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Abstract
Evidence suggests that glucocorticoids producei:l by thymic epithelial cells modify the
biological

consequences

of TCR-mediated

signaling.

We

hypothesized

that

glucocorticoids modulate the threshold for thymocyte activation by opposing the
consequences of TCR engagement. To examine this possibility, TKO mice, which have a
50% reduction in thymocyte glucocorticoid receptor expression, were bred with mouse
strains differing in their ability to present peptides in the context of MHC-encoded
molecules. Our results indicate that endogenous glucocorticoids affect thymic selection
by decreasing a thymocyte's sensitivity to TCR engagement.
Thymocytes with increased avidities for self-peptide/MHC complexes are thought to
adopt a regulatory (CD4+CD25) T cell lineage. We_ hypothesized that altering how a
thymocyte perceives TCR engagement by modulating glucocorticoid responsiveness will
influence a CD4+ T cell's choice to commit to a CD4+CD25+ regulatory T cell lineage. In
mice, abundantly expressing a few or one peptide(s) bound to MHC class II molecules, a
disproportionate number CD4+ T cells were committed to a regulatory (CD4+CD25+)
lineage when the threshold required for thymocyte activation was reduced. Thus,
increasing the perceived intensity of TCR engagement during thymic selection enhanced
commitment to a CD4+CD25+ regulatory lineage.
A reduction in GR signaling by early thymic precursors was found to result in a
selective defect in uP but not

yo lineage development. Few DN precursors from TKO

'mice were found to express intrac.ellular TCR P-chains, while the expression of other
components of the pre-TCR was not affected. A more detailed analysis of the TCR P-

locus revealed that glucocorticoid hyporesponsiveness inhibited the rearrangement of this
gene.
It has been demonstrated that GITR (Glucocorticoid Induced TNF-like Receptor),
a non-death domain containing TNF family member whose expression is induced by
glucocorticoids, . prevents TCR-induced apoptosis when over-expressed in T cell
hybridomas. We hypothesized that GITR plays an important role in thymocyte
development by enhancing the survival/selection of immature thymocytes. To investigate
this possibility in vivo, we produced transgenic mice that over-expressed GITR
specifically on thymocytes. Ectopic GITR expression did not prevent TCR-induced
thymocyte apoptosis in vivo implying that GITR expression does not enhance selection,
but is rather a consequence of it.
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4. The Selection ofT Cells Involves More than just TCR Alone

a. Participation of Coreceptors and Adhesion Molecules
The selection of the T cell repertoire can also be influenced by the expression of
coreceptors and other molecules capable of mediating cell-cell adhesion (63). In support
of this notion, it has been shown the CDS expression is essential for the development of
CDS lineage cells(64). Similarly,. development of CD4 lineage cells is substantially
inhibited in the absence of either CD4 expression, or when the ability of CD4 to bind
MHC class II molecules is abrogated (65). Evidence also suggests that adhesion
molecules can play an important role in the process of thymic selection by stabilizing the
contact between developing thymocytes and APCs (66).

b. Glucocorticoids
Both in vivo and in vitro approaches have been employed to determine the
mechanistic basis of glucocorticoid effects on thymocyte selection. An inhibitor of
glucocorticoid synthesis, metyrapone, was used in FfOC to prevent local glucocorticoid
production by thymii from normal C57BU6 (H-2b) mice (67). This treatment caused a
decrease in DP thymocyte recovery (-50%), which could be reversed by the addition of
physiological levels (lnM) of

dexameth~sone.

If deletion affects those thymocytes with

moderate avidity for self-peptide/MHC, it is much greater than expected given that only
3-4% of thymocytes undergo positive selection (6S).
To determine if TCR occupancy is required for thymocyte Joss in the absence of
glucocorticoids, the availability of TCR ligands was varied by comparing the effect of
metyrapone on thymii from MHC-congenic C57BU6 mice (6S). MHC congenic animals
differ in the number of different MHC-encoded molecules they express and therefore in
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the quantity and variety of potential TCR ligands. A correlation was found between the
"complexity" of the MHC and the loss of thymocytes caused by metyrapone, with H-2d
mice (five MHC-encoded molecules) being the most affected and ~2m

