice in each group.
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Figure 7-2.

Production of IFN-y (A), IL-2 (B), IL-4 (C) and IL-5 (D) by splenocytes cultured with OVA. 

BALB/c mice were given OVA twice prior to different doses of M. vaccae treatment : 1Q7, 

10  ̂ , and 10 .̂ Splenocytes were harvested and cultured with OVA on day 82. Immunization 

and treatment schedules are indicated in experimental methods. Culture supernatants were 

collected for IL-4 and IL-5 estimation after 48 hours and for IFN-y and IL-2 after 24 hours. 

The data are presented as the mean levels of cytokine +SD. Comparison between different 

groups was performed by Student’s t-test. There are 8 mice in each group.
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Figure 7-3.

Production of IFN-y (A) and IL-2 (B) by splenocytes cultured with M.vaccae. BALB/c mice 

were given OVA twice prior to different doses of M.vaccae treatment : 1Q7, 1Q8 , and 10 .̂ 

Splenocytes were harvested and cultured with M.vaccae at the dose of lO^/ml on day 82. 

Immunization and treatment schedules are indicated in experimental methods. Culture 

supernatants were collected for IFN-y and IL-2 after 24 hours.
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However, there is no difference in the levels of IFN-y and IL-2 synthesis in 

response to M. vaccae between mice treated with saline and mice treated with any of 

the three doses of M. vaccae .
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7-4 DISCUSSION

In this study, we examined the effects of Mycobacterium vaccae, a potent inducer of 

Thl immunity, on allergic responses in a murine model. BALB/c mice that received two 

immunizations with OVA in IFA developed a typical Th2 type response and high level of 

serum IgE. This murine model would mimic the clinical situation of allergy symptoms. A 

single injection of M. vaccae into OVA-pre-immunised BALB/c mice suppressed serum 

IgE over a wide dose range (10^, 10 ,̂ or 10  ̂ M. vaccae ). However, down-regulation of EL- 

4 production in response to OVA was marginal, and occured only in mice that received 10  ̂

M. vaccae , not in mice given 10* or 10 .̂ This non-specific ability of a mycobacterium to 

decrease IgE levels suggests that this organism may have clinical applications in the 

immunotherapy of allergy.

Allergic disorders are mediated by T lymphocytes secreting Th2 cytokines, IL-4 and 

IL-5, resulting in high levels of serum IgE and recruitment of eosinophils. One of the 

treatment strategies is to downregulate the Th2 component by inducing a Thl response to the 

relevant allergen, because Thl and Th2 cytokines are thought to be mutually antagonistic. A 

recent report demonstrates that tuberculin skin-test positive children are less likely to be 

atopic, than are tuberculin negative children, and their ratio of circulating Thl/Th2 cytokines 

is higher. Moroever after repeated injection of BCG, those in whom tuberculin conversion 

occurs have an increased probability of losing their atopic symptoms (Shirakawa et a l, 

1997). This may been due to a non-specific systemic suppressive effect of Thl cytokines on 

the generation of Th2 responses, since there is considerable evidence for reciprocal 

inhibition of Th2 by Thl and vice-versa (Maggi et a l, 1992, Romagnani, 1992). Such a 

mechanism may also account for the observations that repeated injections of CFA 

(Complete Freund’s Adjuvant) can block subsequent attempts to evoke IgE responses 

(Ishizaka, 1989) and that serum from animals immunized with CFA will suppress IgE 

formation after passive transfer (Tung et al., 1978).
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Similarly our experiments revealed that high levels of serum IgE induced by OVA 

were suppressed by a wide range of doses of M. vaccae . This is unexpected because 

previous dose-response studies in mice identified 10  ̂as the optimum for inducing a Thl 

response to the mycobacterial antigens contained within M. vaccae, with no detectable Th2 

component (Hernandez-Pando and Rook, 1994), while 10  ̂ evokes a mixed Thl+Th2 

response. Our studies support this idea that low dose (10^) of M.vaccae sensitization elicits a 

Thl type response and high dose (10^) drives a mixed or Th2 type response. For all these 

reasons it is likely that the effects of M. vaccae in this model may not operate wholly via 

the suppressive effects of Thl cytokines. A further level of regulation of IgE levels may be 

attributable to the induction of IgE-binding factors (Delespesse et a l, 1989). It has been 

revealed that IgE can be suppressed by the unglycosylated form of an IgE-binding factor, 

production of which is regulated by the recently cloned cytokine, glycosylation-inhibiting 

factor (GIF) (Kato eta l, 1996).

In summary, the murine model described here demonstrates two important 

characteristics of allergic reactions, elevated serum IgE levels and Th2-dominant cytokine 

synthesis. These allergic responses can be suppressed by M.vaccae treatment. Several 

mechanisms may be responsible for the suppression of serum IgE and allergen-induced Th2 

responses in OVA-sensitized mice treated with killed M. vaccae.

98



Chapter 8
Multiple immunizations with killed Mycobacterium vaccae 

can abrogate an established allergic response to 
ovalbumin in BALB/c mice

8-1 INTRODUCTION

A key objective in allergy research is the development of means to inhibit established 

IgE responses to specific allergens. Previous studies carried out in animal models reveal that 

strategies which very effectively prevent the development of IgE responses are much less 

successful in abrogating previously established IgE responses (Ishizaka, 1989). The capacity 

to abrogate an ongoing IgE responses is much more difficult, but is considered to reflect 

more accurately the clinical challenge. Several approaches have been developed in which 

modified allergens exhibit greatly decreased antigenicity and an enhanced capacity to inhibit 

IgE responses in the experimental systems studied. However, a major obstacle has been the 

inability of native or modified allergens to inhibit well established, ongoing murine IgE 

responses.

BALB/c mice that received two injections of OVA in IFA developed a Th2 type 

immune response and increasing IgE level. Treatment with one dose of killed M. vaccae 

results in suppression of the ongoing IgE response in vivo. Meanwhile, 10  ̂M. vaccae is the 

optimal dose for the induction of a Thl type immune response. Further experiments 

presented in this chapter using 10  ̂M, vaccae injected twice and four times, showed that 

this treatment inhibited not only serum IgE, but also the potential for ovalbumin-induced IL- 

5 production by spleen cells. This non-specific ability of a mycobacterium to decrease Th2 

activity is in agreement with recent epidemiological studies on the impact of BCG 

vaccination, and of other potent Thl stimuli, on the incidence of atopy. The suppression of 

serum IgE and allergen-specific IL-5 synthesis by M. vaccae suggest that this organism is 

likely to have clinical applications in the immunotherapy of allergy.
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In addition, we tried to develop allergic responses in C57B1/6J mice by immunizing 

twice with OVA in IFA, in order to examine the down-regulation of IgE by M. vaccae in this 

very different, more Thl-orientated mouse strain. The results show no significant increase of 

IgE titres in C57B1/6J mice immunized with OVA, whereas remarkably high level of serum 

IgE arose in BALB/c mice. Various factors are known to influence the development of an 

allergic response. On the basis of this result, a genetic factor is clearly important in the 

establishment of allergic disorder in mice.
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8-2 EXPERIMENT

Immunization and treatment o f mice 

Experiment I

OVA was dissolved in sterile water at 1 mg/ml and emulsified with an equal volume of 

Incomplete Freund’s Adjuvant (IFA, DIFCO) just prior to injection. lOOjLil of antigen- 

adjuvant mixture were injected s.c. at the base of the tail. Each animal received 50|Lig OVA 

on day 0  and again on day 24 . M. vaccae were administered as 10^ organisms in lOOjil 

saline given s.c. on day 53 and 81 . Controls received saline only on the same days. There 

were 4 -5  mice in each group. Sera were collected on day 4 6  (i.e. after immunization with 

OVA but before treatment with M. vaccae ) and again on days 6 7 ,9 1 , and 109.

