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Abstract

Lym phocytes originate in the bone m arrow as haem atopoietic stem cells. Those
destined to become T cells migrate to the thym us to continue their developm ent as
thymocytes. In the thymus, cell surface interactions between developing thymocytes
and thymic epithelial cells results in the selection of m ature T cells. Thymocytes with
a T cell receptor which together with a coreceptor binds self major histocompatibility
complex (MHC) proteins/peptide expressed on thymic epithelial cells w ith a low
affinity are rescued from preprogram m ed cell death by positive selection. Cortical
epithelial cells are believed to be responsible for positive selection and cortical
epithelial cell surface molecules other than MHC are thought to be involved.

In order to find novel thymic cortical epithelial cell surface molecules involved in
positive selection, m onoclonal antibodies w ere raised against thym ic cortical
epithelial cell lines. The expression pattern of a cell surface molecule recognised by
one of these antibodies, 5B6, was studied in a range of m urine tissues by
imm unohistochem istry; 5B6 was shown to stain thymic epithelial cells in the cortex
and isolated cells in the medulla. 5B6 also stained epithelial cells in the kidney, liver
and gut. The effect of 5B6 antibody on thymocyte developm ent was studied using
fetal thymic organ culture: it was found to hinder thymocyte m aturation. In order to
clone the genes for cell surface molecules recognised by m onoclonal antibodies,
synthesis of a thymic cortical epithelial cDNA expression library was initiated.
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I. INTRODUCTION

To com bat disease anim als have developed a system for recognition and
elim ination of invading organisms. This task is carried out by the im m une
system. The effectors of the im m une system are haem atopoietic cells, which
originate in the bone m arrow . These include m acrophages, dendritic cells,
natural killer cells and lymphocytes. There are two m ain types of lymphocytes; T
lymphocytes which m ature in the thymus, and B lymphocytes which develop in
the bone marrow. The aim of my project was to identify novel thymic strom al
cell surface molecules involved in thymocyte m aturation. Therefore some factors
know n to influence thymocyte development will be discussed.

I.A. The pathw ay of thymocyte developm ent

Developing thymocytes move through the thym us from the outer subcapsular
region, through the cortex to the m edulla in the centre of the thym us (Ritter,
1992). As thymocytes move through the thym us they m ature, and eventually
leave for the periphery. Thymocyte developm ent can be m onitored by the
changing expression of cell surface molecules including cluster of differentiation
4 (CD4) and CD 8 . Thymocytes found in the subcapsule are m ainly im m ature
double negative cells (CD4”CD8"), as they move to the cortex they begin to
express both CD4 and CD 8 (CD4+CD8'*'). A t this stage thym ocytes undergo
positive and negative selection and by the time they reach the medulla they have
acquired the m ature single positive phenotype (CD4"CD8+, or CD4‘^CD8").

I.B. Thymocyte interactions with thymic stroma
M aturation of thymocytes depends upon interactions w ith thymic strom al cells.
Such celhcell interactions have been visualised by electron m icroscopy (van
Ewijk, 1988). Various forms of strom al celhthymocyte complexes are seen in
different regions of the thymus, for instance, in the subcapsular region epithelial
cells form baskets w hich envelop large num bers of developing T cells.
Thymocytes can be seen to enter and leave these complexes. Some baskets almost
completely enclose thymocytes, with few holes for thymocyte movement; these
epithelial structures are thought to be thymic nurse cells. In the mid-cortex sheet
like epithelial cells present a large surface area which enables contact w ith m any
thymocytes at one time. Isolated thymocytes have been show n to interact with
cortical strom al cells through microvilli. Few lym phostrom al complexes have
been seen in the m edulla indicating that most thymocyte developm ent requiring
physical contact between the two cell types occurs in the cortical and subcapsular
regions.

I .e . H eterogeneity of the thymic m icroenvironm ent is sh ow n u sin g
monoclonal antibodies

A range of m onoclonal antibodies against thymic strom a have been produced
(Godfrey, 1990; Kaneshima, 1987; Van Vliet, 1984). These antibodies have been
grouped into classes called cluster of thymic epithelial staining patterns (CTES)
depending on the regions of the thym us stained (Boyd, 1993; Kam pinga, 1990).
Some antibodies stain m ore than one region of the thym us and some stain
thym ocytes as well as strom al cells. The pattern of staining varies for each
antibody indicating that molecules in the strom a are expressed in specific
regions. Thus, it is very possible these molecules m ay have specialised roles in
influencing thymocyte m aturation. One thymic cortical epithelial cell surface

molecule of interest is that recognised by the m onoclonal antibody 4F1: the
antibody was developed in Prof. M. Ritter's laboratory and stains thymic cortical
epithelium and small patches of m edullary epithelium in m ouse thymic sections
(K anariou, 1989). Using flow cytom etry the 4Fl-antigen w as show n to be
expressed on macrophages, B cells and activated T cells (Imami, 1992). The 4F1
antibody blocked adhesion of transformed thymocytes to thymic epithelial cells
in vitro and may, therefore, play a role during thymocyte differentiation.

I.D. M ature thymocytes are required for the developm ent and m aintenance of
the thym ic strom a

It has been show n that developing thymocytes require interaction w ith thymic
epithelial cells in order to m ature (Anderson, 1993), evidence is now m ounting
that the thymic stroma requires developing thymocytes in order to develop and
be m aintained: In severe combined im m une deficient (SCID) mice, w here a
recom binase enzym e defect causes a lack of functional TCR m olecules and
therefore no m ature m edullary lymphocytes develop, the m edulla does not form
more than small groups of cells (Bosma, 1983; Shores, 1990; Shores, 1991). This
phenom enon can also be seen with T cell receptor (TCR) a chain knockout mice
(Palm er, 1993; Philpott, 1992). C yclosporin A blocks the m atu ratio n of
thymocytes at the double positive stage and thus causes the thymic m edulla to be
greatly reduced in size (Kanariou, 1989). In vivo treatm ent of mice w ith anti-CD3
antibodies prevents the development of most m edullary T cells and in these mice
also the m edulla is reduced in size (Kyewski, 1989). The reduction in thymic
m edulla can be reversed by rem oving the block in thym ocyte developm ent.
Thus, cessation of cyclosporin A treatment, or transfer of norm al bone m arrow
cells into SCID mice causes the thymic m edulla to reform (Kanariou, 1989;
Shores, 1991; Surh, 1992). These experim ents show that the thym ic m edulla
depends on the presence of m ature thymocytes to develop and be m aintained.

The thym ic cortex was also show n to be d ep en d en t on the presence of
thym ocytes to form; in mice hom ozygous for a CD3-e transgene, T cell
developm ent was blocked at the earliest stage of T-lineage com m itm ent
(H ollander, 1995). In these mice no prothym ocytes w ere present an d the
structures of both the cortex and m edulla were abnorm al. Transplantation of
haem atopoietic stem cells rescued cortical and m ed u llary d evelopm ent
(H ollander, 1995). Thus, these experim ents show th at the thym us and
thymocytes depend on each other to develop and be maintained.

I.E. Cytokines

Cytokines are another feature of the thymic m icroenvironm ent which influences
thymocyte development. Thymocytes are capable of producing and responding
to cytokines at the double negative and single positive stages only, losing these
functions before entering the double positive stage (Fischer, 1991). This indicates
that cytokines have no function in positive or negative selection. H ow ever, a
range of cytokines including interleukin-1 (IL-1), IL-2, IL-3, IL-4, IL-6 , IL-7, IL-10,
IL-12, tum our necrosis factor (TNF)-a, interferon (IFN)-y, transform ing grow th
factor (TGF)-p and stem cell factor have been shown to influence proliferation at
thymocyte precursor, double negative and single positive stages (Carding, 1991;
Chen, 1983; Conlon, 1982; Cause, 1988; Herbelin, 1992; Lotz, 1988; MacNeil, 1990;
M urray, 1989; Suda, 1990; Waanders, 1992; Wood, 1990; Zlotnik, 1995).

Experim ents w ith mice deficient in particular genes (gene knockouts) have
show n that m ost cytokines can be rem oved w ithout causing any defect in
thym ocyte developm ent indicating that m any cytokines have overlapping
functions (Zlotnik, 1995). The exception is IL-7: injection of anti-IL-7 or anti-IL7Ra antibodies produced mice w ith greatly reduced thym ocyte num bers
(Grabstein, 1993; Sudo, 1993). Similarly, IL-7 knockout and IL-7Ra knockout mice

have greatly reduced thymocyte cellularity but still retain all subsets of m ature
and im m ature thymocytes (Peschon, 1994; VonFreeden-Jeffry, 1995). IL-7 has
been show n to act as a maintenance and growth signal for pro-T cells and double
negative thymocytes in vitro (Godfrey, 1993b; Suda, 1991). These data suggest
that IL-7 is im portant for immature thymocyte proliferation but is not absolutely
necessary for norm al differentiation. In the developing thym us the expression of
cytokine receptors by stromal cells and thymocytes is co-ordinated w ith cytokine
synthesis (C arding, 1991). Thymocytes interact w ith different strom al cell
populations at different times and these interactions m ay regulate cytokine
p ro d u ctio n and cytokine receptor expression. The cell surface m olecular
interactions involved are unknown.

I.F. Horm ones affect thymocyte m aturation

O ther thym ic factors know n as thymic horm ones are thought to influence
thymocyte differentiation, these factors include thymosin factor V, thymopoietin,
thymic hum oral factor and thymulin. Thymopoietin and thym osin particularly
are rep o rted to upregulate Thy-1, CD3, CD4 and CDS in early thym ocytes
(Dardenne, 1981; Dardenne, 1990a) and injection of thym ulin into mice caused
rapid changes in thymocyte subsets (Kendall, 1994). Also thymosin and thym ulin
have been show n to influence term inal deoxynucleotidyl transferase (TdT)
expression (Incefy, 1980; Pazmino, 1978).

Evidence is emerging that the neuroendocrine system has a role in regulation of
thym ic function and that the im m une system has som e influence in the
n e u ro en d o crin e system (Blalock, 1994; D ardenne, 1994; Savino, 1995).
Thymocytes and thymic epithelial cells synthesize and express receptors for
peptidic horm ones and neuropeptides (reviewed in D ardenne, 1994). A nti
prolactin receptor antibodies were shown to m odulate thym ulin production and

thym ie epithelial cell proliferation (D ardenne, 1991) and IL -2-stim ulated
proliferation of thymocytes was found to be m ediated by prolactin (Clevenger,
1991). H um an thymic epithelial cells produce growth horm one (Maggiano, 1994)
and hum an lymphocyte subsets express the growth horm one receptor (Hondo,
1994). G row th horm one induces thymulin secretion by thymic epithelial cells in
vivo (Timsit, 1992). Thyroid function was shown to influence thym ulin secretion
in hum ans (Fabris, 1986) and thyroid horm ones w ere found to stim ulate
th y m u lin production in mice (Savino, 1984). Also, in vitro

experim ents

dem onstrated the ability of thyroid horm ones, particularly tri-iodothyronine
(T3 ), to stim ulate synthesis and release of thym ulin by thymic epithelial cells
(D ardenne, 1988). Adrenocorticotropic horm one (ACTH) has been show n to
induce thym ulin release in vitro

and in vivo

(Buckingham , 1992) and

endogenous opioids w ere reported to m odulate thym ulin secretion in vitro
(D ardenne, 1990b). Thus, the neuroendocrine system has a regulatory role in
thymocyte maturation.

I .e . Early developm ent of thymocytes

I.G .l. Sequence of events

W hen stem cells arrive in the thym us they are CD 4 "/^ow CD 8 " CD44+ (Wu,
1991a). Once there, thymocytes undergo ordered changes in cell surface m arker
expression and ordered rearrangem ent of TCR genes (Godfrey, 1993a; Pearse,
1989; Raulet, 1985; Scollay, 1988; Snodgrass, 1985). The earliest thymic precursors
can produce T cells, B cells and dendritic cells (Ardavin, 1993; W u, 1991b). The
cells then dow nregulate CD4, CD25 (IL-2Ra) expression is induced and the
resulting thymocytes are thought to be committed to the T cell lineage (Godfrey,
1993a). A t this stage TCRp and y rearrangem ent commences (Pearse, 1989) after
which thymocytes downregulate CD44 producing CD44"CD25"^ CD4"CD8"CD3"

(triple negative) cells. This is when yÔ T cells and a p TCR+ double negative cells
are thought to diverge from the main aP TCR pathw ay (Godfrey, 1993a). A t this
stage full length TCRp gene transcripts are produced (Pearse, 1989) and it is
postulated that thymocytes expressing functional TCRP chains are selected for,
allow ing them to progress to the double positive stage (Godfrey, 1993a).
Thymocytes dow nregulate CD25 and expression of the coreceptors is induced,
some workers have observed single positive intermediates preceding the double
positive stage (Egerton, 1990; Scollay, 1988). N ow TCRa genes are rearranged
and expressed (Nikolic-Zugic, 1989; Pearse, 1989), and this leads to the cell
surface expression of CD3/TCRap. Transition from the CD25"*"CD4"CD8" stage to
the CD4+CD8'*' stage is accompanied by a highly proliferative period (Pearse,
1989; Scollay, 1988). The double positive cells finally dow nregulate one of the
coreceptors to become m ature single positive T cells expressing a high level of
TCR.