-!-

mice (one

MHC-encoded molecule) the least. The role of apoptosis in the decrease in thymocyte
recovery was confirmed by the TUNEL assay after 24 hr of FTOC. Metyrapone caused
an increase in apoptotic cells that was directly related to the number of MHC molecules
expressed (H-2d, H-2b, ~2m·'·). Strikingly, when antigen-presentation was prevented by
blocking the sole MHC-encoded molecule in ~2m·'· mice (l-Ab) with a monoclonal
antibody, metyrapone treatment caused an increase in the recovery of cells from those
cultures.
The prediction that alterations in the antigen specific peripheral repertoire may result
from thymocyte glucocorticoid hyporesponsiveness was previously examined in vivo
using TKO mice, which bear an antisense glucocorticoid receptor transcript specifically
in thymocytes (69). The presence of this transgene results in a 50% reduction in the
glucocorticoid levels and a 10-fold reduction in thymic cellularity due to the combined
effects of increased antigen-specific apoptosis and an impaired transition from the DN to
DP stage. When TKO mice were bred onto the autoimmune prone MRL-lprllpr
background, the overt development of the lupus-like disease these mice usually exhibit
was prevented (70). Based on the differences in TCR

vp usage found in these TKO.lpr

mice, it was concluded that thymocyte development in the absence of glucocorticoids
caused a contraction in the MRL-lprllpr TCR repertoire, which ultimately prevented
disease onset (70). In the second approach, the presence of "holes" in the antigen
specific repertoire was demonstrated by showing that the stereotyped response to a
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peptide fragment of pigeon cytochrome C was largely absent in TKO mice, while the
response to other antigens remained intact (71).
The mechanism responsible for the blunting activity of GCs on TCR signaling is not
currently known, although it has been presumed to involve altered glucocorticoid target
gene transcription. The compartmentalization of the TCR and related signaling molecules
into defined "rafts" enriched in glycolipids has been shown to be essential for the signal
transduction process that accompanies activation (72). Recent studies suggesting the
TCR's reorganization within the membrane upon activation determines its functional
avidity (73) and another indicating glucocorticoids inhibit early steps in TCR signaling
by altering the membrane compartmentalization of the TCR 1; chain, ZAP-70, and LAT
(74), suggest an alternative mechanism to explain the TCR dampening effects of
glucocorticoid-mediated signaling in T cells, however.

c. Involvement of TNFR Superfamily Members
Although the importance of TNFR family members as both T cell co-stimulators
and modulators of the inflammatory response is well established, their participation in
the selection of the T. cell repertoire has been relatively unexplored. An important role
for CD40-CD40L interaction during negative selection has been suggested by several
studies demonstrating the development of autoimmune diseases in animals deficient in
either of these molecules. Similarly, mice with a targeted disruption of the CD30 gene
also spontaneously develop autoimmune disorders and are prone to non-Hodgkin's
lymphomas (75, 76). While a potential role for FasRIL signaling in thymocyte
development has received much attention, its role in thymocyte development remains
controversial (77, 78).
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C. Lineage Commitment

1. The T versus B Lineage l)ecision
Evidence suggests that members of the notch family, which· play critical roles in cell
fate determination, participate in the CLP's decision to commit to a B or aT cell lineage.
A strong skewing ofT cells toward a B cell fate was shown to occur within the thymus of
lethally irradiated mice reconstituted with Notch!·'· deficient bone marrow cells (79).
Conversely, when HSCs retrovirally infected with a constitutively active form of Notch!
were used to reconstitute lethally irradiated recipients, development of lymphocytes was
drastically affected such that no signs of B cell development were evident (2). Strikingly,
in this study CD4+CD8+ cells resembling immature thymocytes were also found in the
infected bone marrow.

2. The afJ versus yo Lineage Decision
Notch! has also been proposed to influence the decision to follow either a yo or au~
lineage (80). Due to the embryonic lethality associated with a mutation in the notch!
gene, a complementation of the immune systems of rag 1 deficient mice was used to
examine this possibility (80). It was shown that a significant reduction in the
development of u~ lineage cells occurred in notch+/- progenitors. Conversely, this same
study demonstrated a substantial increase in cells undergoing

u~

lineage commitment in

transgenic mice overexpressing notch 1.
Other reports have suggested that notch 1 is dispensable in the determination of u~ or

yo lineage fates. It has been shown that the expression of the pre-TCR is necessary and
sufficient for cells to commit toward an

u~

lineage, as mice deficient in pre-Tu

expression show a 20-fold increase in the absolute number of yo lineage cells compared
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to wild type animals (20). Furthermore, the effects of notch! signaling in promoting
commitment to an ap lineage require the expression of a functional pre-TCR (Sl ).
The possibility that pre-Ta expression is regulated by notch! signaling provides a
possible resolution to this discrepancy (S2). A more recent report has instead implicated
notch! as playing an essential role in promoting VDJP recombination in early thymic
precursors (S3).