0 24 46 53 67 81 91 109

OVA OVA 10  ̂M.vaccae \Çp M.vaccae spleen

X: serum collection

Experiment II

In further experiments the immunization schedule was identical, but treatment with M. 

vaccae preparations (10^) was continued up to 4 doses, given on days 53, 81, 119, and 

140. Controls received saline only. There were 6 mice in each group. Sera were collected on 

days 46, 67, 91, 130, and 150, as indicated on the Figure.

All animals were earmarked so that longitudinal studies were possible in each individual 

animal, and data could be normalised by calculating changes in IgE level relative to the 

reading in the sample taken after immunization, but before treatment.

0 24 46 53 67 81 91 118 130 139 150 Day

OVA OVA M.vaccae M.vaccae M.vaccae M.vaccae spleen 

X: serum collection
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8-3 RESULTS

8-3-1 The effect of two doses of M.vaccae on serum IgE

Since \QP M. vaccae had been shown previously to be the optimal dose for evoking 

Thl responses to unrelated antigen and its own antigens (Hernandez-Pando and Rook, 1994), 

this dose was selected for further studies. BALB/c mice were immunised with OVA twice 

on day 0 and 24 to induce IgE responses and bled on day 46, and then treated with saline, or 

with 10  ̂ M.vaccae twice on days 53 and 81. On day 46 the OVA-immunised mice had 

112.9± 10 (S.B.) ng/ml IgE, compared to 55.4 ± 1.7 (S.E.) ng/ml in unimmunised animals 

(p<0.01). For each mouse the day 46 value was used to normalise data to a starting ( i.e. day 

46 ) value of 0, and subtracted from each subsequent value. Therefore the values plotted are 

the changes in ng/ml relative to day 46.

The total serum IgE response in control mice (treated with saline) increased steadily 

for the duration of the experiment. In contrast, the increase in total serum IgE was 

suppressed in mice treated with 10  ̂autoclaved M.vaccae (Fig. 8-1 ).

8-3-2 The effect of M.vaccae treatment on IFN-y, IL-2, and IL-5 production by spleen 

cells

BALB/c mice were subjected to the same protocol used for Fig 8-1. Then on day 

109, their spleen cells were harvested and cultured with OVA in vitro. Spleen cells from the 

saline treated group produced high levels of IL-5 (Fig.8-2 C), but no IL-2 (Fig.8-2 B), in 

response to OVA. However, cells from OVA-immunized mice that had been treated twice 

with 10  ̂autoclaved M.vacc^z^ failed to release IL-5 in response to OVA (Fig.8-2 C). 

Spleen cells from one of the immunized mice treated with M.vaccae produced detectable 

levels of IL-2 in response to OVA (Fig.8-2 B). However, the overall increase was not 

significant (Fig. 8-2 B). Meanwhile, there was no difference in IFN-y synthesis between mice
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Figure 8-1.

The effect of treatment with two s.c. injections (days 53 and 81) of 10  ̂ M. vaccae ( O ), 

compared to saline (• ), on total serum IgE. Immunization and treatment schedules are 

indicated on the Figure. Serum IgE is expressed as the change±SD relative to readings 

obtained with the samples taken on day 46. Comparison between different groups was 

performed by the Mann-Whitney U-test. (OVA: immunization with ovalbumin ; Mv : 

immunization with M. vaccae )

There are 3 mice in each group.
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Figure 8-2.

Production of IFN-y (A), IL-2 (B) and IL-5 (C) by splenocytes cultured with OVA. 

Splenocytes were harvested and cultured with OVA on day 109. Immunization and treatment 

schedules are indicated on Figure 7-6. Culture supernatants were collected for IL-5 

estimation after 48 hours and for IFN-y and IL-2 after 24 hours. The data are presented as the 

mean levels of cytokine±SD. Comparison between different groups was performed by 

Student’s t-test. (saline : OVA immunization twice prior to saline treatment twice; 10^7 Mv 

: OVA immunization twice prior to 10  ̂M.vaccae treatment twice)

There are 3 mice in each group.
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given saline and M.vaccae (Fig.8-2 A). On the other hand, spleen cells from mice that 

received M. vaccae treatment produced higher levels of IFN-y than spleen cells from 

control mice in response to OVA peptide, OVA323-339 (Fig.8-3 A). Meanwhile, IL-5 synthesis 

in response to OVA323-339 was depressed in mice that had received M. vaccae treatment 

(Fig. 8-3 C). However, these differences in cytokine levels in response to OVA323-339 were 

not significant (Fig. 8-3 A/B/C). These results suggest that M. vaccae might switch an 

ongoing Th2 response into a Thl.

8-3-3 The effect of 4 doses of M. vaccae on serum IgE

To determine the effect of multiple-doses of autoclaved M. vaccae on serum IgE 

titre, BALB/c mice were immunized with OVA in IFA twice to induce IgE responses, then 

treated 4 times with saline or M. vaccae preparations. For each mouse the day 46 value was 

used to normalise data to a starting (i.e. day 46 ) value of 0, and subtracted from each 

subsequent value. Therefore the values plotted are the changes in ng/ml relative to day 46.

The IgE response, total serum IgE and OVA-specific IgE, in control mice (treated 

with saline) increased steadily for the duration of the experiment (Fig. 8-4 A and B). In 

contrast, OVA-specific IgE was suppressed in mice treated with M. vaccae for the duration 

of the experiment (Fig. 8-4 B). On the other hand, the total serum IgE response was also 

depressed in mice treated with M. vaccae although the serum IgE rose after 2 doses of M. 

vaccae treatment (Fig. 8-4 A). Meanwhile, none of these preparations changed the levels of 

ovalbumin-specific IgGl or IgG2a in an ELISA assay (data not shown). These data suggest 

that multiple-doses do not enhance the suppression of total serum IgE titre but possibly 

maintain suppression of the specific IgE response.

8-3-4 The effect of 4 doses of M. vaccae on IFN-y and IL-2 production by spleen cells

Spleen cells from mice immunized with OVA and treated with/without M.vaccae 

were harvested on day 150, and cultured with OVA in vitro. There was no difference in IFN- 

y production between mice treated with saline and M.vaccae (Fig 8-5 A). In contrast, spleen
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Figure 8-3.

Production of IFN-y (A), IL-2 (B) and IL-5 (C) by splenocytes cultured with T cell epitope of 

OVA, OVA323-339. Splenocytes were harvested and cultured with OVA323-339 on day 109. 

Immunization and treatment schedules are indicated on Figure 7-6. Culture supernatants 

were collected for IL-5 estimation after 48 hours and for IFN-y and IL-2 after 24 hours. The 

data are presented as the mean levels of cytokine+SD. Comparison between different groups 

was performed by Student’s t-test. (saline ; OVA immunization twice prior to saline 

treatment twice; 10^7 Mv : OVA immunization twice prior to 10  ̂M.vaccae treatment twice)

There are 3 mice in each group.

106



A .