I.G.2. Signals influencing early thymocyte maturation

A series of studies have given us information about the signals regulating early T
cell m aturation. Experim ents using mice w ith m utations in recom binaseactivating genes (RAG-1 or RAG-2) (Mombaerts, 1992b; Shinkai, 1992) or mice
w ith a m utated TCRp gene (Mombaerts, 1992a) indicate that rearrangem ent of
the TCRp transgene is essential for early thymocyte development. In these cases
the thymocytes are mainly of the CD25'*' CD4X^D8" phenotype suggesting that
developm ent has been blocked at the transition from the CD25'*' CD4"CD8" stage
to the CD4"^CD8'*'. Introduction of a rearranged TCRP gene enabled thymocytes
to proceed to the double positive stage (M ombaerts, 1992a; Shinkai, 1993)
show ing that expression of rearranged TCRP is required for the production of
double positive thymocytes. Similar results were seen w ith SCID mice that are
defective in TCR recom bination (Bosma, 1983; von Boehmer, 1990). In TCR
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transgenic mice the presence of a rearran g ed TCRp gene p rev en ts the
rearrangem ent of endogenous TCRP genes by allelic exclusion (Bluthmann, 1988;
Fenton, 1988; Uematsu, 1988). The TCRP chain has been show n to be complexed
w ith a 33 kd glycoprotein designated the pre-TCRa chain (Saint-Ruf, 1994). In
pre-TCRa deficient mice thymocyte developm ent is blocked at the CD25"^ CD4"
CD8" stage (Fehling, 1995). The cytoplasmic tail of the pre-TCRa contains two
potential phosphorylation sites and a Src hom ology 3 (SH3)-domain binding
sequence (Saint-Ruf, 1994). Thus, it is thought the pre-TCRa m ay signal to the
thym ocyte that the TCRP gene has been rearranged and is being expressed,
allowing m aturation to proceed and preventing further TCRp rearrangem ents
(Fehling, 1995). There is some evidence suggesting th at such intracellular
signalling m ay occur via the tyrosine kinase p 5 6 ^^k

Ick m u tan t mice

thymocyte development is arrested at the same stage as in mice which lack TCRP
rearrangem ents (Levin, 1993; Molina, 1992). In mice with a transgenic rearranged
TCRp and a m utant Ick the thymocytes remain at the double negative stage and
rearrange endogenous TCRp chains (Anderson, 1993) indicating the block caused
by the m utant Ick occurs after TCRP rearrangem ent. O verexpression of Ick in
transgenic mice prevents Vp to Dp rearrangem ent but perm its upregulation of
the coreceptors and TCRa rearrangem ent, suggesting that high Ick activity can
im itate the TCRP signal (Anderson, 1992). A m odel has been form ulated from
these results (Robey, 1994): Successful V-D-J recom bination at the TCRP locus
results in surface expression of TCRP in association w ith pre-TCRa and CD3yôe
(Saint-Ruf, 1994; Shinkai, 1993). This TCR complex delivers a signal through Ick
th at term inates TCRp rearrangem ent and prom otes differentiation to the
CD4+CD8+ stage. These events are associated with a burst of proliferation and
subsequent TCRap expression. Thus, early engagem ent of the im m ature TCR
signals that a productive p chain has been made. Clonotypic expansion of cells
expressing the TCRP occurs and TCRa rearrangem ent is allow ed. TCRa

rearrangem ents are thought to be term inated by positive selection (Borgulya,
1992; Turka, 1991).

I.H. Thymocyte selection

In order for the im m une system to function efficiently it requires a repertoire of T
cells which recognise foreign peptide in the context of self MHC, but at the same
tim e are tolerant to self proteins. The m ajor m echanism for tolerance is
intrathym ic deletion of autoreactive clones. Thus, during m aturation thymocytes
are selected according to recognition of self antigens. It is thought that if a TCR
has high affinity or no affinity for self MHC the thymocyte is deleted or dies by
preprogram m ed cell death known as apoptosis. If the TCR has low affinity for
self M H C /peptide, apoptosis is prevented, the thymocyte is positively selected
and m atures to the CD8'*'CD4" or CD4'*'CD8" single positive stage (von Boehmer,
1989).

I.H.l. Positive selection of thymocytes

Positive selection was discovered by analysing the MHC restriction pattern of
radiation-induced bone marrow chimeric mice (Bevan, 1977; von Boehmer, 1975).
Bone m arrow from an (A x B)pi mouse (A and B representing different MHC
haplotypes) was used to reconstitute an irradiated parent of haplotype A. The T
cell responses in the chimeric mice were restricted by the host MHC (type A)
rather than the MHC type of the unshared parent (B) (Bevan, 1977).

Positive selection became easier to analyse w ith the pro d u ctio n of TCR
transgenic mice. The first TCR transgenic mice produced were derived from CTL
cytotoxic T cell clones. In one case the TCR recognised the male antigen H-Y in
the context of MHC class I H-2D^ (Kisielow, 1988a; Teh, 1988); in the other the
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donor T cell clone was an alloreactive H-2^ anti-H-2L‘^ CDS"^ CTL (Sha, 1988a;
Sha, 1988b). In both cases TCR transgenic mice of M HC class I H-2^
preferentially selected CD 8 '*' rather than CD4+ m ature single positive T cells.
This show ed the relationship between the coreceptor and the MHC specificity of
the TCR in thymocyte selection.

G ene knockout experim ents have show n the involvem ent of M HC and
coreceptors in positive selection; w hen the p2 -m icroglobulin (p2 m) gene is
d isru p ted MHC class I is no longer expressed on the cell surface. These mice
have hardly any CD 8 '*"TCR^^ cells, showing that CD 8 '*' cells need MHC class I to
m ature in the thym us (Roller, 1990; Zijlstra, 1990). Similarly disruption of the
transporter associated with antigen presentation (TAP) causes low cell surface
class I and decreased levels of CD 8 '*' cells (Van Kaer, 1992). MHC class II
negative mice have a profound deficit in m ature CD4+ T cells (Cosgrove, 1991;
G rusby, 1991). Similarly, disruption of the invariant chain prevents class II
transport to the cell surface causing a decrease in class II expression and CD4+ T
cell differentiation (Viville, 1993). Thus, MHC class II was show n to be necessary
for CD4"*" single positive selection. The CD4 and CD 8 a genes have been
disrupted and prevent the appearance of the single positive subset, however, the
lack of one coreceptor did not affect the production of im m ature "double
positives" or single positive T cells of the other subset (Fung-Leung, 1991; Killeen,
1993; Rahemtulla, 1991).

A great debate for the last four years has been w hether lineage com m itm ent to
the CD4"^ or CD 8 '*' lineage is instructive or stochastic. The instructive theory of
lineage commitment proposes that during positive selection the interaction of the
MHC w ith the TCR instructs the thymocyte to dow nregulate the inappropriate
coreceptor; in contrast the stochastic theory proposes that one of the coreceptors
is random ly downregulated and thymocytes whose TCR and coreceptor m atch in
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MHC specificity are selected (Borgulya, 1991; Robey, 1991). In order to address
this question experiments were done with mice whose thymocytes constitutively
expressed coreceptors. The stochastic m echanism predicts that constitutive
expression of a coreceptor will rescue thymocytes which have dow nregulated the
w ro n g coreceptor. Rescue of CD4"^CD8" thym ocytes w as not seen in HY
transgenic mice constitutively expressing CD8 (Borgulya, 1991; Robey, 1991;
Seong, 1992), however, rescue of CD4“CD8‘^ thymocytes by expression of a CD4
transgene was seen in mice transgenic for a class Il-restricted TCR specific for
pigeon cytochrome C (Davis, 1993). Similarly, in mice transgenic for the class Irestricted TCR specific for influenza nucleoprotein (F5), constitutive expression
of CD8 caused selection of CD4+CD8" thymocytes (Corbella, 1994; Itano, 1994).

There appears to be asym metry in production of the CD4 and CD8 lineages: it
has been show n that CD4+ and CD8"^ single positive cells develop from double
positive thym ocytes at different rates and via different pathw ays (Lundberg,
1994; M aradon, 1994). CD4'*'CD8" T cells are reported to be generated about three
days before CD4"CD8"*" T cells. This is thought to be because CD4"CD8"*"
thym ocytes develop via a series of interm ediates w hereas the path w ay to
CD4+CD8" thymocytes is more direct (Suzuki, 1995); in vitro it was found that
CD4-CD8+TCRhi

T cells can d ev elo p

from

CD 4Îi^tC D 8+TCRhi

or

CD4"‘'CD8^^^CR^^ thym ocytes while CD4'*'CD8"TCR^^ T cells are only
generated from CD 4 ^^CD8 ^^ty(^phi thymocytes (Kydd, 1995). In vivo it was
found that CD 4 +CD 8 ^^tY(]pint thymocytes produced m ainly CD4"CD8+TCR^ T
cells w ith a few CD4+CD8"TCR^i T cells (Lundberg, 1995). Using a coreceptor
reexpression assay the lineage commitment of developmental interm ediates was
stu d ied (Suzuki, 1995). It was found that com m itm ent to the CD8 lineage
required MHC and TCR whereas commitment to the CD4 lineage appeared to be
independent of MHC and TCR. Therefore it has been suggested that the CD4
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lineage is the default pathw ay whereas a positive signal is required for CDS
lineage commitment.

Evidence has suggested that thymocytes m ay commit to helper or cytotoxic
pathw ays while they are at the double positive stage (Corbella, 1994; Crom pton,
1993). So the decision about the function of a T cell may be m ade w hen it decides
to downregulate one of the coreceptors.

I.H.l.a. The role of peptides in positive selection

A nother debate about positive selection is the contribution of peptides. The first
question was w hether the role of peptides in positive selection is specific. In the
P2m knockout system the size of the CDS'*' single positive repertoire selected
corresponded with the degree of peptide/M H C diversity (Hogquist, 1993). This
w ould predict the role of peptide to be specific. However, in the TAP negative
system two different results were found; some data supported the correlation
betw een peptide complexity and CD 8 repertoire size w hereas some individual
peptide/M H C complexes were capable of causing selection of large num bers of
CDS"*" T cells. The selected T cell population had a diverse VP repertoire
indicating they were polyclonal. These results supported a nonspecific structural
role for peptides. Both class I presentation m utants were subsequently analysed
using organ culture with thymi from TCR transgenic animals, where the role of
M H C-bound peptides in selecting a single TCR could be studied. These results
w ere m ore consistent with a specific role for peptides (Ashton-Rickardt, 1994;
Hogquist, 1994; Jameson, 1994; Sebzda, 1994).

13

I.H.l.b. The cell type involved in positive selection

H istorically, the thymic cell type involved in positive selection and MHC
restriction was show n to be radiation resistant and deoxyguanosine resistant and
therefore to be thymic epithelium (Blackman, 1989; Lo, 1986; Speiser, 1989). Then
it was show n that positive selection of CD4+ cells could occur if MHC class 11
w as expressed solely on cortical thymic epithelial cells but not if class
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was

expressed specifically in the m edulla (Cosgrove, 1992) or on bone m arrow derived cells (Markowitz, 1993). Therefore it was thought that cortical thymic
epithelial cells were responsible for positive selection. In bone m arrow chimeras
where P2 m"‘' fetal liver cells were donated to a p2 m" host, haem atopoietic cells
expressing class 1 were shown to select CD 8 '*' thymocytes inefficiently (Bix, 1992).
Subsequently it was reported that intrathym ic injection of MHC expressing
fibroblasts could induce positive selection (Hugo, 1993; Pawlowski, 1993). In
these cases the thym ic strom al cells are present although lacking MHC
expression and it has been suggested that the stromal cells m ay supply accessory
signals for positive selection in trans (Fowlkes, 1995; Jameson, 1995). H ybrid
antibodies were used to crosslink thymocytes to cortical thymic epithelial cells in
class 11 negative mice; CD4+ cells were selected show ing that in this case MHC
w as

not

n e c e s s a ry

fo r

th y m o c y te

m a tu r a tio n

(M u ller,

1993).

Im m unohistochem ical techniques have show n that the TCRs of thym ocytes
cluster at points of contact with cortical thymic epithelial cells (Farr, 1985). More
recently reaggregate culture has show n that in this system , cortical thym ic
epithelium rather than thym ic dendritic cells or MHC class 11 expressing
nonthym ic stromal cells was the cell type capable of inducing positive selection
(Anderson, 1994). In the same study chemically fixed cortical thymic epithelial
cells w ere show n to support selection indicating that cell surface interactions
rather than soluble signals are im portant in this interaction. The same group
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show ed that cortical thymic epithelial cells w ere not sufficient to su p p o rt
m aturation of double negative to double positive thym ocytes and that fetal
m esenchym e or fibroblasts were also necessary (Anderson, 1993). O verall, it
seems that cortical thymic epithelial cells are the cell type responsible for positive
selection of thym ocytes and cell surface m olecular interactions other than
TCRiM H C/peptide are involved. The accessory molecule B7 is not required since
this molecule is not expressed by cortical thymic epithelium and its transfection
into a thymic epithelial cell line did not improve positive selection by the cell line
(Vukm anovic, 1994). How ever, it is thought that other accessory m olecules
expressed on cortical thymic epithelial cells may aid positive selection.

I.H.2. Negative selection of thymocytes

In the thym us, developing T cells which express auto-reactive TCRs are deleted.
The process involves the interaction of thym ocyte T C R /coreceptor w ith
M H C /p ep tide presented by a thymic stromal cell. The developm ental stage at
which this occurs, the cell types involved and the differences in events that cause
a thym ocyte to be deleted rather than positively selected have been questions
stim ulating m uch research in the last decade.
I.H.2.a. W hen does negative selection occur?

Studies in mice expressing endogenous superantigens have show n that in such
mice the presence of certain MHC class II molecules caused deletion of TCRs
using specific VP alleles (Fowlkes, 1988; H engartner, 1988; K appler, 1987;
M acD onald, 1988a; MacDonald, 1988b). This is thought to be because the
superantigen binds to the lateral surfaces of the class II molecules, aw ay from the
peptide binding groove, and to the TCR P chain, away from the complem entarity
determ ining region (Choi, 1990) causing deletion of the thymocyte (Fraser, 1989).
In these mice deletion occurred at the CD4+CD8'^ double positive stage
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(Fowlkes, 1988; Kappler, 1987; MacDonald, 1988b). Deletion was also seen at this
stage in H-Y transgenic mice (Kisielow, 1988b) and in mice transgenic for a
receptor which recognises pigeon cytochrome c when presented by MHC class II
I-E^ (Spain, 1992). However in mice expressing a dual specific transgenic TCR
w hich recognises both lymphocytic choriomeningitis virus (LCMV)-H-2D^ and
the minor-lymphocyte stimulatory (Mls^) antigen deletion was shown to occur at
different stages of thymocyte m aturation depending on the antigen causing the
deletion (Pircher, 1989). Tolerance induction to LCMV caused deletion of the
double positive thymocytes whereas the Mls^ antigen caused elim ination of
m ature single positive thymocytes. Im munostaining of Mls^"*" mice which delete
Vp 6 TCR expressing thymocytes show ed that Vp 6 TCRs w ere present in the
thymic cortex but absent from the thymic m edulla (Hengartner, 1988). Negative
selection causes thymocytes to die by apoptosis (Smith, 1989). A poptotic cells
have been seen in the thymic m edulla, at the corticom edullary junction and
scattered throughout the cortex (Le, 1995; Surh, 1994). Seventy five percent of the
apoptotic thymocytes were double positive, 13% were double negative. It was
postulated that the apoptotic thymocytes in the cortex were dying due to lack of
positive selection (Surh, 1994). It had been suggested that positive selection was
required before thymocytes were susceptible to deletion (Guidos, 1990) however
in another system thymocytes in a nonselecting MHC background were deleted
by the presentation of cognate peptide (Spain, 1992). Overall, it seems that clonal
deletion does not occur at one specific stage of T cell developm ent but that the
tim ing of deletion may depend on when the TCR m eets the antigen and the
affinity of the interaction.

I.H.2.b. Which thymus cell types are responsible for negative selection?