3. Deciding to Become a CD4 or CDS T Cell: Instructed or by Chance?
One of the hallmarks of thymocyte maturation is the adoption of either a CD4 or
CDS lineage. Immature thymocytes express both CD4 and CDS coreceptors and the
downregnlation of one or the other occurs coincident with positive selection. Currently,
two models have been proposed to explain the commitment of T cells during
development to a CD4 or a CDS lineage. The instructional model holds that the choice to
follow either a CD4 or a CDS lineage fate is determined by specific TCR-mediated
signals (S4), while the selection/stochastic model proposes that lineage appropriate cells
are selected following stochastic downregulation of one or the other coreceptors (SS).
The area of CD4 versus CDS lineage commitment has been the subject of intense
study for several years. Despite the substantial progress that has been made in this area,
there is still no consensus regarding how lineage choice is ultimately made. Indeed,
evidence in support of elements of both the stochastic and instructive models have been
found to influence the process of lineage commitment.
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4. The Commitment of CD4 T Cells toNK T and Regulatory Lineages
While the vast majority of CD4 T cells are thought to be selected based on their
low avidity for self-peptide/MHC class II molecules, the selection of some
unconventional CD4 T cell lineages does not necessarily follow that paradigm. Evidence
suggests that the NKT and CD4+CD25+ T cell lineages, which have both been ascribed
important functions in immune regulation, require high-avidity signals in order to
develop.
NK T cells develop in the thymus from a common DP precursor (86) and appear
to recognize a glycolipid antigen presented in the context of the non-classical pzmdependent MHC class I like-molecule CD1d (87-89). These cells use a limited set of
TCR

p chains

in conjunction with a canonical

a chain (Va14) (90-92). It has been

directly demonstrated using CDld tetramers that the TCRs of NKT cells possess a high
affinity for their selecting ligand (93). Despite this, these cells are efficiently selected
rather than deleted. Their apparent resistance to deletion by high avidity signals is not
absolute, however, as transgenic overexpression of CDS, which is capable of directly
interacting with CDld, results in the elimination of most NK T cells (91).
Like NK T cells, the CD4+CD25+ T cell subset is thought to be specific for selfderived complexes. Evidence suggests that once activated, CD4+CD25+ T cells inhibit
the activation of other T cells in an antigen independent fashion (94, 95). Thus, in
contrast to conventional CD4+ T cells, which are selected upon recognition of selfpeptide/MHC complexes with a low avidity (46, 47, 96), the current model describing
the ontogeny of thymus-derived CD4+CD25+ regulatory T cells suggests that they bear
TCRs with a high avidity for self-peptides presented by MHC class II molecules (97).
This stronger interaction is thought to yield a population of T cells with an activated
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surface marker profile. In addition, these cells are incapable of proliferating after TCR
stimulation (anergic) and capable of dominantly suppressing the responses of other T
cells in a cell contact dependent fashion (98, 99).
In support of this model, double transgenic mice expressing both the influenza

hemagglutinin (HA) protein by APCs and a MHC clas.s II restricted TCR specific for the
predominant HA derived epitope resulted in the adoption of a regulatory fate by a
disproportionate number of transgenic CD4+ T cells (100). Importantly, in this same
study, mice transgenic for a TCR with a lower avidity for this peptide did not develop
preferentially along a regulatory lineage. Despite their apparent bias towards recognition
of self-antigens, this subset is nevertheless susceptible to clonal elimination upon
recognition of self-peptide!MHC molecules expressed by bone marrow derived APCs
(101-103).
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Chapter II: Materials and Methods
A. Preparation of cells and flow cytometric analysis
Preparation of single cell suspensions was accomplished by mechanical dissociation
of tissues through nylon mesh. Spleen cells were further treated with ammonium chloride
prior to staining to remove red blood cells. Cell suspensions were passed through tubetop filter caps prior to staining. The following antibodies were used for flow cytometric
analysis: allophycocyanin-anti-CD4 (clone GK1.5), PE-anti-CD44 (clone IM7), FITCand biotinylated-aCD25 (clone 7D4), perCP-aCD8a(clone 53-6.7), PE-aCD69 (clone
Hl.2F3), and FITC-aCD5 (clone 53-7.3) (purchased from Pharmingen, San Diego,
California). Samples were stained in BSS wash buffer (BSS containing 2% FCS and
0.1 %NaN3) and blocking of non-specific antibody binding was accomplished by the
inclusion of supernatant containing anti-Fcyii!Ill (clone 2.402) antibody in the staining
mixtures. Samples were acquired using a dual laser FACSCalibur""' (Becton Dickinson
Immunocytometry Systems, Mountain View, CA) with CeliQuest software (Becton
Dickinson). Analysis of flow cytometry data was carried out using WinMDI""' (Joseph
Trotter, La Jolla, CA) or WinList"' (Verity Software House, Topsham, ME) software.
Dead cells were excluded from analysis by gating appropriate forward and side scatter.