500

E 4 0 0
O)
c
LU 3 0 0
O)

E 2 0 02
0w 100
c

ü  -1 0 0
0  2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  Day

CVA a / A Mv Mv Mv  Mv

B .
1 r  

0 . 7 5

d 0-5
LU_D)

i
o

0O)c
ce

s zo

0 . 2 5

0

0 . 2 5

- 0 . 5
0 2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  Dayk k k A k k

O J A  O JA  Mv Mv M v  Mv

Figure 8-4.

The effect of 4-dose of treatment with s.c. injections of saline(* ), compared to 10^

M .vaccae ( O ) on total serum IgE (A) and OVA-specific IgE (B), in BALB/c mice

previously immunized with OVA. Data are expressed as the change relative to readings

obtained with the samples taken on day 46, ±SD. Immunization and treatment schedules are

indicated on the Figs. (OVA: OVA/IF A immunization; Mv: M.vaccae immunization )

There are 6 mice in each group.
On day 46 the OVA-immunized mice had 112.9±10 (S.E.) ng/ml IgE, compared to 
55.4+1.7(S.E.) ng/ml in unimmunized animals (p<0.01).
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Figure 8-5.

Production of IFN-y (A) and IL-2 (B) by splenocytes cultured with OVA. Spleens were 

obtained on day 150 from mice that had been immunised with OVA on days, 0 and 24, and 

treated on days 53, 81, 119, and 140 with saline or 10  ̂ M.vaccae. Culture supernatants 

were collected for IFN-y/IL-2 estimation after 24 hours.
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cells from control/allergic mice produced high levels of IL-2 in response to OVA. However, 

cells from OVA-immunized mice that had been treated with 4 doses of M  vaccae failed to 

release IL-2 in response to OVA (Fig 8-5 B). These data suggest that IFN-y response 

dissociates with IL-2 and the change in specific IgE levels does not relate to IFN-y 

production.

8-3-5 The effect of 4 doses of M.vaccae on IL-4 and IL-5 production by spleen cells

Spleen cells from mice immunized with OVA and treated with/without M.vaccae 

were harvested on day 150, and cultured with OVA in vitro. There was no difference in IL-4 

production between mice treated with saline and M. vaccae (Fig 8-6 A). In contrast, spleen 

cells from control/allergic mice produced high levels of IL-5 in response to OVA. However, 

cells from OVA-immunized mice that had been treated with 4 doses of M. vaccae failed to 

release IL-5 in response to OVA (Fig 8-6 B). These data suggest that the IL-4 response 

dissociates from IL-5 and the change in specific IgE titre does not relate to IL-4 production.

8-3-6 The effect of two doses of M.vaccae on serum IgE in C57B1/6J mice

C57B1/6J mice were immunized with OVA twice on day 0 and 24 to induce IgE 

responses and bled on day 46, and then treated with saline, or with 10  ̂M. vaccae twice on 

days 53 and 81. For each mouse the day 46 value was used to normalise data to a starting (

i.e. day 46 ) value of 0, and subtracted from each subsequent value. Therefore the values 

plotted are the changes in ng/ml relative to day 46.

The total serum IgE response in control mice (treated with saline) did not increase 

for the duration of the experiment and there is no difference in total serum IgE between mice 

treated with saline and mice treated with 10̂  ̂ autoclaved M.vaccae (Fig. 8-7 A). Similarly, 

there is no difference in OVA-specific IgE level between mice given saline and M. vaccae 

(Fig. 8-7 B). These results suggest that the lack of IgE response might be due to the fact that 

C57B1/6J mice are prone to Thl-dominant immune responses.
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Figure 8-6.

Production of IL-4 (A) and IL-5 (B) by splenocytes cultured with OVA. Spleens were 

obtained on day 150 from mice that had been immunised with OVA on days, 0 and 24, and 

treated on days 53, 81, 119, and 140 with saline or 10  ̂ M. vaccae. Culture supernatants 

were collected for IL-4/IL-5 estimation after 48 hours.
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Figure 8-7.

The effect of treatment with two s.c. injections (days 53 and 81) of 10  ̂ M. vaccae ( O ), 

compared to saline (• ), on total serum IgE (A) and OVA-specific IgE (B) in C57B1/6J 

mice. Immunization and treatment schedules are indicated on Figure. Serum IgE is 

expressed as the change±SD relative to readings obtained with the samples taken on day 46. 

(OVA: immunization with ovalbumin ; Mv : immunization with M.vaccae )

There are 3 mice in each group.
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8-4 DISCUSSION

BALB/c mice that received two immunizations with OVA in IFA developed a typical 

Th2 type response. There were rising levels of serum IgE, and on day 109 spleen cells from 

these mice released IL-5 but not IL-2 in response to OVA in vitro. In contrast to the 

increasing level of IgE in BALB/c mice, C57BI/6J mice did not develop significant allergic 

responses following allergen immunization. The most striking finding is that this ongoing 

allergen-specific Th2 response in BALB/c mice was downregulated by treatment with a 

low dose of killed M. vaccae without any need for OVA or OVA epitopes in the M. vaccae 

preparation.

BALB/c mice receiving OVA twice develop a Th2 type immune response in the first 

2-3 months , but eventually developed a significant lEN-y and IL-2 response 4 months after 

their second injection of OVA. It is interesting that IFN-y production in the airways is a 

feature of human allergic asthma. Meanwhile, the serum IgE level did not increase about 3 

months after the OVA boost (Fig 8-8). Other studies support the idea that OVA is capable of 

elicting a Thl response in BALB/c mice, but only after multiple injections over long periods 

of time (Gieni and Hay Glass, 1991, Gieni et a l, 1993). This implies that OVA eventually 

induces a detectable Thl-like memory population that enables switching to IgG2a by 

secreting IFN-y. After the shift into Thl+Th2 immunity, the immunoregulatory mechanism 

of M. vaccae might be different from that in the situation of pure Th2 response. Instead of 

IL-5 suppression only with two dose of M. vaccae, both of IL-2 and IL-5 were inhibited after 

4 doses of M. vaccae treatment.

Therefore in these experiments M. vaccae caused a non-specific down-regulation of 

a Th2 response. In contrast, most recent studies have concentrated on allergen-specific or 

epitope-specific effects designed to tolerize responses to specific epitopes recognized by Th2 

lymphocytes (van Neerven et a i, 1996), or to switch those responses to Thl. 

Downregulation of pre-existing Th2 response has been achieved recently by therapeutic
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Figure 8-8 (A).

Relation of the change of serum IgE and the levels of cytokines. (A) BALB/c mice 

immunized with OVA twice prior to 4-dose of treatment with s.c. injections of saline (• ). 

Data are expressed as the change relative to readings obtained with the samples taken on day 

46, ±SD. Immunization and treatment schedules are indicated on the Fig. (OVA: 

immunization with OVA/IF A ; saline: immunization with saline ).
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Figure 8-8 (B-E).

Production of , IFN-y (B), IL-2 (C), IL-4 (D), and IL-5 (B) by splenocytes from BALB/c 

mice cultured with OVA. Spleens were obtained from mice that had been immunized with 

OVA and treated with different dose of saline. Culture supernatants were collected for IFN- 

y/IL-2 estimation after 24 hours and for IL-4/IL-5 after 48 hours.
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immunization with a DNA vaccine (Briner et aL, 1993, Hoyne et a l,  1993), and with an 

allergen-IL-12 fusion protein (Hsu et al., 1996). Such allergen-specific strategies are very 

attractive, and suitable preparations may be safe to administer because they do not need to 

contain the IgE-binding epitopes. However the allergen-specific approach has three types of 

disadvantage. First there are limited experimental data to suggest that treatment with one 

epitope within a complex allergen can downregulate the response to other epitopes in the 

same allergen (Kim et ai., 1997, Raz et al., 1996), and there are no data to demonstrate this 

in man. Secondly, suppression (or diversion to Thl) of the response to a single allergen may 

merely encourage development of allergic responses to other allergens, if the individual is 

left with a tendency towards a Th2 bias. Finally, it may not be desirable to leave the patient 

with a Thl response to the allergen.