M any different cell types have been show n to be capable of clonal deletion
including thymic epithelium, B cells, fibroblasts and thymocytes as long as they
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express the correct MHC antigen (Iwabuchi, 1992; Pircher, 1993; Vasquez, 1992)
(Burkly, 1993; Tanaka, 1995) however dendritic cells were show n to be the most
efficient deleting cell type (Carlow, 1992b; Pircher, 1993; Sprent, 1988). In other
cases thymic epithelium was shown to be only partly tolerogenic or to cause
hyporesponsiveness of autoreactive T cells rather than deletion (Carlow, 1992a;
Sprent, 1988). Thus, it is thought that dendritic cells m ay be the cell type
responsible for most negative selection.

I.H.2.C. W hat causes cells to be positively or negatively selected?

The processes of positive and negative selection present a paradox: both events
involve TCR/coreceptor interaction with M H C /peptide, so w hy does one such
interaction cause positive selection of the thymocytes and another result in its
deletion? Three models have been proposed in order to explain this mystery: The
altered ligand hypothesis suggests that thymic cortical epithelial cells express an
epithelial specific set of peptides (Marrack, 1987). W hen these peptides are
recognised by cortical thymocytes, positive selection results. A different set of
p ep tid es is expressed by m edullary m acrophages and dendritic cells and
thymocyte recognition of these peptides results in negative selection. Since it has
been show n that fibroblasts expressing MHC are able to positively select
thymocytes (Hugo, 1993; Pawlowski, 1993) and subsequently that the MHC class
Il-bound peptide repertoires in the spleen and thymus are very sim ilar (Marrack,
1993), it is unlikely that the altered ligand hypothesis is correct.

A n affinity m odel has been proposed in which T cells w ith TC R /coreceptor
complexes which binds self M H C /peptide w ith low affinity are positively
selected whereas those which bind with high affinity are deleted to prevent the
p roduction of autoreactive T cells (Sprent, 1988). A ccording to this m odel,
cortical epithelium w ould generally cause positive selection because the TCR
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density of early T cells is too low for high affinity binding. Thymocyte TCR
density increases as the cells move to the medulla resulting in some cells with
high binding affinity. Interaction of these cells with m edullary m acrophages or
dendritic cells results in negative selection w hereas those w ith low affinity
survive. Evidence supporting the affinity model comes from addition of specific
peptide to organ culture of transgenic thymic lobes (Ashton-Rickardt, 1994). In
TAPI’ lobes from mice transgenic for the LCMV peptide-specific TCR, positive
selection was im paired but was facilitated by the addition of specific peptide at
low concentrations, the peptide stabilising the MHC class I on the cell surface
and enabling it to interact w ith TCR complexes. H ow ever, addition of high
concentrations of cognate peptide caused negative selection.

A m ore recent m odel incorporates elements of both the previous models: the
avidity m odel states that the fate of the thymocyte is dependent on the degree of
T cell receptor occupancy (Janeway, 1992). Low receptor occupancy will result in
positive selection w hereas a high degree of receptor ligation will result in
deletion. The num ber of receptors bound at any one time will be affected by TCR
n u m b er, the affinity of the TCR for the p e p tid e /M H C , and p e p tid e
concentration. Support for this model comes from experiments using antibodies
to bind the TCR (Iwata, 1991; Zacharchuk, 1990). Exposure to corticosteroid or
high levels of antibody caused deletion whereas low levels of antibody rescued
thymocytes even in the presence of lethal doses of corticosteroid. It is possible
that the selecting ligands are expressed at differing densities at the selecting sites
of the thym us. This has been seen w ith the distribution of one self peptide:
cortical thym ic epithelial cells expressed low levels of the peptide while the
m edullary bone m arrow -derived cells expressed high levels (M urphy, 1991;
Rudensky, 1991), the T cells were tolerant to the ligand. Since the level of MHC
expressed by cortical epithelial cells is com parable to that expressed by the
m edullary bone m arrow-derived cells, it is impossible for all self peptides to be
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expressed at low levels in the cortex and high levels in the m edulla, m ore self
peptides can be expressed at positively selecting than deleting levels enabling a
repertoire of positively selected thymocytes to survive.

My project w as to identify novel cell surface m olecules on thym ic cortical
epithelium and assess their affect on thymocyte development. In order to do this
I have raised monoclonal antibodies against thymic cortical epithelial cells and
assessed the affect of one of them on thymocyte m aturation in fetal thym ic organ
culture. Also, I began to synthesize a thymic cortical epithelial cell cDNA
expression library in order to clone the genes of novel cell surface molecules.
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M. MATERIALS AND METHODS

M.A. Culture of cortical thymic epithelial cells

Thymic cortical epithelial cells Tepl.1.2 (Tanaka, 1995) and IIB w ere cultured in
RPMI complete m edium (Gibco) with 10% fetal calf serum (Globe Farm) at 33°C in
the presence of IFNy (kind gift from Dr G. Stockinger) at 100 U /m l.

M.B. Raising rat monoclonal antibodies against mouse thymic cortical epithelial
cells

M.B.l. Immunisation of rat

A L o u /c rat was injected intraperitoneally (ip.) w ith 2 x 10^ Tepl.1.2 or IIB cortical
epithelial cells in 0.5 ml PBS.

M.B.2. Fusion of rat spleen cells and NSC myeloma cells

Rat spleen cells were fused w ith NSO myelom a cells by PEG fusion, a m ethod
devised by

Kohler G.

and Milstein C.

(Kohler, 1975)

. Four days after the

final im m unisation the rat was sacrificed and the spleen was rem oved. The spleen
was teased to release the spleen cells. The spleen cells were w ashed twice w ith 10 ml
RPMI m edium (serum free, buffered with 30 mM HEPES pH 7, supplem ented with
L-glutam ine, 0.006% penicillin w /v , 0.01% streptom ycin w / v an d 0.011% Lpyruvate w /v ) and the viable cells counted. The NSO myeloma cells w ere harvested
from m onolayer culture using trypsin and washed twice in 10 ml RPMI m edium
(serum free, HEPES buffered), spleen cells were mixed w ith NSO cells at a ratio of 13
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spleen cells to 1 myeloma cell. The cells were spun at 1500 rpm for 10 m inutes and
the pellet was resuspended by tapping the tube. The tube was placed in a beaker
containing w ater at 37°C. One ml of Ig /m l polyethylene glycol (PEG 1500, m ade up
in serum free medium) at 37°C was added slowly dow n the side of the tube during
one m inute w hile shaking the m ixture. One ml of serum -free m edium was
im m ediately added in the same way followed by 4 ml of m edium over 3 minutes.
The cell solution was mixed by inverting the tube gently and placed at 37°C for 1.5
hours. The hybrids were then spun at 1500 rpm for 10 m inutes and the pellet
resu sp en d ed at 2 x 10^ potential fusions per ml in RPMI m edium (bicarbonate
buffered 10% PCS), 13.6 |ig /m l hypoxanthine, 3.8 |Lig/ml am inopterin and 0.2 p g /m l
th y m id in e (HAT m edium ). Fusions w ere plated in four 24 w ell plates on
m acrophage feeder layers.

M.B.3. Macrophage feeder layers

A BALB/c m ouse was sacrificed, the abdominal skin was cut and pulled back. Five
ml cold RPMI m edium (bicarbonate buffered 10% PCS) was injected ip. using a 25
gauge needle. The abdomen was massaged gently to release the m acrophages and
the m edium was then rem oved using a 21 gauge needle. The m acrophage solution
was used at 0.5 ml per 24 well plate or 96 well plate.

M.C. Screening for positive hybridoma lines

M.C.l. Screening by staining IIB cells for FACS analysis

IIB cells were removed from tissue culture flasks incubating w ith 2 ml per 162 cm^
flask of non enzymatic cell dissociation solution (Sigma) for 45 minutes. Flasks were
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tapped vigorously and the solution was pipetted up and dow n to disrupt clumps of
cells. Cells were washed in RPMI m edium (10% PCS) and cell num ber counted. 5 x
lO"^ -1 X 10^ cells were stained per sample. The cells were plated in V-bottomed 96
well plates in RPMI m edium (bicarbonate buffered, 10% PCS), lOOpl per well. lOOpl
of grow th m edium from hybridoma lines or clones was added to the IIB cells as the
prim ary antibody layer. The cells were incubated on ice for 1 hour, pelleted by
centrifugation at 1000 rpm at 4°C for 3 minutes, and w ashed in cold PBS, EDTA 0.05
m g /m l, 200pl per sample. The cells were incubated for 30 m inutes on ice w ith PITC
conjugated rabbit anti rat Ig (0.1 m g/m l, Dako) with 5% m ouse serum in PBS EDTA
solution, lOOfil per sample as the secondary antibody layer. The cells were pelleted,
w ashed twice in PBS EDTA and resuspended in PBS EDTA, 200pl per sample. Cell
staining was analysed by PACS.

M.C.2. Screening hybridoma lines by staining mouse thymic sections

Six jim thick sections of mouse thymus from BALB/c mice strain w ere cut using a
cryostat and placed on m ultispot microslides (C.A. H endley Ltd). Sections were
allow ed to air dry for at least 2 hours and then fixed in acetone for 10 m inutes.
Sections were air dried and placed above w et tissues in a box (wet box). Grow th
m edium from hybridom a lines was applied as the prim ary antibody layer, 75jil per
section. Sections were incubated with prim ary antibody for at least 1 hour, then they
were rinsed in Tris buffered saline (TBS, 0.15 M NaCl, 0.05 M Tris (pH 7.6)). The area
around each section was dried and the secondary antibody layer was added, 50pl
per sample. The secondary antibody layer washorse radish peroxidase conjugated rabbit
anti rat Ig (6|ig/m l) (Dakopatts) with mouse serum (5% v /v ) (Gibco) in TBS. The
sections were incubated with the secondary antibody layer for 30 m inutes in the wet
box. The sections were rinsed in fresh TBS and were then incubated w ith horse radish
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peroxidase substrate 3,3'-diaminobenzidine tetra hydrochloride (DAB) 0.7m g/m l in
TBS w ith H 2O 2 (0.02% v /v ) for 10 minutes. The sections were rinsed in TBS, stained
w ith haematoxylin nuclear stain for 1 minute, then rinsed with tap water. Coverslips
w ere fixed over the sections using Kaiser's water based m ountant. Staining of the
sections was analysed under the light microscope.

M.D. Characterisation and purification of antibodies

M .D .l. Staining of IIB thymic cortical epithelial cells with monoclonal antibody
5B6 for FACS analysis

IIB cells were stained w ith 5B6 in PBS, EDTA 0.05 m g /m l, BSA 1% w /v , sodium
azide 0.02% w /v (stain solution) at 4°C for 45 m inutes, w ashed in PBS, EDTA 0.05
m g /m l, sodium azide 0.02% w /v (wash solution) then incubated for 30 m inutes on
ice w ith FITC conjugated rabbit anti rat Ig (0.1 m g /m l, Dako) w ith 5% m ouse serum
in stain solution. Cells were stained with propidium iodide (20pg/m l, 1/100 dilution
of 2m g /m l PBS) for 2 minutes than washed and analysed using the FACS.

M.D.2. Immunochemical staining of sections of mouse kidney, liver, and small
intestine

Sections were incubated with 5% normal goat serum (Sigma) in PBS for 25 m inutes
and then the prim ary antibody w ith 5% norm al goat serum w as added. After
overnight incubation at 4°C the sections w ere rinsed in PBS for 10 m inutes,
supported over a stirrer. Horse radish peroxidase conjugated secondary antibodies
in 5% norm al m ouse serum were applied and incubation was for 30 m inutes. The
sections were w ashed for 10 minutes in Tris buffered saline followed by incubation
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w ith DAB substrate for 10 minutes. Ehrlich's haematoxylin nuclear stain was applied
for 25 seconds, stained sam ples w ere rinsed in tap w ater then m ounted w ith
glycergel m ounting m edium (Dako).

M.D.3. Ammonium sulphate precipitation of IgM antibodies

IgM antibodies from hybridom a culture su p ern atan ts w ere concentrated by
am m onium sulphate precipitation (Harlow, 1988). C ulture m edium was passed
through a filter which retains lOOkD molecules. The concentrate was stirred as 0.5 x
the volum e of saturated am m onium sulphate was slowly added. The antibody
solution was stirred for at least 6 hours at 4°C then spun in a centrifuge at 10,000
rpm for 30 minutes. Saturated ammonium sulphate was added to the supernatant to
50% saturation. The antibody solution was stirred at 4°C for at least 6 hours and
spun as before. The precipitate was resuspended in 0.1 x the starting volum e in PBS
and dialysed against PBS overnight at 4°C.

M.D.4. Quantitation of IgM antibody concentration by SDS-polyacrylamide gel
electrophoresis

The concentrations of IgM antibodies were estim ated by com paring w ith standard
solutions of polyclonal rat IgG (Sigma) by SDS-polyacrylamide gel electrophoresis
(Laemmli, 1970; Sambrook, 1989). Antibody sam ples were analysed on 10 or 12%
acrylam ide gels, 10 or 12% acrylamide mix (29.2% acrylamide:0.8% bisacrylamide),
0.375M Tris pH8.8, 0.1% SDS, 0.03% am m onium persulphate, 0.03% N ,N ,N ',N 'tetram ethylethylenediam ine (TEMED). The stacking gel was 4.75% acrylamide mix,
0.125M Tris pH 6.8, 0.1% SDS. Tris-glycine electrophoresis buffer, 25mM Tris,
250mM glycine pH8.3, 0.1% SDS was used. A ntibody solutions w ere boiled in
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reducing sample buffer, 2% SDS, 10% glycerol. Tris 0.0625M pH6.8, 5% 2ME, 0.01%
brom ophenol blue before loading. After electrophoresis gels were fixed and stained
in 50% TCA ,0.1% Coomassie blue for 20 minutes, then destained in 10% acetic acid,
10% m ethanol overnight. The gels were dried on a gel drier.

M.D.5. Protein G column purification of IgG antibodies

A column of protein G-agarose beads was used in conjunction w ith a UV detector to
m easu re the optical density (OD) of the colum n effluent. The colum n was
equilibrated with PBS. Concentrated hybridoma culture supernatant w as m ade pH6
using concentrated HCl. The supernatant was applied to the column. The column
was w ashed with PBS until a stable baseline OD had been reached. The antibody
was eluted from the column using elution buffer from an Affi-gel protein A MAPS II
kit (Biorad) into tubes containing lOOpl Tris buffer, IM pH8. The antibody solution
was dialysed against PBS overnight. The column was regenerated using IM acetic
acid then equilibrated and stored in PBS, 0.3% sodium azide (w /v ). A ntibody
concentrations were quantitated by absorbance at 280 nm.