B. Animals
Mice engineered to express transgenic A bEp complexes were generated at the
National Jewish Medical and Research Center (Denver, CO) as previously described
(57). Mice expressing AbEp complexes were further crossed with mice deficient in
invariant chain (Ii"), endogenous Ab~ (Ab~"). and ~2cmicroglobulin

(~2m") where

indicated to homozygosity. TKO mice that express a fragment of the 3' untranslated

18

region of the rat GR under the control of the proximal lck promoter were described
elsewhere (69). Some TKO mice were backcrossed with AbEp Ab~o Ji• ~2m• to obtain
homozygous TKO mice deficient in the invariant chain, endogenous A~b, ~2m, and
transgenic for AbEp. TKO mice singly deficient for invariant chain, A~b, or ~2m resulted
from the crosses mentioned above. TKO mice expressing only a single peptide were
screened as previously described (57). All mice used in experiments were between 6 to 8
week old, on the H-2b (C57BU6) genetic background and were housed in specific
pathogen free conditions at the animal facility at the Medical College of Georgia. Mice
deficient for

~2m,

also on the C57BU6 genetic background, were purchased from the

Jackson Laboratory (Bar Harbor, ME).

C. Analysis of apoptosis
Samples were first stained with antibodies as described above. To measure apoptotic
cell death, following staining, cells were rinsed and resuspended in IX annexin binding
buffer (0.01 HEPES, pH 7.4; 0.14 M NaCl; 2.5 mM CaCh). Annexin V (Pharmingen,
San Diego, CA) was added to samples according to manufacturer's recommendations and
subsequently analyzed by flow cytometry.

D. Generation ofT cell hybridomas

Plastic 75 cm2 tissue culture flasks were coated with purified anti-CD3 (clone 145-

2Cll) at a concentration of 25 Jlg/mL overnight at 4°C and vigorously rinsed at least five
times with PBS before use. Pooled mesenteric, axillary, and inguinal lymph nodes were
isolated and prepared for MACS"' sorting as described above. Purified CD4+ T cells
from control and TKO mice were then added to the culture flasks and incubated for six
days. On the third day of incubation, IL-2 was added to the culture flasks. At the end of

19

the culture period, the resulting T cell blasts were fused with the thymoma cell line
BW5147a.-p- to generate T cell hybridornas as described previously (57)-

E. Analysis of the reactivities of T cell hybridomas
Uncloned T cell hybridornas from AbEpli0 and TKO.AbEpli0 mice were briefly
expanded on individual wells of 24 well plates and assessed for expression of CD4 and
TCR by flow cytornetry. Hybridornas expressing high levels CD4 were tested for IL-2
production in response to spleen cells from ~2rn° and Ii0 mice. In parallel, hybridornas
were checked for production of IL-2 after CD3 crosslinking by incubation on anti-CD3
coated 96 well plates. To. assess the frequency of responders from each type of mouse,
only hybridornas responding to anti-CD3 crosslinking were included in the analysis.
Measurement of IL-2 production was accomplished by overnight incubation of the IL-2
dependent cell line HT-2 in a dilution series of supernatants harvested from the
responders. The viability of HT-2 cells was assessed after a five-hour incubation at 37°C
in the presence of 3-(4,5-dirnethylthiazol-2-yl)-2,5-diphenyltetrazoliurn bromide (MTT;
Sigma, St. Louis, MO) by measuring the absorbance at 590nrn using an ELISA plate
reader.