An alternative strategy that may avoid these problems, is to use potent immunogens 

that can have systemic long-lasting non-specific effects on the nature of the immune response 

to unrelated antigens. There is now no doubt that this can happen. For instance measles 

infection reduces the incidence of atopy, and of allergic reactions to house dust mite 

(Shaheen et a l, 1996). Measles vaccination is another example. This vaccine, when used at 

the standard low dose, reduces mortality by considerably more than can be accounted for by 

the incidence of measles in the unvaccinated population. Dihptheria, tetanus and pertussis 

vaccines (Th2-inducing) do not show this non-specific protective effect (Aaby et al., 1995). 

Similarly, Japanese children that are tuberculin skin-test positive are less likely to be atopic, 

than are tuberculin negative children, and their ratio of circulating Thl/Th2 cytokines is 

higher. Moroever after repeated injection of BCG, those in whom tuberculin conversion 

occurs have an increased probability of losing their atopic symptoms (Shirakawa et al., 

1997).

However the down-regulation of Th2 by Thl or Type 1 cytokines has recently been 

questioned, and there are considerable complexities. For instance under some circumstances 

IL-12 can enhance rather than inhibit development of the Th2 cytokine pattern (Jeannin et

115



al., 1996, Schmitt et a l, 1994), and it may be clinically important that reversibility of the 

Th2 phenotype by exposure to Type 1 cytokines is eventually lost (Murphy et a l, 1996).

BALB/c mice have a propensity toward Th2 responses, whereas C57B1/6 mice may 

be more Thl prone (Hsieh et a l, 1995). In particular, a previous study showed that it is more 

difficult to persistently alter responses to OVA from a Th2 toward a Thl response in BALB/c 

mice (Gieni and HayGlass, 1991, Gieni et a l, 1993). In other studies, when polymerized 

OVA was used to induce Thl-like responses in mice injected with OVA, BALB/c mice were 

resistant to long term IgE suppression (Gieni et a l, 1993). In contrast, our experiments show 

a prolonged effect of persistent suppression of total serum IgE response on BALB/c mice 

injected with M. vaccae after OVA sensitization. Meanwhile, anti-OVA IgGl and IgG2a 

were not affected by M.vaccae treatment. These results suggesting that the proper dose of M. 

vaccae acts in concert with Ag during a critical time period to imprint the cytokine profile 

and isotype profile of memory T and B cells.

In summary, several mechanisms may be responsible for the suppression of allergen- 

induced IL-5 secretion and serum IgE in OVA-sensitized mice treated with killed M. vaccae. 

Although these are at present unidentified, the availability of extensive safety data in man 

suggest that killed M. vaccae should tested as an immunotherapeutic for allergic diseases, 

and it is currently undergoing clinical trials for this purpose in man.
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Chapter 9
Therapeutic vaccines based on Mycobacterium vaccae for 
treatment of an established allergic response to ovalbumin

in BALB/c mice.

9-1. INTRODUCTION

Our previous study showed that M. vaccae has the ability to suppress serum IgE and 

IL-5 production in an ongoing allergic response. We wished to test the possibility that the 

effect would be enhanced by including OVA or an OVA peptide. A set of therapeutic 

vaccines based on M. vaccae was developed including the conjugation of the whole OVA 

protein onto the cell wall of M. vaccae and the expressing of an OVA peptide in M. vaccae. 

A  previous study showed that a 19kD protein from M. tuberculosis as a recombinant Ag in 

M. vaccae can induce a specific Thl response to this 19kD Ag (Abou-Zeid et aL, 1997). 

Meanwhile, Renz et al found that OVA peptide 323-339 represents a T and B cell epitope of 

OVA which is important in the generation and development of immediate hypersensitivity 

responses in BALB/c mice. So the hypothesis is that the expression of OVA peptide, 

OVA323-339, in M. vaccae may induce a Thl response to OVA. Similarly, OVA conjugated 

on M. vaccae may develop a Thl response to OVA due to the adjuvanticity of M. vaccae. 

The therapeutic vaccines compared in a murine (BALB/c) model of ovalbumin (OVA)- 

induced Th2-dependent IgE production included M. vaccae conjugated to OVA and 

recombinant M.vaccae expressing the major epitope recognised by murine T cells (OVA323- 

339) (Renz et al., 1993). Interestingly, M. vaccae conjugated to OVA or expressing 

OVA323-339 had an enhanced capacity to evoke a specific anti-OVA Thl response, but a 

diminished capacity for downregulation of Th2, when compared with unmodified M. vaccae 

injected without the allergen into mice with a pre-existing Th2 response to OVA.

117



9-2 EXPERIMENT

Immunization and treatment o f mice

OVA was dissolved in sterile water at 1 mg/ml and emulsified with an equal volume of 

Incomplete Freund’s Adjuvant (IFA; DIFCO ) just prior to injection. lOOpI of antigen- 

adjuvant mixture were injected s.c. at the base of the tail. Each animal received 50pg OVA 

on day 0 and again on day 24. All M.vaccae -derived vaccines were administered as 10  ̂

organisms in 0.1ml saline given s.c. on days 53 and 81. Controls received saline only on 

the same days. There were 5-6 mice in each group. Sera were collected on day 46 (i.e. after 

immunization with OVA but before treatment with M. vaccae ) and again on days 67, 91 

and 109 as indicated on the Figs.

All animals were earmarked so that longitudinal studies were possible in each individual 

animal, and data could be normalised by calculating changes in IgE level relative to the day 

46 reading.

24
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X

53 67

X

81 91

X

OVA 107 Mv/SOD/OVA 107 Mv/SOD/OVA 

107 Mv/SOD 107 Mv/SOD
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— XI 

spleen

X: serum collection
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9-3 RESULTS

9-3-1 The effect of recombinant-M.vaccae/SOD/OVA323-339 vaccine on serum IgE

To determine the effect of recombinant Mv/SOD/OVAs23-339 vaccine and the 

corresponding control , Mv/SOD, on serum IgE titre, BALB/c mice were immunized with 

OVA in IFA twice to induce IgE responses, then treated twice with saline, recombinant 

Mv/SOD/OVA323-339 , or the corresponding non-OVA-containing preparations, Mv/SOD. 

For each mouse the day 46 value was used to normalise data to a starting (i.e. day 46 ) value 

of 0, and subtracted from each subsequent value. Therefore the values plotted are the 

changes in ng/ml relative to day 46.

The total serum IgE response in control mice (treated with saline) increased steadily 

for the duration of the experiment (Fig. 9-1 A). In contrast, the total serum IgE response was 

suppressed in mice treated with 2 doses of recombinant Mv/SOD/OVA323-339 (Fig. 9-1 A). 

Similar graphs were obtained using data from OVA-immunized mice treated with the 

appropriate control recombinant Mv/SOD (Fig 9-2 A). Thus the presence of the major T cell 

epitope in Mv/SOD/OYA323-339 did not increase the effect relative to Mv/SOD.