M.E. Fetal thymic organ culture

If synchronised matings were required, female mice were injected i.p. w ith pregnant
m are's serum gonadotrophin (Folligon, Intervet Labs) 2 days before m ating,
followed by hum an chorionic gonadotrophin (Chorulon, Intervet Labs) 46 - 48 hours
later, followed by mating. The day of copulation plugs being found w as denoted day
0. Pregnant C57BL/10 or BALB/c mice were sacrificed at day 14 or 15 of gestation
and the embryos were rem oved using sterile techniques. The thym ic lobes were
rem oved from the embryos and placed in air buffered IMDM m edium . The lobes
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w ere placed on filters floating on RPMI m edium (10% fetal calf serum ), 1 ml per
filter per well of a 24 well plate. Purified antibodies were added to the culture
m edium to lOOpg/ml. The culture m edium with or w ithout antibodies was changed
every day until the lobes were analysed.

M.E.1. Frozen sections of fetal thymic lobes

Fetal thymic lobes were taken from culture and prepared for immunohistological
analysis by a m ethod adapted from that developed by M. Bronner-Fraser
(Serbedzija, 1991). Lobes were fixed in 4% paraform aldehyde, 0.12M phosphate
buffer at 4°C for 2 hours. The lobes were then perfused with 30% sucrose solution in
O.IM phosphate buffer at 4°C overnight. The lobes w ere em bedded in gelatin
solution, 7% gelatin w /v , 10% sucrose, O.IM phosphate buffer, at 37°C for 2 hours
and the gelatin was allowed to set at room tem perature or at 4°C. Gelatin blocks
containing fetal lobes were cut out and m ounted on cryostat chucks using tissue
freezing m edium (Jung). Six pm frozen sections of the lobes were cut and stored at
-20°C. Sections were stained with secondary antibodies as detailed above.

M.E.2. FACS analysis of maturation of thymocytes during fetal thymic organ
culture

Differentiation of lymphocytes was assessed by staining for surface m arkers CD4,
CD8 and a|3TCR. The lobes were mechanically disaggregated in 0.5ml PBS, BSA 1%
w /v , sodium azide 0.02% w /v (PBA) at 4°C, washed with 4ml PBA and stained in
100 pi PBA containing antibodies on ice. Cells were incubated with biotinylated antda p TCR (H57.597, Bluestone J., titrated to stain 1 x 10^ cells optim ally at 1/200
original concentration) for 30 - 40 minutes. The cells were washed and a second layer
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of streptavidin-red (Caltag) at 2 x 10'^ pg/pl/ anti CD4-phycoerythrin (anti-L3T4-PE,
Boehringer M annheim) at 2 x 10’^ p g /p l, and anti-CD8-fluorescein isothiocyanate
(FITC) (Tanaka Y., titrated to stain 1 x 10^ cells optim ally at 1/50 original
concentration) was applied. Cells incubated on ice for 30 m inutes, then w ashed and
resu sp en d ed in 200 pi PBS, sodium azide 0.02% w /v , and analysed using a
fluorescence activated cell sorter (FACS, Becton Dickinson).

M.F. cDNA library synthesis

M.F.l. Isolation of total RNA from cortical thymic epithelial cells

Cortical thymic epithelial cells were cultured at 33°C in the absence of IFNy for 24
hours (IIB cells) or 4 days (Tepl.1.2 cells) before RNA isolation. Total RNA was
extracted from 2 x 10® cortical epithelial cells at a time by guanidinium thiocyanate
extraction (Sambrook, 1989). Cells were lysed in 72 ml guanidinium thiocyanate
solution (4 M guanidinium thiocyanate, 0.1 M Tris (pH 7.5), 1% P-mercaptoethanol)
and hom ogenised using a Polytron hom ogeniser (Brinkmann). Sodium lauryl
sarcosinate detergent was added to a final concentration of 0.5% (w /v ) and 12ml of
the solution was layered onto 26.5 ml caesium chloride (5.7M), FDTA (O.OIM), into a
38 X 89 m m ultracentrifuge tube (Beckman). Samples were sp u n for 24 hours at
25,000 rp m in a SW28 rotor. RNA pellets w ere w ashed w ith ethanol and
resuspended in 10 mM Tris (pH 7.5), 1 mM FDTA. The quality of the RNA samples
obtained was assessed by gel electrophoresis (Sambrook, 1989).
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M.F.2. Isolation of m essenger RNA

M essenger RNA was isolated by passing total RNA through a colum n of oligo dT
b ound to cellulose beads (Sigma) by a m ethod m odified from that developed by
A viv and Leder in 1972 (Aviv, 1972). 25mg of oligo dT cellulose beads were
susp en d ed in 0.5ml 0.5M NaCl, 40 mM Tris (pH 7.4), 1 mM EDTA, these were
applied to the column. The column was washed with 3ml O.IM NaOH, 5mM EDTA
and subsequently w ith RNase free distilled w ater (dH 20) until the pH of the
effluent was below pH 8. The column was equilibrated by w ashing w ith 5 ml 0.5 M
NaCl solution (detailed above). Five hundred pg of total RNA, were dissolved in 0.5
ml d H 2 0 and heated to 65°C. Five hundred pi of 65°C IM NaCl solution was added
to the RNA solution, the solution was cooled at room tem perature for 2 m inutes
then applied to the column. The eluate was collected, heated to 65°C, cooled and
reapplied to the column. Ten ml of 0.3M NaCl, 20 mM Tris (pH 7.4), 1 mM EDTA
was passed through the column and 0.5ml fractions of eluate w ere collected. These
were designated the unbound fractions. Concentrations of RNA in the unbound
fractions were determ ined by the absorbance at the wavelength of 260nm. Poly A"^
RNA bound to the column was eluted by applying 2ml 10 mM Tris (pH 7.4), 1 mM
EDTA and 20 fractions of lOOpl each were collected. Fractions w ere kept on ice.
Fractions which contained poly A^ RNA were identified by applying 2pl samples to
an agarose plate with ethidium bromide at Ip g /m l. The samples w ere allowed to air
dry for 20 m inutes, then observed under short wave UV. Fractions which contained
poly A^ RNA were pooled.
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M.F.3. Analysis of mRNA quality using agarose gel electrophoresis

Samples of mRNA were analysed by electrophoresis at 5 V /cm through 2% agarose
in TBE buffer (0.023 M Tris borate, 0.01 M EDTA (pH 8)), ethidium brom ide 5 |ig /m l
(Sambrook, 1989). The RNA was viewed using short wave UV light.

M.F.4. Northern blot hybridization

M essenger RNA was analysed by N orthern blot hybridisation, (Sambrook et al.,
1989). Samples of total RNA and mRNA were applied to a denaturing form aldehyde
gel (Sambrook, 1989), separated by electrophoresis at 60V for 7 hours. M arker lanes
were cut off, washed twice for 15 minutes with water, w ashed twice for 15 m inutes
w ith 0.1 M NHgOAc, stained with 0.5 p g /m l ethidium brom ide in 0.1 M NHgOAc
for 15 m inutes and destained twice for 25 m inutes w ith 0.1 M NHgOAc. M arker
lanes w ere view ed using short wave UV light. The rest of the gel w as soaked in
50mM N aO H , O.IM NaCl for 20 m inutes, followed by O.IM Tris pH 7.5 for 20
m inutes, then 2 x SSC (0.3 M NaCl, 0.03 M sodium citrate) for 20 m inutes. The RNA
was transferred to a nylon membrane (GeneScreen, Dupont) by blotting (Sambrook,
1989) in 20 x SSC overnight or for 6 hours. The RNA was fixed to the filter by UV
crosslinking and baking the filter at 80°C for 2 hours.

C om plem entary DNA

fragm ents coding for P-actin, cyclin A, fibronectin were radioactively labelled by
nick translation with

dCTP (Sambrook, 1989). These were hybridised to RNA

on the filter and the filter was exposed to X-ray film.
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M.F.5. C om plem entary DNA synthesis

C om plem entary DNA was synthesised from m essenger RNA using a cDNA
synthesis kit (Riboclone cDNA synthesis system M-MLV (H ) Prom ega). Reverse
transcriptase was used to convert mRNA to cDNA using a N ot I prim er adapter (5'dAATTCGCGGCCGC(T)i5-3')- The quality of the cDNA synthesized was analysed
using trace reactions. A fraction of the reaction m ixture for both first and second
stran d reactions were m ade w ith radioactive

dCTP. The incorporation of

radioactivity into cDNA in the trace reactions was m easured by TCA precipitation.
Samples of radioactive cDNA were analysed by gel electrophoresis. An am ount of
radioactive cDNA which emitted 1 0 - 2 0 cpm was added to the rest of the cDNA
sy n th e sise d so th at the cDNA could be follow ed in su b se q u e n t steps.
Com plem entary DNA was ligated to BstXI adapters containing an EcoRI recognition
site (5-GAATTCCACCACA-3' and 5-GTGGAATTC-3') (Invitrogen). Ligation was
carried out overnight at 15°C in 6 mM Tris (pH 7.5), 16 mM M gCb, 5 mM NaCl,
0.35m g/m l BSA, 7 mM mercaptoethanol, 0.1 mM ATP, 2 mM DTT, Im M sperm idine
(Simmons, 1991).

M.F.6. Com plem entary DNA size fractionation

C om plem entary DNA was size fractionated using potassium acetate gradients
(Simmons, 1991). Continuous gradients of 5 - 20% potassium acetate were m ade in
SW55 polyallom er centrifuge tubes (Beckman) using a 5ml gradient m aker (HSI).
C om plem entary DNA samples were layered onto the gradients in 100pi of dH20.
The sam ples were spun at 50,000 rpm for 3 hours at room tem perature. The tubes
were punctured near the bottom with a 21-gauge butterfly needle. 1 0 -1 2 fractions of
0.4 ml each w ere taken. Fractions were ethanol precipitated using 5pg linear

30
polyacrylam ide carrier and were resuspended in 20|il of dH20. 2pl sam ples of
fractions 7 to 11 or 12 assumed to contain smaller cDNA pieces w ere analysed on 1%
agarose ultrathin gels. Fractions containing cDNA smaller than 500 base pairs were
excluded, fractions containing cDNA pieces larger than 500 base pairs were pooled.

Potassium acetate gradients were also used to isolate pCDM8 vector which had been
com pletely cleaved by BstXI from partially cleaved vector and from the stuffer
fragm ent. In this case 14 ml gradients were made. The fractions were precipitated
using ethanol and tRNA (5|ig) as a carrier and analysed on a 1.2% agarose gel in TBE
buffer (0.023 M Tris borate, 0.001 M EDTA pH 8).

M.F.7. U ltrathin gels

O ne p er cent u ltrath in agarose gels (Simmons, 1991) w ere m ade on blood
agglutination slides (Blue Star microslides. Proper chance; 76mm x 51mm). The wells
on the gels were m ade with fine tooth combs, 6 - 7 6 wells per slide. 1% agarose in
TAE with ethidium bromide (0.5 jig /m l) at 50°C was pipetted onto the slides.

M.F.8. Preparation of electrocompetent E. coli

Transform ations were performed using electrocompetent E. coli. The bacteria were
cultured in 1 litre of terrific broth (1.2% bacto-tryptone (w /v ), 2.4% bacto-yeast
extract (w /v), 0.4% glycerol (v/v), 0.017 M KH2PO4,0.072 M K2HPO4) to an Abseoo of
0.5. The E. coli were w ashed twice in ice cold distilled w ater and once in 10%
glycerol. The bacteria were resuspended in 2.5ml 10% glycerol and stored at -70°C in
50 / 100 |il aliquots. The transform ation efficiency of the electrocom petent E. coli
was tested by transforming samples with pCDM8 vector by electroporation.
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M.F.9. Isolation of vector from E. coli

Plasm id vector cDNA was isolated from 1 litre £. coli cultures by alkaline lysis
(Sambrook et al., 1989). E. coli were cultured in 1 litre terrific broth containing 7.5
}ig/m l tetracyclin, 40 n g /m l ampicillin, shaking at 220 rpm at 37°C overnight. E. coli
were spun at 4000 rpm at 4°C for 35 minutes. The cells were resuspended in 40 ml 50
mM glucose, 25 mM Tris (pH 8), 10 mM EDTA, and lysed w ith 80 ml 0.2 N NaOH,
1% SDS, for 5 minutes. Forty ml 3M potassium acetate, 5 M glacial acetic acid (pH
4.8) w ere added and the m ixture spun at 4000 rpm , 4°C for 30 m inutes. The
supernatant was filtered through cheese cloth and the DNA was precipitated using
isopropanol. The DNA pellet was washed with 70% ethanol and resuspended in 100
mM Tris (pH 7.5), EDTA 1 mM to a weight of 9g. One ml ethidium brom ide (5
m g /m l) was added followed by lOg of CsCl2 . The solution was spun at 55,000 rpm,
at 20°C for 18 hours in 17 x 76 mm quick seal tubes (Beckman) in a 70.1 Ti rotor. The
plasm id DNA band was removed using a 19 guage needle and 2 ml syringe. Three
and a half volumes of Tris 10 mM (pH 7.5), ImM EDTA w ere added. The plasm id
DNA w as precipitated using absolute ethanol and w ashed w ith 70% ethanol. The
pellet was resuspended in 500pl lOOmM Tris (pH 8.0), O.OIM EDTA, 1 M NaCl.
Ribonucleotidase was added (20 p g /m l final) and the solution was incubated at 37°C
for 30 m inutes, phenol extracted and precipitated using isopropanol. The pellet was
w ashed w ith 70% ethanol and resuspended in 50 pi dH 20.

M.F.IO. Preparation of vector for cloning

20pg pCDM8 vector was digested with 100 units of BstXI (Boehringer Mannheim) in
a 200pl reaction containing bovine serum albumin (BSA) at 0.1 m g /m l. The digestion
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was carried o ut at 50°C for 48 hours, after 12 and 24 hours a further 100 units BstXI
w ere added. The cut vector was isolated from uncut, partially cut and stuffer
fragm ent using low melting point agarose gel electrophoresis or potassium acetate
gradients.