F. Cell Sorting
Spleen and lymph node cell suspensions prepared from various strains of mice were
stained with FITC-conjugated anti-CD25 antibody (704) and PE-conjugated anti-CD4
antibody (GK1.5), and sorted using a MaFia cell sorter (Cytornation), as previously
described (102). Purity of the CD25+ CD4+ and CD25TD4+ populations was >98. In
some experiments, CD4+ T cells were first enriched from spleen and lymph node cells by
removing B cells, CDS+ T cells, and adherent cells by negative selection using

20

immunomagnetic MACS beads and columns. Cells were subsequently stained with
FITC-anti-CD25 antibody along antibody with PE-streptavidin as the secondary reagent.

G. In vitro proliferation assays
Lymphocytes (l.Ox10\ sorted as described above, and red blood cell-lysed, yirradiated (20 Gy) spleen cells (5x104) were used as APCs from the various strains of
mice. Anti-CD3 antibody (145-2C1!) was added at a final concentration of 10 j.lg/ml and
cells were cultured for 3 days in 96-well round-bottom plates (Costar). Incorporation of
eH]thymidine (1 11Ci/well) by proliferating lymphocytes during the last 12 hours of the
cui ture was measured.

H. Statistical Analysis
Statistics were calculated using the Mann-Whitney U test in conjunction with NCSS
statistical analysis software unless otherwise indicated.

I. Purification of CD3"CD4"CD8" precursors
Preparation of CD3"CD4"CD8- precursors was accomplished using a cocktail of
biotinylated antibodies (aCD3 (clone 145-2Cll), aCD4 (clone GK1.5), aCDSa(clone 536.7), aCD45RIB220 (clone RA3-6B2), aGr-1 (clone RB6-8C5), aCD11b (M1170),
aNKl.l (PK136), and aAbp (MS/114)) purified in our laboratory. After staining for 30
minutes at 4°C, cells were rinsed and incubated with streptavidin coated MACS"" beads
for 15 minutes at 4° C and the unlabeled fraction was collected using an AutoMACS""
separator as described above. To maximize sample purity, the above procedure was
carried out at least twice in each case. Prior to flow cytometry, samples were incubated
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for 1 minute with NH4Cl to remove residual RBCs. The efficiency of depletion was
confirmed by flow cytometry prior to further use.

J. Cell cycle analysis
TN thyrnocytes prepared as described above were incubated in the presence of FITCaCD25 (clorie 7D4) for 30 minutes at 4°, rinsed, and added dropwise to ice cold 70%
ethanol while vortexing. After incubation on ice for 1 hour, cells were rinsed X2 with
PBS and resuspended in propidium iodide (PI) staining solution (3.8 mM sodium citrate
(Sigma, St. Louis, MO), SO)lg/rnL propidium iodide (Sigma, St. Louis, MO), O.lJlg/J.!L
RNase A) for 45 minutes at 37°C. Flow cytometric data was collected at a low flow rate
and doublets were excluded from analysis by electronic gating. Immediately before data
collection, stained cell suspensions were passed through a nylon monofilament mesh
screen (44 Jlm pore size) to dissociate cell aggregates.

K. Intracellular staining of Bcl-2 and TCRP proteins
TN thymocytes prepared as described above were incubated with antibody to FITCCD25 (clone 7D4) for 30 minutes and rinsed. Cells were then fixed for 30 minutes with
Cytofix/CytoperrnTM solution (Pharrningen, San Diego, CA) rinsed and resuspended in
Perm/Wash bufferTM for 30 minutes. After removal of wash buffer, cells were
resuspended in buffer solution containing PE-anti-bcl-2 antibody or PE-labeled isotype
control. Samples were then analyzed by flow cytometry as described above. All
incubations were carried out at 4° C.
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L. Cell turnover analysis
Cell turnover was measured by labeling proliferating cells in vivo with the thymidine
analog bromodeoxyuridine (BrdU, Sigma) of which 2 mg was injected intraperitoneally.
After 2 hours, organs were harvested and TN thymocytes were isolated as described
above. Isolated cells were stained with biotinylated anti-CD25, which was revealed with
PE conjugated streptavidin. Cells were rinsed, then resuspended in 0.15M NaCI and
subsequently added dropwise to ice cold 70% ethanol where they were allowed to
incubate on ice for I hour. After rinsing, cells were resuspended in DNase buffer for 30
minutes at 37°C. Incorporation of BrdU into cellular DNA was measured after incubation
of cell suspension with FITC-anti-BrdU antibody or a FITC-isotype control for 30
minutes. After rinsing, samples were subsequently analyzed by flow cytometry.