In contrast to the results of total serum IgE, there is no difference in OVA-specific 

IgE levels between mice given saline and recombinant M.vaccae vaccines (Fig. 9-1 B and 

Fig.9-2 B). None of these preparations changed the levels of ovalbumin-specific IgGl or 

Ig02a in an ELISA assay (data not shown).

9-3-2 The effect of treatment with recombinant Mv/SOD/OVA323-339 on production of 

IL-2 by spleen ceils.

Spleen cells from OVA-sensitized mice that received saline treatment failed to 

produce IL-2 in response to OVA in vitro . Spleen cells from immunized mice treated with 

the corresponding control, Mv/SOD, that did not contain OVA peptide, produced detectable 

levels of IL-2 in response to OVA but the increase was not significant. In contrast, spleen
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Fig 9-1.

The effect of treatment with s.c. injections of 10  ̂ recombinant Mv/SOD/OVA323-339 (•  ),

compared to saline ( O ), on total serum IgE (A) and OVA-specific IgE (B), in BALB/c

mice previously immunized with OVA. Data are expressed as the change relative to readings

obtained with the samples taken on day 46, ±SD. Immunization and treatment schedules are

indicated on the Figs. (OVA: immunization with OVA/IF A ; Mv/SOD/OVA: immunization

with M v/S OD/O VA323-339 )
There are 4 mice in each group.

On day 46 the OVA-immunized mice had 112.9+10 (S.E.) ng/ml IgE, compared to 
55.4+1.7(S.E.) ng/ml in unimmunized animals (p<0.01).
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Fig 9-2.

The effect of treatment with s.c. injections of 10  ̂ the corresponding control Mv/SOD (•  ), 

compared to saline ( O ), on total serum IgE (A) and OVA-specific IgE (B), in BALB/c 

mice previously immunized with OVA. Data are expressed as the change relative to readings 

obtained with the samples taken on day 46, ±SD. Immunization and treatment schedules are 

indicated on the Figs. (OVA: immunization with OVA/IF A ; Mv/SOD: immunization with

Mv/SOD) : are 4 mice in each group.

On day 46 the OVA-immunized mice had 112.9+10 (S.E.) ng/ml IgE, compared to 
55.4±1.7(S.E.) ng/ml in unimmunized animals (p<0.01).
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cells from mice treated with the recombinant OVA323-339-containing M. vaccae preparations 

released high levels of IL-2 in response to OVA (*p<0.05) (Fig. 9-3 A). Meanwhile, spleen 

cells from mice given recombinant Mv/SOD/OVA323-339 produced a higher level of IL-2 than 

spleen cells from mice that received control Mv/SOD in response to OVA peptide, OVA323  

339 (Fig. 9-3 B). These data indicate that the OVA epitope expressed in M.vaccae can 

provoke antigen-specific Thl immunity in response to OVA.

9-3-3 The effect of treatment with recombinant Mv/SOD/OVA323-339 on IL-5 

production by spleen cells

Spleen cells from mice immunized with OVA were harvested on day 109, and 

cultured with OVA in vitro. They produced high levels of IL-5 in response to OVA. 

Treatment of the mice with Mv/SOD, the control for the recombinant Mv/SOD/OVA323-339, 

resulted in some inhibition of IL-5 release, but this inhibition was totally lost when the 

OVA323-339-expressing recombinant was used (Fig 9-4 A). Similarly, when OVA peptide 

was used as recall there was reduced production of IL-5 by spleen cells from mice which had 

control Mv/SOD but the difference was not significant (Fig. 9-4 B). With both recall antigens 

the downregulation of IL-5 production was diminished by the presence of OVA components 

in the mycobacterial preparation.

9-3-4 The effect of conjugated M.vaccae-OVA on serum IgE

To determine the effect of conjugated M.vaccae -OVA vaccine on serum IgE titre, 

BALB/c mice were immunized with OVA in IFA twice to induce IgE responses, then treated 

twice with saline, conjugated M.vaccae -OVA or the corresponding non-OVA-containing 

preparations, NaCl-washed M.vaccae. For each mouse the day 46 value was used to 

normalise data to a starting (i.e. day 46 ) value of 0, and subtracted from each subsequent 

value. Therefore the values plotted are the changes in ng/ml relative to day 46.

The IgE response, total serum IgE and OVA-specific IgE, in control mice (treated 

with saline) increased steadily for the duration of the experiment (Fig.9-5 A/B). In contrast to 

the suppression of the IgE response previously shown in mice treated with M.vaccae , the
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Fig 9-3.

Production of IL-2 by splenocytes cultured with OVA (A) or OVA323-339 (B). Spleens were 

obtained on day 109 from mice that had been immunized with OVA or on days, 0 and 24, 

and treated on days 53 and 81 with saline, 10  ̂ recombinant Mv/SOD/OVA323-339 

(Mv/SOD/OVA) or the corresponding control recombinant ( Mv/SOD). Culture supernatants 

were collected for IL-2 estimation after 24 hours. The data are presented as the mean levels 

ofIL -2±SD .

There are 4 mice in each group.
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Fig 9-4.

Production of IL-5 by splenocytes cultured with OVA (A) or OVA323-339 (B). Spleens were 

obtained on day 109 from mice that had been immunized with OVA on days, 0 and 24, and 

treated on days 53 and 81 with saline, 10  ̂ recombinant Mv/SOD/OVA323-339 

(Mv/SOD/OVA) or the corresponding control recombinant ( Mv/SOD). Culture supernatants 

were collected for IL-5 estimation after 48 hours. The data are presented as the mean levels 

ofIL -5±SD .

There are 4 mice in each group.
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Fig 9-5.

The effect of treatment with s.c. injections of saline (•  ), compared to 10  ̂OVA-conjugated 

M.vaccae ( O ), on total serum IgE (A) and OVA-specific IgE (B), in BALB/c mice 

previously immunized with OVA. Data are expressed as the change relative to readings 

obtained with the samples taken on day 46, ±SD. Immunization and treatment schedules are 

indicated on the Figs. (OVA: immunization with OVA/IF A ; Mv-OVA: immunization with 

conjugated Mv-OVA )

There are 4 mice in each group.
On day 46 the OVA-immunized mice had 112.9+10 (S.E.) ng/ml IgE, compared to 
55.4+1.7(S.E.) ng/ml in unimmunized animals (p<0.01).
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NaCl-washed, periodate-treated preparations were ineffective in IgE-suppression. The 

conjugated Mv-OVA failed to suppress the serum IgE response induced by OVA (Fig. 9-5 

A), alhough one dose of control NaCl-washed M.vaccae (control for the conjugated 

preparation) showed a transient suppression of total serum IgE (p<0.05) (Fig. 9-6 A). 

Meanwhile, the OVA-specific IgE response was enhanced by the treatment of conjugated 

Mv-OVA (Fig.9-5 B). There is no suppression in OVA-specific IgE response in mice given 

control NaCl-washed M.vaccae (Fig.9-6 B). The ability of IgE-suppression of M.vaccae 

might be abrogated by the conjugation procedure.