M .F .ll. Isolation of DNA fragments using low m elting point agarose gel
electrophoresis

D NA was separated by electrophoresis on a gel m ade w ith low m elting point
agarose in TBE running buffer w ith ethidium brom ide (0.5 pg /m l). The gel was
view ed using long wave UV and the required band cut out. Twice the volume of
TrisiEDTA (10mM:lmM) was added to the gel slice and the agarose was melted at
65°C for 20 minutes. DNA was precipitated using NaCl at 0.5 M and carrier transfer
RNA at 2m g/m l. The solution was extracted three times w ith phenol equihbrated
w ith 0.3M NaOAc, and then extracted w ith chloroform. The DNA was ethanol
precipitated and washed, then resuspended in 20 - 50 pi dH20.
M.F.12. Ligations

M.F.12.a. Test ligations of cDNA to pCDMS vector

One - five per cent volume of the cDNA was ligated to 10 ng of vector in 10 pi for 1
hour at 25°C in the ligation buffer described previously.
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M.F.12.b. Test ligations of CD8p fragment to pCDMS vector

Ten ng of vector were ligated to 10 ng CDSP fragm ent at 14°C overnight or at room
tem perature for 4 hours in 50 mM Tris (pH 7.5), 10 mM MgCl], 1 mM DTT, 2.5%
w /v PEG 6000.
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R. RESULTS

R.A. Raising monoclonal antibodies specific for murine thymic cortical epithelial
cell surface molecules

R.A.1. Introduction

Interactions betw een molecules on the surface of thymic cortical epithelial cells and
developing thymocytes play an im portant role in determ ining the T cell repertoire.
Since strom al cells have a crucial role in thym ocyte developm ent ie. inducing
positive selection, it is believed there may be proteins present on the surface of the
cortical epithelial cells with specialised functions. In order to identify such molecules
and to study their role, monoclonal antibodies were raised against thymic cortical
epithelial cells. Thymic cortical epithelial cell lines have been raised by Yujiro
Tanaka and Owen Williams and these were used to raise the antibodies.

R.A.l.a. Thymic cortical epithelial cell line - Tepl.1.2

Transgenic mice w ere generated using a variant gene for the SV40 large T antigen
(Tag) under the control of the MHC class 1, H2-K^ (Jat, 1991). The product of this
m utant gene is tem perature sensitive and its expression is inducible by IFNy. Thus
the SV40 large T is stable at 33°C and becomes unstable at 39°C.

The cortical epithelial cell line Tepl.1.2 was developed from the thym i of these
transgenic mice (Tanaka, 1995). Cells were conditionally im m ortalised, dividing
once every 12 hours at 33°C and in the presence of IFNy, and ceased to grow after 4
days at 37°C w ithout IFNy. The cells were classified as cortical epithelial cells based
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on the following characteristics: they have a cobble stone appearance and express
cytokeratin and thymic cortical epithelial markers ER-TR4 (Van Vliet, 1984) and 4F1antigen. These cell lines produce the cytokines IL -la , IL-6, IL-7 and TGF(i. In
addition, they express both TAP-1 and TAP-2, two proteins thought to be very
im portant in antigen presentation by class I MHC molecules. Using m onolayer
cultures Yujiro Tanaka has shown that developing thymocytes bind to the cortical
epithelial cells (Tanaka, 1995). Tepl.1.2 cells were thus characterised as thymic
cortical epithelial cells, however, they were unable to support positive selection of
thym ocytes in reaggregate culture (Tanaka, 1995)(Williams O. unp u b lish ed
observations), therefore another thymic cortical epithelial cell line was raised.

R.A.l.b. Thymic cortical epithelial cell line IIB

Thym ic cortical epithelial cells were isolated from mice transgenic for the
tem p eratu re sensitive large T antigen using m agnetic beads and a m ethod
developed by Jenkinson Qenkinson, 1992). The thymic lobes were disaggregated and
depleted of CD45^ haematopoietic cells using anti-CD45 (MI-9, ATCC) coated sheep
anti-rat im m unoglobulin magnetic beads (Dynal). The cells were then depleted of
m edullary epithelial cells using rat anti-mouse IgM beads (Dynal) coated w ith an
antibody w hich binds the m edullary m arker A2B5 (Raff M, (Eisenbarth, 1979).
Cortical epithelial cells were positively selected using beads coated w ith anti-MHC
class II antibody (NIM-R4, (Andrew, 1986). The cortical epithelial cells were placed
in culture and im m ortalised cell lines were established. The cell line IIB was
characterised for expression of particular antigens using m onoclonal antibodies.
Thus, the cells were found to express high levels of MHC class II, cortical epithelial
m arkers ERTR4 and 4F1, but they do not express the m edullary epithelial markers
ERTR5 (Van Vliet, 1984) and IVC4 (Kanariou, 1989) (Tanaka, 1995). A clone of the

36
cell line IIB, called 114, was found able to support positive selection of thymocytes in
reaggregate culture (Tanaka, 1995)(Williams O. unpublished observations).

R.A.2. Experimental

R.A.2.a. Rat imm unisation regime

In order to raise antibodies against molecules on the surface of m urine thymic
epithelial cells a rat strain L ou/C was injected intraperitoneally (ip.) four times with
cortical epithelial cell line Tepl.1.2 and subsequently twice w ith cortical epithelial
cell line IIB. The injections were at intervals of three to four weeks. Injections were
switched from Tepl.1.2 cells to IIB cells since Tepl.1.2 cells were unable to induce
positive selection of thymocytes in reaggregate culture whereas IIB cells had just
been isolated using cortical epithelial surface markers and it was predicted that they
w ould be more likely to support positive selection.

R.A.2.b. Selection of hybridomas

Four days after the final im m unisation the spleen cells of the rat w ere fused with
NSO m yelom a cells w hich lack the enzym e hypoxanthine-phospho-ribosyltransferase (HPRT). This enzyme is necessary for the rescue pathw ay of DNA
sy n th esis. The fu sed h ybridom as w ere c u ltu re d in m ed iu m

con tain in g

hypoxanthine, am inopterin and thymidine. A m inopterin blocks the m ain pathw ay
of DNA synthesis, so myeloma cells only survive if they are fused w ith rat spleen
cells which contain a functional HPRT gene. On the other hand, spleen cells die in
culture unless they fuse with myeloma cells which confer im m ortality (W aldmann,
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1982). Fused cells were plated at a density of a 2 x 10^ potential hybridom a cells per
well of four 24 well plates with macrophages as feeder layers.

R.A.2.C. Screening for positive hybridoma lines

Prim ary screening for hybridom a lines w hich p ro d u ced antibodies against
m olecules on the surface of cortical thymic epithelial cells w as carried out by
staining thymic sections from BALB/c mice w ith hybridom a culture supernatant.
Supernatant from 9 wells of the 24 well plates stained the thymic cortex (Figs. 1 to 3
and Table 1). Figure 1 shows histochemical staining w ith m edium and antibodies
raised previously against mouse thymic epithelium; 4F1 stains cortical epithelium
and some cells in the medulla; IVC4 stains m edullary epithelium and isolated cells
in the cortex. Figure 2 shows histochemical staining w ith culture m edium from
hybridom a lines 1B2,1D 6, 5B6, 7B4, 5C5, 5C2, and 8A6. 1B2 stains m edullary
epithelium and isolated cells in the cortex. 1D6 stains cortical and m edullary
epithelium . 5B6 stains cortical epithelium, and large isolated cells in the medulla.
7B4 stains cortical and m edullary epithelium. 5C5 stains cortical epithelium very
strongly and both epithelium and thymocytes in the m edulla. 5C2 stains cortical
epithelium , the staining is strongest at the cortico-medullary junction. Some cells are
stained in the m edulla. 8A6 stains the cortical epithelium , particularly in the
subcapsular region, and isolated cells in the medulla. These results are sum m arised
in Table 1.
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Fig. 1. Immunoperoxidase staining of mouse thymic sections with cortical and
medullary specific control antibodies

Thymic sections from m ouse strain BALB/c were incubated w ith fresh m edium (a),
supernatants from 4F1 (b) and IVC4 (c) hybridom as. Sections w ere rinsed and
incubated w ith horse radish peroxidase conjugated rabbit anti-rat Ig with 5% m ouse
serum. Sections were w ashed and incubated with peroxidase substrate (DAB) then
rinsed and stain ed w ith haem atoxylin nuclear stain. Sections are show n at
magnification x 100.

C = cortex, M = m edulla

Fig. 1

Immunoperoxidase staining of mouse thymic sections with cortical and medullary
specific control antibodies.

a) Medium

b) 4F1

c) IVC4
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Fig. 2. Immunoperoxidase staining of mouse thymic sections with supernatants of
hybridoma lines 1B2.1D6. 5B6. 7B4. 5C5. 5C2 and 8A6.

Thymic sections from m ouse strain BALE/c were incubated w ith supernatants from
hybridom a lines 1B2 (a), 1D6 (b), 5B6 (c), 7B4 (d), 5C5 (e), 5C2 (f), and 8A6 (g)
hybridom as. Sections w ere rinsed and incubated w ith horse radish peroxidase
conjugated rabbit anti-rat Ig w ith 5% m ouse serum. Sections w ere w ashed and
in cu b ated w ith peroxidase substrate (DAB) then rinsed and stain ed w ith
haem atoxylin nuclear stain. Sections are shown at magnification x 100.

C = cortex, M = m edulla, J = corticomedullary junction, P = capsule

Fig.2 Immunoperoxidase staining of mouse thymic sections with supernatants of
hybridoma lines 1B2, 1D6, 5B6, 7B4, 5C5, 5C2 and 8A6.

a) 1B2

b) 1D6

%
$

c) 5B6

d) 7B4
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Fig. 2. continued

Fig. 2 (contd.)

e) 5C5

f)5C 2

g) 8A6
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T able 1. Sum m ary of im m tm operoxidase sta in in g of BALB/c m ouse thym ic
sections

H ybridom a

Thymic cortex

Thymic m edulla

4F1

Epithelium

Isolated cells

IVC4

Isolated cells

Epithelium

1B2

Isolated cells

Epithelium

1D6

Epithelium

Epithelium

5B6

Epithelium

Isolated cells

5C3

Epithelium

Isolated cells

5C5

Epithelium,
very strong
Epithelium,
very strong
Epithelium

Epithelium,
Thymocytes
Epithelium,
Thymocytes
Cells like Hassalls
corpuscles
Isolated cells

5C6
7B4
8A6

Epithelium,
subcapsular

Thymic sections from mouse strain BALB/c were incubated w ith supernatant from
hybridom as. Sections were rinsed and incubated w ith horse radish peroxidase
conjugated rabbit anti-rat Ig with 5% mouse serum . Sections w ere w ashed and
incubated w ith horse radish peroxidase substrate (DAB) then rinsed and stained w ith
haem atoxylin nuclear stain. Staining of mouse thym ic sections w ith supernatant
from hybridom as was compared with staining by controls 4F1 and IVC4.
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H ybridom as which stained thymic sections were plated out at 6 and 3 cells per well
of 96 well plates with macrophages as feeder layers. They were plated out at this
density since the survival rate of the cells is very low if they are plated at lower cell
densities (Ritter, 1995). Hybridom as were subsequently plated out at 10 cells per
well to increase the survival of the cells.

The supernatant from wells in which cells grew was tested for staining IIB cells by
FACS analysis. Figure 3 shows the FACS staining profiles of IIB cells stained with
supernatant from hybridom a lines. Staining by culture m edium from hybridom a
lines was com pared w ith IIB cells stained w ith m edium , to show background
staining, and w ith 4F1 as a positive control. 4F1 stained a small proportion (18%) of
IIB cells with a mean fluorescence of 16.3, some cells staining w ith a fluorescence of
u p to 100. 5B6 had a similar staining profile. 5C5 stained all IIB cells w ith a low
m ean fluorescence, the rest of the lines produced antibodies which stained 14.2 30.6% of IIB cells with mean fluorescences of 1.7 - 2.8.
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Fig. 3. FACS analysis of IIB cells stained w ith supernatants from hybridom a lines

Staining of IIB thymic cortical epithelial cells by supernatants from hybridom a lines
was com pared w ith staining by fresh m edium and with 4F1 hybridoma supernatant.
IIB cells w ere incubated w ith supernatants from hybridom a lines then w ashed and
incubated w ith FITC conjugated rabbit anti-rat Ig w ith 5% m ouse serum . Cell
staining was analysed using a FACS. FITC fluorescence is show n on the X-axis, cell
frequency on the Y-axis. The proportion of cells which are positive is show n as
percent of total in gate D. The level of staining is indicated by the mean fluorescence
in gate D.

Fig. 3 FACs Analysis of IIB Cells Stained with Supernatant from Hybridoma Lines
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Fig. 3. continued

Fig. 3 cont.
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R.A.2.d. Cloning of hybridoma line 5B6

H ybridom as which were producing antibodies which stained IIB cells and mouse
thymic cortical epithelium were plated at 3 and 0.3 cells per well of 96 well plates in
order to obtain clonal populations of antibody-producing hybridomas. Clones were
obtained of hybridom a line 5B6. Figs. 4 and 5 shows histochem ical staining of
thym ic sections of m ouse strains C57BL/10 and BALB/c respectively w ith
m onoclonal antibody from hybridom a 5B6. Sections of both m ouse strains were
stained in case the antigen recognised by 5B6 was haplotype specific. As seen with
polyclonal 5B6, the monoclonal antibody stains a netw ork in the cortex and a few
cells in the m edulla of both strains of mice. At 1000 x magnification the staining can
be seen betw een the lymphocyte nuclei. Fig. 6 shows FACS analysis of IIB cells
stained with monoclonal 5B6 antibody. Cells were incubated w ith 5B6, fresh culture
m edium as the negative control, or anti-MHC class 11 antibody N1M-R4 as the
p ositive control antibody for 25 m inutes follow ed by incubation w ith FITC
conjugated rabbit anti-rat Ig (Dako). W hen staining w ith 5B6 is com pared w ith
background staining with culture m edium a shift of fluorescence can be seen.

R. A.2.e. Isotyping of 5B6

The isotype of 5B6 was determined using an isotyping kit (Biorad) and was found to
be IgM (data not shown).
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Fig. 4. Im m unoperoxidase staining of C57BL/10 m ouse thym ic sections w ith 5B6
and control antibodies

Thymic sections from m ouse strain C57BL/10 were incubated with PBS, anti-MHC
class II antibody NIM-R4, supernatants from hybridom as IVC4, 4F1 and 5B6 w ith
5% goat serum . Sections were rinsed and incubated w ith horse radish peroxidase
conjugated rabbit anti-rat Ig w ith 5% mouse serum. Sections w ere washed and
in cu b ated w ith peroxidase substrate (DAB) then rinsed and stained w ith
haem atoxylin nuclear stain. Magnification is shown in parentheses.