M. Production of a GITR specific MoAb
An antibody against residues 89-102 in the extracellular domain of GITR was
generated by immunizing mice with synthetic peptide derived from a portion
extracellular region of GITR representing residues 89-102, which was picked because it
is a unique sequence among TNF family receptors. This peptide was subsequently
conjugated using methyl-maleimide to the KLH protein, in order to increase its
antigenicity. Initial attempts to produce specific antibodies failed using peptide alone as
the antigen. Splenocytes from the 3 immunized BALB/c mice were harvested and pooled,
and resulting single-cell suspensions were then used for fusion with the myeloma cell line
SP20, in the presence of PEG 1450. Supernatants from the resulting hybridomas were
then used to screen ELISA plates coated with either the immunizing or an irrelevant
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peptide. This antibody has been now routinely used for detection of GITR on western
blots or in ELISA.

N. Fetal Thymic Organ Culture
Fetuses were obtained from timed pregnant mice and the day of the vaginal plug was
considered day 0. For day 14 fetuses, thymi were cultured in one of the following three
conditions: 225 mg/ml metyrapone, 225 mg/ml metyrapone and 10-9 M dexamethasone,
or ethanol control for 6 days. Thymus lobes were placed on Millipore filters floating on a
gelfoam sponge in complete Nutridoma-SP medium from Roche as previously described
(32). All cultures were carried out in 0.9 ml of media per well in 24-well plates. At the
end of the culture, single cell suspensions were prepared and a portion was used either for
analysis by flow cytometry or as a source of genomic DNA to be used in TCR P-locus
rearrangement studies.

0. D-Jf3 Rearrangements in DN3 Thymocytes
The small CD25+CD44- subset (isolated and stained as described above) was sorted
on a MoF!o sorter (Cytomation). PCR for TCRbeta rearrangements and GAPDH was
performed as on total cell lysates using the following primers: Dbeta2 (5')
GTAGGCACCTGTGGGGAAGAAACT; Jbeta2 (3')AGCTGTCTCCTACTATCGATT;
Vbeta5.1CAACAGTTTGATGACTATCAC;Vbeta8.2CCTCATTCTGGAGTTGGCTAC
CC; After 27 cycles of amplification (1 min at 94°C, 2 min at 56°C, 3 min at 68°C), PCR
products were separated on a 1.5% agarose gel and blotted onto a Hybond N+ membrane.
The TCR-13 probe corresponds to the Jbeta2.6 fragment, which was obtained by PCR
amplification with the DP2 and JP2 primers followed by gel purification. The GAPDH
probe was generated by isolating the PCR fragment resulting, from the amplification with