9-3-5 The effect of treatment with conjugated M.vaccae-OVA on IFN-y and IL-2 

production by spleen cells

There was no significant difference in IFN-y production among spleen cells from 

mice treated with saline, conjugated Mv-OVA, or control NaCl-Mv cultured with OVA 

(Fig.9-7 A). However, IFN-y production in response to the major T cell epitope of OVA, 

OVA323-339, by spleen cells from mice given non-OVA-containing M.vaccae (NaCl-Mv) 

was enhanced (Fig.9-7 B). On the other hand, spleen cells from OVA-sensitized mice that 

received saline treatment failed to produce IL-2 in response to OVA in vitro. Spleen cells 

from immunized mice treated with the M. vaccae preparations that did not contain OVA 

components, produced detectable levels of IL-2 in response to OVA but the increase was not 

significant. In contrast, spleen cells from mice treated with the conjugated OVA-containing 

M. vaccae preparations released high levels of IL-2 in response to OVA (*p<0.05) (Fig. 9-7 

C). However, spleen cells from OVA-immunized mice produced with high levels of IL-2 

when cultured with OVA323-339 and there was no increase in IL-2 production following 

immunization with OVA-conjugated M. vaccae (Fig.9-7 D). These results reveal that 

conjugation of OVA on M.vaccae can increase IL-2 production in response to OVA but 

does not enhance the IFN-y response. These results support the hypothesis that inclusion of 

OVA in M.vaccae might enhance some aspects of specific Thl immunity in response to 

OVA, but do not support the hypothesis that it increases its ability to down-regulate IgE.
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Fig 9-6.

The effect of treatment with s.c. injections of saline (• ), compared to 10  ̂ NaCl-washed 

and periodate-treated control M.vaccae ( O  ), on OVA-specific IgE (A) and total serum 

IgB(B), in BALB/c mice previously immunized with OVA. Data are expressed as the 

change relative to readings obtained with the samples taken on day 46, ±SD. Immunization 

and treatment schedules are indicated on the Figs. (OVA: immunization with OVA/IF A ; 

NaCl-Mv: immunization with NaCl-washed control M.vaccae )

1 There are 4 mice in each group.

On day 46 the OVA-immunized mice had 112.9±10 (S.E.) ng/ml IgE, compared to 
55.4+1.7(S.E.) ng/ml in unimmunized animals (p<0.01).
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Fig 9-7.

Production of IFN-y and IL-2 by splenocytes cultured with OVA (A and C) or OVA323-339 (B 

and D). Spleens were obtained on day 109 from mice that had been immunized with OVA 

on days, 0 and 24, and treated on days 53 and 81 with saline, 10  ̂ OVA conjugated on 

M.vaccae (Mv-OVA) or the corresponding control NaCl-washed and periodate-treated 

control M.vaccae (NaCl-Mv). Culture supernatants were collected for IFN-y and IL-2 

estimation after 24 hours. The data are presented as the mean levels of cytokine ± SD.

There are 4 mice in each group.
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9-3-6 The effect of conjugated M.vaccae-OVA treatment on IL-5 production by spleen 

cells

Spleen cells from mice immunized with OVA were harvested on day 109, and 

cultured with OVA in vitro. They produced high levels of IL-5 in response to OVA. 

However, cells from OVA-immunized mice that had been treated with NaCl-washed 

M.vaccae failed to release IL-5 in response to OVA (Fig 9-8 A). Spleen cells from mice 

treated with NaCl-washed M. vaccae conjugated to OVA (Mv-OVA) also released less IL-5 

than did cells from saline-treated controls, though the inhibition was less complete that in 

mice treated with the washed organisms without conjugation to OVA. Similarly, spleen cells 

from mice treated with NaCl-Mv failed to produce IL-5 in response to OVA323-339. But this 

inhibition was totally lost when the OVA conjugation was used (Fig 9-8 B). Thus in both 

cases, recombinant OVA peptide expressed within M.vaccae and OVA conjugated onto 

M.vaccae , the downregulation of IL-5 production was reduced by the presence of OVA 

components in the mycobacterial preparation.
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Fig 9-8.

Production of IL-5 by splenocytes cultured with OVA (A) or OVA323-339 (B). Spleens were 

obtained on day 109 from mice that had been immunized with OVA on days, 0 and 24, and 

treated on days 53 and 81 with saline, 10  ̂ OVA conjugated M.vaccae (Mv-OVA), or the 

corresponding control NaCl-washed and periodate-treated M.vaccae (NaCl-Mv). Culture 

supernatants were collected for IL-5 estimation after 48 hours. The data are presented as the 

mean levels of IL-5 ± SD.

There are 4 mice in each group.
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9-4 DISCUSSION

BALB/c mice that received two immunizations with OVA in IFA developed a typical 

Th2 type response. There were high levels of serum IgE, and spleen cells from these mice 

released IL-5 but not IL-2 in response to OVA m vitro. However, after 4 immunizations 

some Thl component was also present in the response to OVA. We have shown that 

unmodified M. vaccae will downregulate both the rise in IgE in this model, and also the 

potential for OVA-induced IL-5 secretion by spleen cells. We anticipated in the further 

studies reported here that including the whole OVA protein by conjugation onto the M. 

vaccae via Schiff base formation or the major T cell epitope in a recombinant strain, would 

not only enhance induction of a Thl response to OVA, but also enhance suppression of the 

Th2 response. Contrary to our expectations, these manoeuvres did result in enhanced ability 

to evoke a Thl response, but failed to increase, or even diminished the ability to down

regulate IgE and IL-5.

The ability to switch off the IgE response was diminished in OVA-conjugated 

M.vaccae and control mock-conjugated M.vaccae. However, these M.vaccae still had the 

capability to reduce OVA-induced IL-5 production. Meanwhile, there was induction of IL-2 

only in spleen cells from the mice given OVA-conjugated M.vaccae. Expression of OVA 

epitopes in the M. vaccae in a recombinant form induced a specific Thl response to OVA 

or OVA323-339, but was not more effective at down-regulating specific Th2 responses, when 

compared to control preparations lacking OVA epitopes. These data suggest that M.vaccae 

preparations that did not contain OVA protein have the property of nonspecific suppression 

of IL-5 responses and serum IgE levels as well. Inclusion of OVA in the M.vaccae might 

induce a specific IL-2 response to OVA, and this cytokine can syngergise abrogate the ability 

of IL-5 suppression. Meanwhile, the procedure of conjugation between OVA and 

mycobacteria (i.e. washed in high molarity NaCl and sodium periodate treatment) might 

damage the ability of M .vaccae to suppress serum IgE. Moreover the data suggest
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dissociation between the ability of M. vaccae to downregulate IgE, and its ability to 

downregulate the potential for IL-5 secretion. For instance M.vaccae downregulated IgE 

and IL-5, while the NaCl-washed M. vaccae (the control for the OVA conjugate) had little 

ability to downregulate IgE, but reduced IL-5 production to undetectable levels. These 

findings suggest that more than one mechanism is operating.

Previous dose-response studies of M.vaccae identified a dose of 10  ̂as the optimum 

for inducing a Thl response to the antigens of M. vaccae itself (Hernandez-Pando and 

Rook, 1994), and also as the optimum for suppression by unmodified M. vaccae of the IgE 

response in the model used here. Therefore we used this dose throughout. Since it is a Thl- 

inducing dose a bystander effect due to minimal Thl cytokine production is conceivable. 

However this Thl response did not extend to the OVA unless the epitopes or proteins were 

present in the M. vaccae preparation, and when these epitopes/proteins were present, the 

Th2-suppression effect induced by M.vaccae was reduced. Therefore it is unlikely that the 

induction of Thl cytokines mediated the downregulation of IL-5. The Thl adjuvanticity of 

M. vaccae is somewhat unusual. In other mycobacteria, this property requires live 

organisms, or émulsification in oil. Mycobacterium vaccae is an exception to this rule, and 

is Thl immunogenic even when used as a killed preparation (Hernandez-Pando^r al., 1997, 

Rook and Hernandez-Pando, 1996). It is conceivable that M. vaccae contains unusual 

“adjuvant” components that can down-regulate IL-5 production by pathways not involving 

Thl cytokine production.