C = cortex, M = m edulla

F ig .4 I m m u n o p e r o x id a s e s t a in in g o f C 5 7 B L /1 0 m o u s e t h y m ic s e c t i o n s w ith 5 B 6
a n d c o n tr o l a n t ib o d i e s .

a) PBS (x100)

b) Anti-MHC II, NIMR4 (x100)

c) IVC4 (x100)

d) 4F1 (x100)

e ) 5 B 6 (xlO O )

f) 5 B 6 in c o r t e x (xtO O O )
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Fig. 5. Im m unoperoxidase staining of BALB/c m ouse thym ic sections w ith 5B6
and control antibodies

Thymic sections from m ouse strain BALB/c were incubated w ith PBS, anti-MHC
class II antibody NIM-R4, supernatants from hybridom as IVC4 and 4F1, and 5B6
antibody w ith 5% goat serum. Sections were rinsed and incubated w ith horse radish
peroxidase conjugated rabbit anti-rat Ig w ith 5% m ouse serum . Sections w ere
w ashed and incubated w ith peroxidase substrate (DAB) then rinsed and stained
with haem atoxylin nuclear stain. Magnification is shown in parentheses.

C = cortex, M = m edulla

F ig .5 I m m u n o p e r o x id a s e s t a in in g o f B A L B /c m o u s e t h y m ic s e c t i o n s w ith 5 B 6 a n d
c o n tr o l a n t ib o d ie s .

P
a) PBS (x100)

b) Anti-MHC II, NIMR4 (x100)

c) IVC4 (x100)

d) 4F1 (x100)

»
e ) 5 B 6 (x 1 0 0 )

f) 5 B 6 in c o r t e x ( x 1 0 0 0 )
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Fig. 6. FACS profile of IIB cells stained with monoclonal antibody 5B6 compared
with staining by medium alone

IIB thym ic cortical epithelial cells w ere incubated w ith fresh m edium or 5B6
antibody then w ashed and incubated with FITC conjugated rabbit anti-rat Ig with
5% m ouse serum . Cell staining was analysed using a FACS. FITC fluorescence is
shown on the X-axis, cell frequency on the Y-axis.

o

§

-

CD -

5B6

Med
cvj -

FL1-H

Fig. 6.

FACS profile of IIB cells stained with monoclonal antibody 5B6
compared with control staining with medium
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R.B. Characterisation of 5B6

In order to find out w hether the monoclonal antibody 5B6 was specific for thymic
epithelium , frozen sections of m ouse liver, kidney and small intestine were stained
w ith 5B6 and control antibodies. Sections from mice strains BALB/c and C57BL/10
were used in case the antigen recognised was haplotype specific.

R.B.I. 5B6 staining of liver sections of mouse strain C57BL/10

Liver sections were stained w ith PBS as a negative control, 5B6 and anti-E-cadherin
as a positive control. E-Cadherin is a hom ophilic adhesion m olecule expressed
m ainly on non-neural epithelium (Vestweber, 1984). In the liver anti-E-Cadherin
antibody (DECMA-1, Sigma) can be seen staining a w ide area at the boundary
region of the lobules, the staining appears to be betw een hepatocytes (Fig 7b).
Similarly, 5B6 stains a w ide region at the boundary of the lobules heavily and the
rest is stained faintly (Fig 7c). A t m agnification x 1000 the heavily stained region
shows diffuse staining all over the hepatocytes (Fig 7d).

R.B.2. 5B6 staining of kidney sections of mouse strain C57BL/10

K idney sections w ere stained w ith PBS, anti-cytokeratin antibody (clone K8.13,
Sigma) as a positive control, and 5B6. M em bers of the cytokeratin fam ily are
expressed by all epithelia (Franke, 1979; Sun, 1979). In Figure 8b some kidney
tubules can be seen stained by the anti-cytokeratin antibody. In the kidney cortex
5B6 selectively stains some tubules (Fig. 8c). At 250 x m agnification these appear to
be p ro x im al convoluted tub u les since the w alls are thick a n d a lum en
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Fig. 7. Im m unoperoxidase staining of C57BL/10 m ouse liver sections w ith 5B6
and control antibodies

Liver sections from m ouse strain C57BL/10 w ere incubated w ith PBS, anti-Ecadherin antibody DECMA-1 and 5B6 antibody with 5% goat serum. Sections w ere
rinsed and incubated with horse radish peroxidase conjugated rabbit anti-rat Ig w ith
5% m ouse serum. Sections were w ashed and incubated w ith peroxidase substrate
(DAB) then rinsed and stained w ith haematoxylin nuclear stain. M agnification is
show n in parentheses.

F ig .7 I m m u n o p e r o x i d a s e s t a in in g o f m o u s e liv e r s e c t i o n s w ith 5 B 6 a n d c o n t r o l
a n tib o d ie s .

§
a) PBS (x100)

b) Anti-E-cadherin (xlOO)

%
<438

0 ) 5B6 (x100)

d ) 5 B 6 , H e a v ily s t a in in g a r e a ( x 1 0 0 0 )
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Fig. 8. Im m unoperoxidase staining of C57BL/10 mouse kidney sections w ith 5B6
and control antibodies

Kidney sections from mouse strain C57BL/10 were incubated w ith PBS, anticytokeratin antibody (8.13) and 5B6 antibody with 5% goat serum. Sections were
rinsed and incubated with horse radish peroxidase conjugated secondary antibodies
w ith 5% m ouse serum. Sections were washed and incubated with peroxidase
substrate (DAB) then rinsed and stained w ith haem atoxylin nuclear stain.
Magnification is shown in parentheses.

F i g .8 I m m u n o p e r o x i d a s e s t a in in g o f m o u s e k id n e y s e c t i o n s w ith 5 B 6 a n d c o n t r o l
a n tib o d ie s .
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PBS (XlOO)

b) Anti-cytokeratin (x250)
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c) 5B6 (x100) Area indicated shown (x250) in d)
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cannot be seen (Fig. 8d)(Weiss, 1988). The staining is on the basal areas of the
tubules. 5B6 also stains blood vessels.

R .6.3.566 staining of sections of the small intestine of mouse strain C57BL/10

Sections of the small intestine were stained with PBS, anti-E-cadherin antibody and
5B6. In the small intestine E-cadherin staining can be seen in the crypts of
Lieberkuhn whereas 5B6 staining can be seen in the crypts and on the intestinal villi
(Figs. 9b and 9c). At 1000 x magnification 5B6 staining can be seen on the apical side
of the cells (Fig. 9d).

R.B.4.5B6 staining of sections of mouse strain BALB/c

5B6 stained sections of liver, kidney and small intestine of mouse strain BALB/c in
the same areas as seen in mouse strain C57BL/10 (data not shown).
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Fig. 9. Im m tm operoxidase staining of sections of C57BL/10 m ouse sm all intestine
w ith 5B6 and control antibodies

Sections of small intestine from mouse strain C57BL/10 were incubated with PBS,
anti-E-cadherin antibody DECMA-1 and 5B6 antibody with 5% goat serum. Sections
were rinsed and incubated w ith horse radish peroxidase conjugated rabbit anti-rat Ig
w ith 5% m ouse serum . Sections were w ashed and incubated w ith peroxidase
substrate (DAB) then rinsed and stained w ith haem atoxylin nuclear stain.
Magnification is shown in parentheses.

F ig .9 I m m u n o p e r o x id a s e s t a in in g o f s e c t i o n s o f m o u s e s m a ll in t e s t in e w ith 5 B 6
a n d c o n tr o l a n t ib o d ie s .

1

a)

PBS (XlOO)

b) Anti-E-cadherin (x100)

m
c) 5B6 (x100) Area indicated shown (x1000) in d)

S

d) 5B6 (X 1000)
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R.C. A nalysis of the effect of 5B6 on thymocyte m aturation using fetal thymic
organ culture

In order to assess whether the monoclonal antibody 5B6 binds an antigen which is
involved in development or selection of thymocytes, fetal lobes from embryos at
gestational day 14 or 15 were cultured for 10 days in the presence of 5B6 and control
antibodies. Fetal lobes from mouse strain C57BL/10 were cultured w ith m edium
alone, w ith 5B6 (IgM) or with anti-MHC class II antibody Y3JP (IgG2a, kind gift
from Janeway C. Jr). Y3JP recognises MHC class II la antigens except H-2^ (Janeway,
1984) and has been shown to delete single positive CD4+CD8" T cells in newborn
mice (Kruisbeek, 1985) and in fetal thymic organ culture (Zuniga-Pflucker, 1989).
Groups of lobes were cultured with isotype-matched control antibodies of irrelevant
specificity. All antibodies were used at a final concentration of lOOpg/ml. After 36
hours and 9 days of culture, lobes from untreated, 5B6 and anti-MHC class II groups
were fixed with paraformaldehyde and frozen sections were analysed for presence
of antibody. After 10 days of culture fetal thymic development was assessed using
monoclonal antibodies for thymocyte surface markers (CD4, CD8 and ap iC R ) and
FACS.

R.C.I. Presence of antibodies in lobes

Frozen sections of lobes fixed after 36 hours of culture showed that the MHC class II
antibody was clearly present within the tissue as the positive staining of the stromal
cells indicated (Fig. 10b). The presence of 5B6 antibody was less obvious (Fig 10c).
5B6 was able to stain sections of lobes which had been cultured in m edium alone
indicating that the 5B6 antigen was present (Fig. 10c). Likewise after 9 days of
culture the presence of anti-MHC class II antibody can clearly be seen whereas 5B6
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cannot be seen (Figs 11b and c). 5B6 stained sections from lobes cultured w ith
m edium alone indicating that the 5B6 antigen was still present (Fig. lid ) . After 9
days of culture distinct m edullary and cortical areas could be seen in the lobes (Fig.
11). The lobes cultured with anti-class II antibody were smaller than lobes cultured
under different conditions (data not shown).

R .C2. Effect of antibodies on thymocyte developm ent

The results show n in figure 12 are from one lobe in each group representative of 6 12 lobes. Fetal lobe culture w ith anti-MHC class II antibody caused a dram atic
reduction in percentage m ature CD4+CD8" cells produced (Fig 12). The percentage
CD4+CD8^() cells was slightly reduced. The double positive population appears
unchanged, w hereas there is an increase in the percentage of double negative
thymocytes. The level of CD8 expressed by CD4"CD8"^ thymocytes is lower than that
seen w ith untreated and IgG2a isotype control groups and there is a decrease in the
levels of TCR expressed by both CD4+CD8^o and CD4"CD8'*' populations. Inclusion
in the culture of 5B6 antibody also induced a severe reduction in percentage m ature
CD4+CD8" cells produced, whereas the proportion of CD4+CD8^() thymocytes was
unaffected. The levels of CD8 expressed by the CD4"CD8'‘' population appear to be
lower than that seen w ith other groups. The level of TCR expressed by CD 4 +CD 8 ^o
and CD4‘CD8*^ populations is less than that seen in untreated and IgM samples. In
Figure 13a the percent of T C R ^ thymocytes which were CD4+CD8" cells is shown.
This was reduced after culture w ith Y3JP and 5B6. The effect of Y3JP w as more
pronounced than that of 5B6. The IgG2a and IgM isotype controls had no visible
effect on the lobes. Culture w ith antibodies had no noticeable effect on the cellularity
of the lobes (Fig. 13b).
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Fig. 10. Im m unoperoxidase staining of fetal thymic lobes isolated at gestational
day 14 and cultured for 36 hours w ith antibodies

Fetal thymic lobes were isolated from mouse strain C57BL/10 at gestational day 14
and cultured for 36 hours w ith m edium alone, anti-MHC class II Y3JP and 5B6.
Lobes were fixed with 4% paraformaldehyde, perfused with sucrose solution then
em bedded in gelatin. Sections were cut and a) to c) were incubated w ith horse radish
peroxidase conjugated secondary antibodies with 5% mouse serum. In d) a section
from a lobe which had been cultured in m edium alone was incubated w ith 5B6
before the secondary antibody was applied. Sections were w ashed and incubated
w ith peroxidase substrate (DAB) then rinsed and stained with haematoxylin nuclear
stain. Sections are shown at magnification x 63.

Fig. 10 Immunoperoxidase staining of fetal thymic lobes isolated at gestational
day 14 and cultured for 36 hours with antibodies.

é

a) Medium alone

b) Anti-MHC II, Y3JP

c) 5 B 6

d) Cultured with medium stained later
with 5B6
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Fig. 11. Im m unoperoxidase staining of fetal thymic lobes isolated at gestational
day 15 and cultured for 9 days w ith antibodies

Fetal thymic lobes w ere isolated from mouse strain C57BL/10 at gestational day 15
and cultured for 9 days w ith m edium alone, anti-MHC class IIY3JP and 5B6. Lobes
w ere fixed w ith 4% paraform aldehyde, perfused w ith sucrose solution then
em bedded in gelatin. Sections were cut and a) to c) were incubated with horse radish
peroxidase conjugated secondary antibodies w ith 5% mouse serum. In d) a section
from a lobe which had been cultured in m edium alone was incubated w ith 5B6
before the secondary antibody was applied. Sections were w ashed and incubated
w ith peroxidase substrate (DAB) then rinsed and stained w ith haematoxylin nuclear
stain. Sections are show n at magnification x 63.

F ig . 11 I m m u n o p e r o x i d a s e s t a in in g o f f e t a l t h y m ic l o b e s i s o l a t e d a t g e s t a t i o n a l
d a y 1 5 a n d c u lt u r e d fo r 9 d a y s w ith a n t i b o d i e s .

a) Medium alone

b) Anti-MHC II, Y3JP

c) 5 B 6

d) Cultured with medium stained
later with 5B6
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Fig. 12. FACS analysis of thymocyte maturity in fetal thymic lobes cultured for 10
days with antibodies

Fetal thymic lobes were isolated from mouse strain C57BL/10 at gestational day 14
and cultured for 10 days with m edium alone, anti-MHC class II (Y3JP) antibody, 5B6
antibody and isotype control antibodies w ith irrelevant specificity. The lobes were
disaggregated and incubated w ith biotinylated anti-aP TCR (H57), w ashed and
incubated w ith a second layer of streptavidin-red, anti CD4-phycoerythrin (antiL3T4-PE), and anti-CDB-fluorescein isothiocyanate (FITC). Cells were w ashed and
analysed using the FACS. The num ber of lobes in each group are as follows:
Untreated, n = 12; IgM, n = 6; Y3JP, n = 10; IgG2a, n = 12. The percentage of cells in
each gate is indicated. 5B6, n = 12.
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Fig. 13a. Mean percent CD4+CD8- of thymocytes expressing high levels of T cell
receptor

Fetal thymic lobes were isolated from mouse strain C57BL/10 at gestational day 14
and cultured for 10 days w ith m edium alone, anti-MHC class II (Y3JP) antibody, 5B6
antibody and isotype control antibodies with irrelevant specificity. The lobes were
disaggregated and incubated w ith biotinylated anti-aP TCR (H57), w ashed and
incubated w ith a second layer of streptavidin-red, anti CD4-phycoerythrin (antiL3T4-PE), and anti-CD8-fluorescein isothiocyanate (FITC). Cells w ere w ashed and
analysed using the FACS. The population of cells which expressed high levels of
TCR were analysed for expression of CD4 and CD8. The mean percent of TCR^^ cells
which were CD4+CD8" is shown here + /- SEM. The num ber of lobes in each group
are as follows: Untreated, n = 12; IgM, n = 6; Y3JP, n = 10; IgG2a, n = 12; 5B6, n = 12.