IgE synthesis is regulated by a very complex system and the regulation of T helper 

cells is just one of the major factors responsible for IgE production. One possible mechanism 

for the isotype-specific regulation of the IgE antibody response is the induction of IgE- 

binding factors that selectively regulate IgE (Delespesse et al., 1989). It has been suggested 

that suppression of the IgE response is due to an unglycosylated form of an IgE-binding 

factor which is in turn regulated by the recently cloned cytokine, glycosylation-inhibiting
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factor (GIF)(Kato et a l, 1996). It will be important to test the possibility that M. vaccae 

triggers this regulatory cascade.

In this study, a T cell epitope expressed in M .vaccae , or the whole protein 

conjugated onto M  vaccae, induced a high level of Thl cytokine (IL-2), but induced a Th2 

cytokine (IL-5), as well. It is possible that IL-2, a T cell growth factor, exerts a cytokine 

promoting activity on T cells and induces synthesis of IL-5 upon antigenic stimulation (Mori 

et al., 1996). Since this cytokine is important for eosinophil recruitment, its presence would 

decrease the clinical efficacy of the therapy (Singh and Sanderson, 1997). Indeed IL-5 may 

be more important than IgE itself (Singh and Sanderson, 1997). Secondly, induction of a 

Thl response to an allergen may be desirable if that is the only way to downregulate a Th2 

response, but it would be better to have neither. Finally, suppression (or diversion to Thl) of 

the response to a single allergen may merely encourage development of allergic responses to 

other allergens, if the individual is left with a tendency towards a Th2 bias.

The role and mechanism of the induction of Thl immunity in the immunotherapy of 

allergy remains unclear. Varney's report indicated that Thl was induced but had no influence 

on Th2 in patients with active immunotherapy (Varney et al., 1993). Several investigators 

supported the view that successful immunotherapy depends on Thl induction (Manetti et a l, 

1993). On the other hand, some clinical studies reported that the mechanisms responsible for 

the clinical benefical effects of immunotherapy principally involve the modulation of Th2 

rather than Thl cytokines (Ohashi et a l, 1996, Ohashi et a l, 1997). In conclusion we present 

data which suggest that OVA conjugated onto or OVA epitope expression in M.vaccae may 

enhance the allergen specific Thl response, but abrogate the non-specific down-regulation of 

the Th2 response. Dissociation of down-regulation of IL-5 and down-regulation of IgE 

indicates that IgE regulation by M.vaccae may not be modulated by Thl/Th2 balance.
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Chapter 10 
General Discussion

In the mid-1980’s, Mosmann, Coffman, and their colleagues discovered that murine 

CD4+ helper T cell clones could be distinguished by the cytokines they synthesized 

(Mosmann and Coffman, 1989 .̂ The isolation of human Thl and Th2 clones by Romagnani 

and coworkers in the early 1990s has led to a large number of reports on the effects of Thl 

and Th2 in the human immune system (Romagnani, 1994). More recently, cells other than 

CD4+ T cells, including CD8+ T cells and other cells, have been shown to be capable of 

producing “T hl” and “Th2” cytokines (Mosmann and Sad, 1996). Meanwhile, many studies 

have indicated that different microbes, or protein antigens administered under different 

conditions, routes or doses appear to favor the selective induction of distinct Th subsets and 

thus the development of humoral or cell-mediated immune responses.

In allergic asthma, persistent or frequent exposure to allergen occurs. In such a setting 

it would be important to down-regulate the ongoing Th2/IgE response. Therefore, M.vaccae, 

a powerful Thl inducer, was tested to determine whether it could down-regulate a Th2/IgE 

memory response in an allergic response. In this study we established a murine model of 

allergy examined immunotherapeutic strategies using killed M.vaccae and a set of vaccines 

based on M .vaccae. These were M. vaccae conjugated to the whole protein, and 

recombinant M.vaccae expressing a T cell epitope. The major findings of this study are that 

killed M.vaccae promotes polyclonal Thl development and down-regulates allergen-specific 

Th2 type responses and serum IgE titre in Th2-prone BALB/c mice.

Several investigators have proposed that IFN-y plays an important role in the 

I  enhancement of murine IgG2a production and inhibition of IgE production.

(Coffman and Carty, 1986, Coffman et a l, 1986, Snapper et al., 1988 .̂ IL-4, upon 

which IgE responses are dependent, has the opposite effects suggesting that these cytokines 

may act to reciprocally regulate Ig isotype production in T cell dependent immune responses
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as well (Snapper and Paul, 1987). Direct evidence of a role for IFN-y and IL-4 in the 

regulation of IgE-dependent hypersensitivity responses in vivo comes from the findings that 

IgE production is virtually abolished by anti-IL-4 or anti-IL-4 receptor treatment (Finkelman 

et a l ,  1990, Finkelman et a l, 1986) and that injection of high dose of rIFN-y leads to 

suppression of polyclonal IgE responses (Finkelman^f a/., 1988). These evidences suggest 

that IgE production might be Th2-dependent and induction of Thl immune response might 

suppress IgE synthesis.

However, one of the most interesting findings in this study is the abrogation of the 

non-specific IgE-suppression property of M.vaccae by the procedure of protein conjugation. 

It is possible that M.vaccae induces another factor that suppresses IgE. In support of this 

idea, a recent study showed that IL-12 alone cannot suffice to block IL-4 recall responses to 

keyhole limpet hemocyanin in spleen cell populations (Bliss et a l, 1996). Our findings are 

reminiscent of a previous study which showed that Brucella abortus (BA) down-regulates 

anti-IgD-induced polyclonal IgE by a partially IFN-y-independent mechanism (Finkelman et 

a/., 1988).

IgE synthesis is controlled not only by antigen-specific mechanisms but also by other 

factors which selectively affect the IgE isotype. T cells from patients with pulmonary 

tuberculosis, after activation with PPD and/or IgE, selectively suppressed IgE responses, and 

the suppressive activity was found to be mediated by IgE-specific suppressor factors with 

affinity for IgE molecules. The suppressive activity was effective both on spontaneous IgE 

production as well as on mitogen- or antigen-induced IgE response in the PBL culture from 

atopic patients. The affinity of the suppressor factor for IgE was suggested to be due to the 

structural similarity with Fc epsilon R on B cells (Suemura and Kishimoto, 1985).

On the basis of Thl/Th2 paradigm, Thl-cytokine therapy might be a possible 

treatment for allergy. However, induction of IL-12 after a course of immunotherapy may 

have limited benefits through the capacity of IL-12 to decrease IL-4 production by Th2
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lymphocytes and to reduce Th2 differentiation. IL-12 is the cytokine primarily responsible 

for the differentiation of naive undifferentiated lymphocytes into Thl-like cells (Hsieh et a l, 

1993, Manetti et a l, 1993, McKnight et a l, 1994, Seder et a l, 1993). IL-12 also augments 

release of Thl cytokines (Kubin et a l, 1994) and inhibits IL-4 synthesis by Th2 cells 

(DeKruyff et a l, 1995, Marshall et a l, 1995). Although IFN-y is required as a secondary 

signal to induce the Thl phenotype, induction of IL-12 early in the immune response is the 

primary signal for Thl induction. The increased presence of IL-12 is consistent with 

published observations that Thl-like cells are induced by immunotherapy (Jutel et a l, 1995, 

McHugh et a l, 1995, Varney et al, 1993). However, the belief that IL-12 and IFN-y might 

be the basis for the beneficial effects of immunotherapy is tempered by three observations: 

(1) the asthmatic lung and allergic nose already contain IFN-y, which clearly is not 

effectively lessening inflammation; (2) if it were useful for IFN-y to be induced by 

immunotherapy, then therapeutic trials with IFN-y would have shown clinical benefit, which 

they have not; and (3) IL-12 and IFN-y do not behave like "magic bullets" whcih manage to 

inhibit IL-4 synthesis, IgE production, and Th2 activity without simultaneously activating 

accessory cell function, inducing adhesion molecule expression, and stimulating neutrophils 

and eosinophils.