Fig. 13b. Cellularity of lobes after culture with antibodies for 10 days

After culture for 10 days w ith antibodies, the lobes were disaggregated and the cell
num bers counted. Values are expressed as the mean total cell num ber per lobe + /SEM.
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Fig. 13a. M ean percent CD4‘‘'C D 8" of thym ocytes expressing high levels of TCR

Fig. 13b. C ellularity of lobes after culture w ith antibodies for 10 days
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In order to show w hether the effect of 5B6 was consistent and to assess the effects of
other available monoclonal antibodies specific for thymic epithelium on thymocyte
m aturation, the organ culture was repeated w ith Y3JP, 5B6, 1VC4 (specific for
m edullary epithelium (Kanariou, 1989)), and 4F1 (specific for thym ic cortical
epithelium (Imami, 1992)). Lobes were isolated from m ouse strains C57BL/10 and
BALB/c at gestational day 15. Lobes from m ouse strain C57BL/10 were cultured
w ith m edium alone, Y3JP, 5B6,1VC4, or 4F1. Lobes from m ouse strain BALB/c were
cultured w ith m edium alone or Y3JP as a negative control since BALB/c mice
express MHC class 11 H-2<^ which is not recognised by Y3JP. The results show n in
figure 14 are from one lobe in each group representative of 4 -12 lobes. It can be seen
that lobes from mouse strain C57BL/10 cultured with anti-class 11 Y3JP had greatly
reduced percentages of CD4+CD8" cells. This was also seen in lobes cultured with
5B6 and 1VC4. Inclusion in the culture of Y3JP caused a noticeable reduction in the
proportion of CD4+CD8^° thymocytes. The level of CD8 expressed by the CD4"
CD8+ population decreased slightly on thymocytes from lobes cultured w ith Y3JP,
5B6 or 1VC4. The levels of TCR on CD4‘*'CD8^® and CD4"CD8'^ subsets were
reduced by culture w ith Y3JP, 5B6 and 1VC4. In Figure 15a the percent of TCR^^
thymocytes which were CD4+CD8" is shown. This was reduced after culture with
Y3JP, 5B6 and 1VC4. The most severe effect was seen w ith Y3JP. 4F1 had no apparent
effect on thymocyte m aturation in this assay and Y3JP had no effect on lobes from
m ouse strain BALB/c. C ulture w ith antibodies had no noticeable effect on the
cellularity of the lobes (Fig. 15b).
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Fig. 14. FACS analysis of thymocyte maturity in fetal thymic lobes cultured for 10
days with antibodies

Fetal thym ic lobes w ere isolated from m ouse strains C57BL/10 and BALB/c at
gestational day 15. Lobes from mouse strain C57BL/10 were cultured for 10 days
w ith m edium alone, anti-MHC class II (Y3JP), IVC4, 4F1, and 5B6 antibodies. Lobes
from mouse strain BALB/c were cultured with m edium alone or anti-MHC class II
(Y3JP). The lobes were disaggregated and incubated with biotinylated anti-aP TCR
(H57), w ashed and incubated w ith a second layer of streptavidin-red, anti CD4phycoerythrin (anti-L3T4-PE), and anti-CD8-fluorescein isothiocyanate (FITC). Cells
were w ashed and analysed using the FACS. The num ber of lobes in each group are
as follows: U ntreated C57BL/10, n = 12; Y3JP C57BL/10, n = 12; 5b6, n = 9; 4F1, n =
12; Y3JP BALB/c, n = 6; Untreated BALB/c, n = 4. IVC4 C57BL/10, n = 12.
The percentage of cells in each gate is indicated.
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Fig. 15a. M ean percent CD4+CD8- of thymocytes expressing high levels of T cell
receptor

Fetal thym ic lobes w ere isolated from m ouse strains C57BL/10 and BALB/c at
gestational day 15. Lobes from m ouse strain C57BL/10 were cultured for 10 days
w ith m edium alone, anti-MHC class II (Y3JP), IVC4,4F1, and 5B6 antibodies. Lobes
from m ouse strain BALB/c were cultured with m edium alone or anti-MHC class II
(Y3JP). The lobes were disaggregated and incubated w ith biotinylated anti-a[3 TCR
(H57), w ashed and incubated w ith a second layer of streptavidin-red, anti CD4phycoerythrin (anti-L3T4-PE), and anti-CD8-fluorescein isothiocyanate (FITC). Cells
were w ashed and analysed using the FACS. The population of cells which expressed
high levels of TCR were assessed for expression of CD4 and CD8. The m ean percent
of TCR^i cells which were CD4+CD8" is shown here + /- SEM. The num ber of lobes
in each group are as follows: Untreated C57BL/10, n = 12; Y3JP C57BL/10, n = 12;
5b6, n = 9; 4F1, n = 12; Y3JP BALB/c, n = 6; Untreated BALB/c, n = 4. IVC4 C57BL/10,
n = 12.
Fig. 15b. C ellularity of lobes after culture w ith antibodies for 10 days

After culture for 10 days with antibodies, the lobes were disaggregated and the cell
num bers counted. Values are expressed as the mean total cell num ber per lobe + /SEM.
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R.D. Synthesis of a cDNA expression library from murine thymic cortical
epithelial cells

R.D.1. Introduction

Since there are monoclonal antibodies which bind cortical epithelial cell surface
m arkers it was proposed to construct a cortical epithelial cell cDNA expression
library in order to clone the genes for these markers. The m urine cortical epithelial
cell line Tepl.1.2 was used to construct a cDNA expression library.

R.D.l.a. Transient expression cloning

This m ethod of cloning involves the transient expression of cDNA libraries in
m am m alian cells and the identification and capture of expressed m olecules of
interest using specific monoclonal antibodies by panning (Aruffo, 1987; Seed, 1987).
Using this technique monoclonal antibodies specific for cell surface molecules on the
thymic cortical epithelial cells can be used to isolate cDNA clones w hich code for
these molecules.

M am m alian expression cloning system s have the ad ditional advantage that
synthesized molecules acquire the correct conform ation and undergo the correct
p o sttran slational m odifications, unlike m olecules synthesised in prokaryotic
expression systems. This is im portant for recognition of the expressed molecules by
the existing monoclonal antibodies. The cDNA for the entire protein m ust be present
to produce a correctly folded and processed surface molecule. In addition, only
single chain molecules can be cloned by this system. If the antigen of interest is a
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multichain complex, the antibody may not recognise a single chain of the complex or
the protein m ay not assemble correctly.

R.D.1.b. The pCDM8 system

A nother advantage of this m ethod of expression cloning is th at cell surface
molecules are expressed at levels of 10,000 - 50,000 protein m olecules per cell. In
order to achieve this, a vector was devised by Seed and Aruffo in 1987, plasm id
pCDMS (Fig. 16), which allows high level expression of protein and accumulation of
cell surface molecules (Seed, 1987). pCDM8 replicates to high copy num ber in COS
cells, so vector containing cDNA of interest can be isolated.

pCDM8 contains a powerful cytomegalovirus prom oter and enhancer, which direct
high level expression of a cDNA cloned into the m ultiple cloning site (Simmons,
1991)(Fig. 16). The polylinker contains two nonpalindrom ic BstXI sites. This means
that if the vector is cleaved with BstXI and the stuffer rem oved the two ends of the
vector cannot religate (Fig. 17). Downstream of the poly linker the vector provides an
intron and a polyadenylation site. These promote efficient transcript processing and
transport. A nother element present on the vector is the SV40 origin of replication
w hich ensures its replication in prim ate cell lines which express high levels of the
SV40 large T antigen, such as COS cells - African green monkey kidney cells. Finally
the pBR322 origin of replication enables pCDM8 to replicate in E. coli.

As a host E. coli strain MC1061/p3 is used. This strain is stably transfected with a
60kb episome p3 which contains the genes for kanamycin, tetracyclin and ampicillin
re s ista n c e .

The
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Fig. 16. Map of the pCDM8 vector

SUP F encodes a tRNA which suppresses amber mutations.
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hCMV IE Promoter

M13 0ri

T7 Promoter

pBR322
Ori

2198
2232

pCDMB
4.512 kb

SV40
Ori

2592
2655

Polyoma

Splice
+

Poly A

Fig. 16 Map of pCDMB Vector (SEED 19B7)
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Fig. 17. Cloning of cDNA into pCDM8 vector using BstXI sites and adapters

The pCDMS polylinker contains two nonpalindromic BstXI sites. W hen the vector is
digested w ith BstXI the stuffer is rem oved and the vector cannot religate. N on
selfcom plem entary BstXI adapters are ligated to cDNA ends and the cDNA
fragm ent ligated to the vector.

B s t XI

B s t XI

CCATTGTGCTGGCX^C
ACCGCCAGCACA ATGGAT
GGTAACACGACCGCG-------- TGGCGGTC GTGTT ACCTA

STUFFER

pCDM 8

Bst XI

STUFFER

ATGGAT
GTGTTACCTA

CCATTGTG
GGTA

+CDNA + Bst XI Adapters

EcoRI

t

EcoRI

CCATTGTGG tcjgUAT v \ A w ( Ia a t t c c a c c a c a a t g g
GGTAACACCACCTTAi. VAAWCTTA^GGTG GTGTTACC

Fig. 17 Cloning cDNAinto pCDM8 Vector Using Bst XI Site and Adapters
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selection of M C1061/p3 in the presence of this antibiotic (Fig. 18). The genes for
tetracyclin and ampicillin, how ever, contain am ber m utations rendering them
inactive. pCDMS contains the supF gene encoding a tRNA which supresses the
am ber m utations. Thus only E. coli M C I061/p 3 which bear pCDMS plasm id can
express the tetracyclin and ampicillin resistance genes. pCDMS which is 4.5kb can be
isolated from M C1061/p3 by alkaline lysis uncontam inated w ith p3 w hich has a
higher molecular weight (60 kb).

The strategy followed for making the cDNA library is outlined in figure 19.

R.D.2. Extraction of total RNA from cortical thymic epithelial cells

In order to synthesize a cDNA library from thymic cortical epithelial cells total RNA
was isolated from a cell line of this type. Cortical epithelial cell line Tepl.1.2 was
cultured at conditions which are permissive for stabilisation of the SV40 large T
antigen (33°C, in the presence of IFNy). Four days before preparation of total RNA
the cells were switched to non-permissive conditions (37°C, in the absence of IFNy)
in order for the cells to assume a more physiological phenotype. Total RNA was
extracted from Tepl.1.2 thymic cortical epithelial cells by guanidinium thiocyanate
isolation. Samples were analysed by electrophoresis through a 2% agarose gel (See
Fig. 20). The proportion of 28S ribosom al RNA (rRNA) to 18S rRNA w as 2:1,
indicating that the RNA in the preparation was intact. In total lO .lm g Tepl.1.2 RNA
was isolated.
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Fig. 18. Mechanism of antibiotic selection of MC1061/p3 E. coli transformed with
pCDM8 vector

MCI 061/p 3 contains the p3 episome which encodes antibiotic resistance genes for
kanam ycin, am picillin an d tetracyclin. The kanam ycin resistance gene is
constitutively active whereas the ampicillin and tetracyclin resistance genes contain
am ber m utations rendering them inactive. The pCDM8 vector supF gene encodes a
tRNA which suppresses the amber mutations thereby activating the ampicillin and
tetracyclin resistance genes. M C1061/p3/pCDM 8 is thus resistant to kanam ycin,
tetracyclin and ampicillin.
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Mechanism of Antibiotic Selection of MC1061/P3 E. co//Transformed
with pCDMB Vector.

(AMP = Ampicillin, TET = Tetracyclin, KAN = Kanamycin,
SUP F = Gene Encoding Supressor tRNA)
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Fig. 19.

P ro d u ctio n of a thym ic cortical ep ith elial cell cDNA lib ra ry in a

eukaryotic expression vector

GTC extraction = guanidinium thiocyanate extraction

Fig. 19 Production of Thymic Cortical Epithelial Cell cDNA Library in
Eukaryotic Expression Vector

Thymic Cortical Epithelial Cells
GTC Extraction
Total RNA
Oligo DT Isolation
t
mRNA

Reverse Transcriptase

t
cDNA
Ligation

pCDMS Vector

cDNA + Adapters
Bst XI Digest
cDNA Size Fractionation
Phosphatase
Remove
Stuffer

Ligation
Vector : cDNA
Transfection
MC1061/P3 E. coli

AMP. + TET. Plates

t
Multiply

Bst XI Adapters

70

Fig. 20. Total RNA isolated from Tep 1 thymic cortical epithelial cells

Total RNA w as isolated from Tep 1 thymic cortical cells using g u an id in iu m
thiocyanate extraction. 6.5pg samples of RNA were analysed on a 2% agarose gel in
TBE buffer.

Lanes 1 and 2 = total RNA from TEPl cells.

Fig. 21. Total and messenger RNA from Tep 1 cells

M essenger RNA was isolated passing total RNA through a colum n of oligo dT
bound to cellulose beads. 2mg of mRNA was com pared w ith 2 and 4mg of total
RNA on a 2% agarose gel in TBE buffer.

X = ^BstEII m arker DNA
1 = 4mg total RNA
2 = 2mg total RNA
3 = 2mg messenger RNA
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Fig.20 Total RNA isolated from TEPl thymic cortical epithelial cells.
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R.D.3. Isolation of poly A mRNA

Before proceeding to synthesize cDNA, poly A"^ RNA was isolated by exploiting its
affinity to oligo dT. After passage through a column m ade from oligo dT cellulose
beads, the bound fraction was highly enriched with mRNA and will be referred to as
the mRNA sample, the unbound fraction was m ainly rRNA and will be referred to
as rRNA. The quality of the RNA was analysed using agarose gel electrophoresis
and N orthern blotting.

R.D.4. Analysis of mRNA quality

Enrichment of mRNA in the bound fraction above was show n by gel electrophoresis,
ethidium brom ide staining and UV visualisation; as seen in figure 21 there is a
reduction of intensity of rRNA bands in the mRNA sample.

Good quality preparations of mRNA include high m olecular w eight species of
mRNA. To obtain an indication of the quality of the prepared mRNA, the presence
of such high molecular weight species of mRNA was analysed by N orthern blotting
using probes w hich detect high m olecular w eight mRNAs; for exam ple, the
alternatively spliced mRNAs encoding fibronectin are about 8 kilobases (kb) in
length (Schwarzbauer, 1987). Enrichment of mRNA species coding for specific genes
in the mRNA preparation compared with total RNA was also analysed using this
technique.