Passive, systemic adminstration of anti-IL-4/IL-4R mAb, soluble IL-4R, rIFN-y or 

rIFN-a may be of therapeutic potential (Boguniewicz et a l, 1990, King et a l, 1989) but such 

approaches may prove to be constrained by several limitations; in animal studies large 

amounts of IFN-y or mAb against IL-4 are usually necessary; IFN-y in particular exhibits 

significant toxicity at the doses required; formation of human anti-mouse antibodies is a 

likely possibility on continued adminstration of exogeneic monoclonal antibody (mAb) 

(Waldmann, 1991). Moreover, the longevity of the effects elicited by direct adminstration of 

cytokine or therapeutic mAb in human or murine systems is as yet undetermined and may 

prove to be limited by the in vivo half-life (ti/2) of the cytokine or mAb used.
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Another possibility of immunotherapy may restore the state observed in nonallergic 

subjects with mixed populations of tolerized nonresponsive T helper lymphocytes and 

activated Thl lymphocytes. However, the induction of IL-12/Thl responses - as opposed to 

the induction of tolerance -is not a desirable result and must be limited and controlled 

because excessive IL-12 production would be expected to induce cellular inflammation. It is 

therefore relevant that immunotherapy is also associated with upregulation of the anti

inflammatory cytokines XL-10 and TGF-p (Chen et al., 1994, Hawrylowicz et al., 1996). 

Meanwhile, published data establish the ability of high-dose immunogenic peptides to render 

their specific T helper lymphocytes nonresponsiveness (Trentham et al., 1993). These studies 

have been extended to allergen immunotherapy, which has been shown to make allergen- 

specific T cells unresponsive with decreased proliferation and IL-4 production after exposure 

to allergen (McHugh et al., 1995, Secrist et al, 1993).

HayGlass et al reported that treatment with glutaraldehyde-polymerized OA (OA- 

POL), consisting of high molecular weight (Mr 3.5x10^) soluble polymers leads to induction 

of IgE selective tolerance affecting both de novo and ongoing responses (Hayglass and 

Stefura, 1990). In this report, C57BL/6 mice treated with OA-POL induces a virtually 

unresponsive state in which maximum IgE responses are 1-3% of these observed in control 

mice. Concomitantly, anti-OA IgG2a responses are elevated 1,000-10,000-fold. Furthermore, 

these effects on the response to unmodified allergen are abrogated by in vivo adminstration 

of anti-IFN-y mAb which suggests preferential expansion of OA-specific, IFN-y-secreting 

CD4 clones in vivo by modified but not native antigen. These results suggest that modified 

allergen might induce a long-life Thl immunity in response to native allergen. However, 

allergen modified by conjugation to bacteria might have a different mode of action. In our 

experiment, the IgE-suppression property of M.vaccae is abrogated in OVA-primed BALB/c 

mice that received OVA conjugated M.vaccae. Meanwhile, Scott et al report the similar 

result that IgE-inhibition function of Brucella abortus is demaged by OVA conjugated on 

Brucella abortus (Scott et al., 1997). This evidence suggests that there might be other 

mechanisms for this non-specific down-regulation of IgE synthesis by bacteria.
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Recent evidence suggests that the distinction between the Thl an Th2 phenotype is 

not as clear cut as initially appeared. Studies in vitro with clones and in vivo with spleen cells 

from resting or antigen-primed mice (Firestein et a l,  1989) support the existence of 

additional patterns of cytokine synthesis. Previous studies show that mice receiving OVA 

eventually developed a significant IgG2a response after multiple injections over long periods 

of time (Gieni et a l, 1993). This implies that OVA eventually induces a detectable Thl-like 

memory population that enables switching to IgG2a by secreting IFN-y. In our experiment, 

Thl responses are induced in BALB/c mice three months after receiving OVA boost or 4 

doses of OVA-immunization. The source of OVA-specific IFN-y and IL-2-secreting cells 

could be newly recruited ThO cells or Th2-like cells that individually switch phenotype to 

Thl. In vitro studies suggest that reversal of phenotype from Th2 to Thl is difficult due to 

loss of IL-12 responsiveness by the Th2 population (Perez et a l, 1995, Szabo et a l, 1995). 

A mixture of Thl and Th2 memory phenotypes as well as newly recruited naive ThO cells 

may be present in OVA-immunized mice. Furthermore, IgG2a antibodies eventually 

appeared in mice after four injections of OVA, as seen in other studies (Gieni et a l, 1993). 

Insofar as the Ig isotype produced by B cells in response to OVA immunization is largely T 

dependent, these results reflect the generation of som Thl-like cells even though the OVA 

response is predominantly Th2-like in nature. Overall, these experiments suggest that minor 

populations of Thl-like cells, generated during predominantly Th2-mediated Ag responses, 

may be expanded by adjuvants when subsequently given with allergen. Such mixed 

responses may be generally applicable to complex allergens, for example, ragweed Ag could 

induce recall IFN-y as well as IL-4 responses from human T cells of patients with 

documented ragweed allergy (Scott et a l, 1997). Thus, even after an unfavorable immune 

response such as allergy is established, it can potentially be shifted from a Th2-dominant to a 

Thl-dominant phenotype by exploiting a minor population of cells.
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Overall, immunotherapy may promote immune tolerance by subtly regulating 

cytokine milieu, rather than by redirecting inflammation from a Th2 to Thl pattern of 

response. The Thl/Th2 theory of tolerance in immunotherapy implies that there are two 

waves of infiltrating cells that respond to either the allergen or the immunotherapy (i.e. an 

initial infiltrate of Th2 cells responding to the allergen and a subsequent wave of Thl cells 

migrating in to reverse the response in a secondary wave of treatment). Furthermore, it is 

entirely possible that cells other than T cells may be affected by or may contribute to this 

change in cytokine gene expression initiated by immunotherapy. Hence, tolerance may be 

generated in cells other than T cells, and the changed cytokine milieu may affect signaling 

and selection of cytokine gene usage in mast cells, basophils, or eosinophils as well.

This study provides an in vivo assessment of immunotherapy strategies for allergy 

based on mycobacteria. In our system M.vaccae could influence the pre-established Th2- 

mediated response induced by OVA non-sepcifically even when not presented together with 

this allergen. It is hoped that the demonstrated ability of M.vaccae to down-regulate Th2-like 

responses may ultimately contribute to the design of vaccines that can prevent or treat 

conditions, such as allergy and infectious diseases, in which Th2 responses are deleterious to 

the host (Clerici and Shearer, 1993, Secrist et a l, 1993, Wynn et al., 1995, Yamamura et al., 

1991).
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