Samples of total RNA, mRNA and rRNA from the oligo dT cellulose colum n were
separated by size on an agarose gel and then transferred to a m em brane for
hybridization w ith radioactive cyclin A, |3-actin and fibronectin cDNA probes.
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Enrichm ent of mRNA was shown using phosphorim age analysis of a N orthern blot
of sam ples of the RNA (Fig. 22a). The am ount of RNA coding for p-actin (1.5 kb),
cyclin A (3.5 kb) and fibronectin was increased 8 - 1 6 times in the mRNA samples
w hen com pared to total RNA. The 8 kb mRNA coding for fibronectin was intact
indicating that high molecular weight mRNA species had been isolated (Fig. 22a).

Thymic cortical epithelial cells express MHC class I, therefore, a cDNA expression
library synthesised from cortical epithelial cells which is representative of these cells
will express MHC class I. A monoclonal antibody which recognises MHC class I H2K^ is available (ATCC) which can be used to assess the quality of the synthesised
cDNA expression library. However, the library will not express MHC class I H-2K^
unless the mRNA coding for this molecule is present in the mRNA preparation. For
this reason samples of mRNA prepared from the thymic cortical epithelial cells were
analysed to see if mRNA coding for MHC class I H-2K^ was present.

Sam ples of total and m essenger RNA were analysed by N orthern blotting and
hybridized with radioactive MHC class I H-2K^ cDNA (Fig. 22b). M essenger RNA
coding for MHC class I, H2-K^ was expressed.

R.D.5. Synthesis of cDNA

cDNA w as synthesized using reverse transcriptase; small scale reactions of cDNA
synthesis using radioactive oP^^dCTP were carried out in parallel w ith the m ain
reactions. The percentage incorporation of radioactive nucleotides into cDNA gave
an estimate of the am ount of cDNA synthesized. Samples of radioactive cDNA were
analysed by electrophoresis to assess the size range of the cDNA produced.
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Fig. 22. N orthern blot analysis of Tep 1 RNA

Fig. 22a

Sam ples of total, m essenger and ribosom al RNA w ere applied to a

d e n atu rin g form aldehyde gel. The RNA was transferred to a h y b rid izatio n
m em brane and hy b rid ized w ith radioactive cDNA of cyclin A, p-actin and
fibronectin.

T = Total RNA (20pg)
M = M essenger RNA (Ipg)
R = Ribosomal RNA (Ipg)

Fig. 22b Samples of total and m essenger RNA were hybridized w ith radioactive
MHC class I H-2Kb cDNA.
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Two cDNA synthesis reactions gave good quality cDNA. Reaction 1 produced 1.6|xg
cDNA w ith a range of size of 0.5 - 8kb (average size 3kb). Reaction 2 produced 1.2|ig
cDNA w ith a range of size of 0.4 - 8kb (average size 2.5kb) (Fig. 23).

R.D.6. Preparation of cDNA for cloning into the pCDMS vector

Restriction enzyme BstXI and BstXI adapters have been used with the pCDM8 vector
to clone m any cell surface molecules (Simmons, 1991). We decided to use this route
for cloning the cDNA into the pCDM8 vector, therefore the cDNA w as ligated to
BstXI adapters. These adapters contain an EcoRI site which can be used to isolate
cDNA insert from the pCDM8 vector. Complem entary DNA encoding entire genes
was required, therefore large pieces of cDNA were necessary. Selecting for larger
pieces of cDNA increases the proportion of the library coding for complete genes
(Sambrook, 1989). In order to isolate cDNA from unligated adapters and to select
cDNA w hich was larger than 500 base pairs, cDNA was centrifuged through a
potassium acetate gradient (5 - 20%) and fractions were collected. The size range of
cDNA and the presence or absence of excess adapters in the fraction w as analysed
using agarose gel electrophoresis (Fig. 24). Fractions containing cDNA of more than
500 base pairs were pooled.

R.D.7. Preparation of pCDMS vector

Vector pCDM8 was digested with BstXI and the vector fragm ent was isolated from
the stuffer fragm ent using potassium acetate gradients. After potassium acetate
separation the vector fragm ent is usually contam inated w ith a sm all am ount of
partially digested vector (David Simmons, unpublished observations) which can self
ligate, therefore, the vector was treated with phosphatase to reduce self ligation. In
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Fig. 23. A nalysis of size range of cDNA synthesized

C om plem entary DNA was synthesized from mRNA using reverse transcriptase for
the first strand and DNA polymerase I for the second strand. Two batches of cDNA
were m ade (reactions 1 and 2). Com plem entary DNA was also m ade from positive
control mRNA. Samples of cDNA fractions were m ade w ith radioactive
Radioactive cDNA was applied to a 1.4% alkaline agarose gel.

X = XHindin m arker DNA
1 and 2 = 1st and 2nd strand of positive control
3 and 4 = 1st and 2nd strand of cDNA from reaction 1
5 and 6 = 1st and 2nd strand of cDNA from reaction 2
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Fig.23 Analysis of size range of cDNA syntliesised.
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Fig. 24. cDNA size fractionation
1
C om plem entary DNA was size fractionated using potassium acetate gradients.
Samples of fractions 7 - 1 2 (batch 1) and 7 - 1 1 (batch 2) assumed to contain smaller
pieces of cDNA were applied to ultrathin gels (1% agarose in TBE buffer).
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order to test whether the cleaved vector would ligate to a fragment of cDNA with
compatible ends, trial ligations were set up between the vector and a cDNA
fragment encoding part of CD8p (see Fig. 25 for plan). The fragment was isolated
from the vector bluescript SK' using restriction enzymes Xhol and Notl followed by
electrophoresis through a low melting temperature agarose gel. The ends of the
fragment were blunted using reverse transcriptase. The fragment was ligated to
BstXI adapters and separated from unligated adapters by centrifugation through
columns which retain DNA less than 400 base pairs in size. The vector and fragment
were ligated at a ratio of 3:1 (insertivector). Dephosphorylated vector was also
ligated in the presence or absence of fragment. The ligated DNA was transformed
into electrocompetent bacteria and the bacteria were spread on agar plates
containing tetracyclin and ampicillin.

The transformation efficiency obtained with dephosphorylated vector ligated to
CDSP fragment was 400 fold higher compared to self ligated vector (Table 2).
Unphosphatased vector ligated to fragment yielded a transformation efficiency 100
fold greater than the unphosphatased vector alone. Colonies were picked from the
plates of bacteria transformed with ligated vector and insert or from plates of
bacteria transformed with self ligated vector and plasmid DNA was isolated. The
DNA was cleaved using BstXI and analysed by electrophoresis. At least 66% of the
colonies from plates from the transformation with phosphatased vector ligated to
fragm ent contained the CDSP insert, and at least 58% of colonies from
unphosphatased vector ligated to fragment, contained insert. Thus, this vector
preparation was considered suitable for making the cDNA library.

The cDNA and the vector were ready for making the expression library.
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Fig. 25. Trial ligations of pCDMS vector and CD8|3 fragment

pCDMS vector w as tested by ligating vector digested w ith BstXI to a CDBp
fragm ent w ith BstXI adapter ends.
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Table 2, Trial ligations of BstXI cut vector to CD8|3 fragm ent

pCDM8 was cut w ith BstXI and ligated to CD8p fragment. The CD8p fragm ent had
been cut w ith Xhol and N otl, it was blunted and ligated to BstXI adapters.
Phosphatased and unphosphatased vector were compared. The ligated DNA was
transform ed into electrocom petent E. coli strain M C1061/p3. The transform ed
bacteria w ere plated on agar plates containing tetracyclin (7.5|ig/m l) and ampicillin
(30]ig/ml). The num ber of colonies obtained were counted and the transform ation
efficiencies w ere calculated as colonies/pg insert DNA. 10:30 ng DNA ligated
indicates th at lOng of vector DNA was ligated to 30ng insert DNA. Parentheses
enclose transform ation efficiencies which are not accurate since there were either too
m any or too few colonies to allow an accurate estimate of transformation efficiency.

Table 2. Trial ligations w ith BstXI cut vector and CDSP fragm ent
Ligation

A m ount DNA
ligated (ng)

Fraction of
ligation plated

N um ber of
colonies

T ransf orm ation
efficiency
(colonies/pg)

Vector
Phosphatased
vector : CD8(3

1
10:30

1/10
1/10
9/10

1520
386
1600

1.52 X 108
3.86 X 1Q5
1.7x105

Phosphatased
vector alone
Unphosphatased
vector : CD8p

10

1/10
9/10
1/10
9/10

2
8
1896
3104

10:30

Unphosphatased
vector alone

10

1/10
9/10

17
71

No DNA

0

1/10

3

(8.9 X102)
1.9x106
(3.4x105)
1.7 x #
7.9 X 103

80

D. DISCUSSION

D.A. Raising antibodies against thymic cortical epithelial cells

Three of the antibodies raised against thymic cortical epithelium , predom inantly
bound cortical antigens as seen by im m unohistochem istry; these w ere 5B6, 8A6
w hich stained the subcapsular region, and 5C2 which stained the corticomedullary
junction m ost strongly. 1B2 stained mainly m edullary epithelium and 5C5 stained
both cortical and m edullary epithelium strongly in a w ay which resem bled MHC
class II expression (Rouse, 1979) (and compare figures 2e an d 4b). This range of
expression patterns of epithelial molecules has been seen by other workers (Boyd,
1993; Kampinga, 1990) and suggests that some of these molecules m ay have specific
roles in thym ocyte m aturation. The antibodies raised recognised m olecules
expressed on the cell surface since antibody staining of IIB cells was seen using the
FACS which assays cell surface markers unless cells have been permeabilised.

D.B. Characterisation of 5B6

The monoclonal antibody 5B6 was shown to recognise an antigen which is expressed
on thymic epithelium and in addition on liver, kidney and intestinal epithelium. In
the thym us 5B6 stains an epithelial network in the cortex and a few isolated cells in
the m edulla. The antigen recognised was not MHC class II haplotype specific since
the antibody stained thymic sections from both mouse strains C57BL/10 (H-2t>) and
BALB/c (H-2^). In the kidney tubules, the staining by 5B6 is on the basal side of the
cells w hereas in the intestinal glands the staining is on the apical side of the cells.
These areas coincide with areas of high concentration of m itochondria (Weiss, 1988).
In the liver in areas of strong staining by 5B6, staining can be seen throughout the
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hépatocytes, this is consistent w ith the m itochondrial distribution (Weiss, 1988).
These staining patterns show that 5B6 is recognising an internal antigen, possibly an
antigen associated with mitochondria. Some antigen is expressed on the surface of
the cells since 5B6 bound to intact cells for analysis using the FACS, how ever the
shift in fluorescence caused by staining w ith 5B6 was minim al, indicating that the
molecule is expressed on the surface at a low level.

D C. A nalysis of the effect of 5B6 on thymocyte m aturation in fetal thym ic organ
culture

5B6 appeared to hinder thymocyte m aturation causing a reduction in the percentage
of m ature T cells. The cellularity of the lobes was unaffected bu t the percentage of
m ature thymocytes was reduced indicating that thymocytes were proliferating but
there w as a block in thymocyte m aturation. This effect was specific since the
presence of irrelevant IgM did not inhibit thym ocyte m aturation, neither did
culturing lobes from mouse strain BALB/c with anti class II Y3JP which does not
recognise H-2*^ (Janeway, 1984). The extent of response to 5B6 ranged w idely as can
be seen in Figs 13a and 15a, therefore this experiment has to be repeated to ensure
the resu lt is consistent. Since the m olecule recognised by 5B6 is not uniquely
expressed in the thym us but was found in all epithelium tested the results suggest
that the molecule recognised may be a common epithelial molecule w ith a specific
role in the thymocyte maturation.

The antibody IVC4 which recognises thymic m edullary epithelium (Kanariou, 1989)
also had an effect on thymocyte m aturation. Since they stain different regions 5B6
and IVC4 m ight be expected to hinder different stages of thymocyte m aturation: a
molecule on cortical epithelium may be involved in positive selection (Anderson,
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1994; Cosgrove, 1992) whereas a molecule expressed on m edullary epithelium m ight
be thought to affect negative selection (Burkly, 1993). H ow ever in this case both
antibodies appear to have hindered positive selection or stages of m aturation other
than deletion since the num bers of m ature single positive cells and their levels of
TCR are reduced. The molecule recognised by IVC4 m ay be required for adhesion of
thym ocytes to m edullary epithelial cells, if this is the case these results w ould
indicate that such contact is required for thymocyte m aturation.

The molecules recognised by 5B6 and IVC4 are both internal antigens although both
have some surface expression as shown by FACS analysis (this study, unpublished
observation of Prof. M. Ritter, and data not shown). It is interesting that these
antibodies hindered thymocyte m aturation w hen only a sm all proportion of the
molecules are expressed on the surface, this implies that a small num ber of accessory
molecular surface interactions may influence thymocyte m aturation.

The 4F1 antibody had no effect on thymocyte developm ent indicating that the
m olecule recognised is not essential for thymocyte m aturation. The antibody has
been show n to block adhesion of transform ed thymocytes to thym ic epithelial cells
in vitro (Imami, 1992) so it may be one of many molecules w ith a similar function in
thymocyte development.

C ulture w ith the anti-MHC class II antibody Y3JP decreased the levels of TCR
expressed by CD4'CD8+ thymocytes. This is interesting since we w ould expect the
an tib o d y to inhibit the selection of m ature CD4"^ single positive thym ocytes
specifically. This result suggests that the selection of m ature CD8'*" single positive
thymocytes has been inhibited as well. Inhibition of developm ent could occur at the
double positive stage which would affect both single positive thym ocyte subsets.
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This has been seen with deletion by superantigen (Fowlkes, 1988) how ever this has
not been described previously for organ culture or in vivo treatm ent w ith the Y3JF
antibody (Kruisbeek, 1985; Zuniga-Pflucker, 1989).

P .P . Synthesis of a thymic cortical epithelial cDNA expression library

Good quality cDNA and pCDM8 vector were prepared. The m aterials were ready
for synthesis of the library.

P.E. Future Work

Further characterisation of the 5B6 antigen is required. W hether the 5B6 antigen is
expressed on m ature T cells should be determ ined. W estern blot analysis w ould
reveal the molecular w eight of the antigen. The role, if any, of 5B6 antigen in T cell
activation could be assessed. The organ culture w ith 5B6 should be repeated to
ensure that the effect seen on thymocyte m aturation is consistent. The cDNA library
synthesis should be completed and the gene for the 5B6 antigen could be cloned.
Other molecules of interest could then be cloned such as the 4F1 antigen.
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