24

the indicated GAPDH primers and gel purification. Both probes were labeled using the
Random Primed DNA Labeling Kit (Gibco) and a-32P-dCTP. The blots were imaged
using a Molecular Dynamics phosphorimager.
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Chapter ill: Mu~ually Antagonistic Signals Regulate Selection
of the T Cell Repertoire
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A. Summary
The sensitivity ofT cells to agonist-induced death during development contrasts with
their proliferative responses after agonist challenge in the periphery. The means by which
TCR engagement results in these distinct outcomes is incompletely understood. It has
been previously hypothesized that glucocorticoids modulate the threshold for thymocyte
activation by blunting the consequences of TCR engagement. In support of this
possioility, inhibition of glucocorticoid production in fetal thymic organ culture was
shown to result in CD4+CD8+ thymocyte apoptosis. This was dependent upon MHC
diversity, implying that endogenous glucocorticoids might regulate antigen-specific
selection. Similarly, mice expressing reduced glucocorticoid receptor (GR) levels due to
the presence of an antisense transgene have fewer CD4+CD8+ thymocytes, which was due
to an impaired transition from CD4-CD8- precursors and increased apoptosis. Here we
ask how manipulating peptide diversity in the context of reduced glucocorticoid signaling
might affect T cell development and function. In mice with impaired GR expression,
there was a rescue of thymocyte cellularity and proportions as the diversity of peptides
presented by self-MHC was reduced. Furthermore, whereas more CD4+ T cells survived
the selection process in mice expressing single-peptide/MHC class II complexes and
reduced GR levels, these cells largely failed to recognize the same MHC molecules
bound with foreign peptides, suggesting that endogenous glucocorticoids may alter
MHC-restriction. Together these results support a role for endogenous glucocorticoids in
balancing TCR-mediated signals during thymic selection.
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B. Introduction
Selection processes in the thymus ensure that peripheral T cells fulfill two
essential prerequisites: activation by foreign peptides bound to host MHC molecules but
tolerance to self-derived peptides presented in the same context. Fulfillment of the former
occurs passively in the thymus, by tying thymocyte survival and subsequent
differentiation to self-restriction ( 104, I 05). In contrast, the latter requires the active
elimination of thymocytes that react strongly with self-peptide/MHC molecules (35, 104,
106). It is thought that the strength of the TCR-mediated signal received during selection
ultimately distinguishes T cells that survive from those that do not. Selection occurs only
if signals received through the TCR fall between two thresholds; signals below one are
incompatible with survival (neglected death), while signals above another result in
deletion (46, 47).
By influencing the strength of TCR engagement, coreceptors and adhesion
molecules can modify the outcome of thymocyte selection (66, 107-109). Soluble factors
(e.g. IL-7, II..-4) present in the thymic milieu provide additional cues for thymocytes that
may influence differentiation, division, or death (110, Ill). In addition, GCs produced by
thymic epithelial cells can modify the biological consequences of TCR mediated
signaling (112). While signaling through either the TCR or glucocorticoid receptor
individually results in apoptosis, simultaneous exposure to both antagonizes the death
pathway (112, 113). Thus, glucocorticoids, by modulating the signaling threshold during
thymic selection, may influence the range of selectable avidities for a particular T cell
receptor, thereby directly influencing the antigen specific T cell repertoire (68, 70, 71,
74). This phenomenon of "mutual antagonism" potentially provides an explanation to a
long-standing paradox- how do thymocytes distinguish between death and survival
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signals originating from the same receptor (113)? Implicit in the mutual antagonism
model is the idea that a reduction in glucocorticoid receptor activity should increase the
thymocyte response depending on the degree of TCR occupancy (114). In this model,
thymocytes bearing TCRs with avidities appropriate for selection undergo deletion, while
those bearing TCRs with inadequate avidities undergo selection (67, 115).
The role of endogenous glucocorticoids in thymocyte selection has been
examined previously in transgenic mice that express an antisense .glucocorticoid receptor
(GR) transcript specifically in the thymus (homozygous transg\)nic mice are referred to as
TKO), but not in the periphery. These mice displayed a hypoplastic thymus,
hyporesponsiveness to glucocorticoids, and increased sensitivity to apoptosis induced by
anti-TCR antibodies (69). Other studies using GR "knockout" mice have cast doubt on
the inferences made using pharmacologic inhibitors of glucocorticoid synthesis,
glucocorticoid antagonists, and TKO mice (116).
In light of this, we have reexamined the possibility that gl ucocorticoids influence

the consequences of TCR-mediated signaling during thymocyte development. To do so,
we bred TKO mice with strains differing in their ability to present peptides in the context
of MHC-encoded molecules. We have tested the prediction that an altered antigenspecific repertoire is a consequence of reduced thymic glucocorticoid responsiveness by
comparing the repertoires and reactivities of CD4+ T cells selected on a singlepeptide/MHC complex. Our data indicates that glucocorticoids affect T cell repertoire
formation by restricting the development of T cells to those that recognize host-MHC.
Thus, by setting a threshold for thymocyte selection, glucocorticoids inhibit the
development of useless T cells and consequently enforce MHC-restriction.
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C. Results

1. Rescue ofThymocytes in TKO Mice Correlates with the Diversity of
MHC-bound Pep tides
If the increased death of DP thymocytes in TKO mice were due to unopposed
TCR occupancy, one would predict that it would vary as a function of antigen/MHC
diversity. To test this, we examined the CD4/CD8 profile in thymocytes and lymph nodes
from the indicated strains of TKO mice that differ in their abilities to present selfpeptides (Fig. IA). In the presence of a diverse array of peptides, TKO mice displayed a
sharp reduction in thymic cellularity and relative decrease in the proportion of
CD4+CD8+ thymocytes (Fig. !Aa versus lAm), as previously reported (69). In the lymph
nodes, there was a 1:1 ratio of CD4 to CDS T cells (Fig. lAg and reference (69)),
whereas in non-transgenic animals this ratio was closer to 1.5:1 (Fig. lAs). Because the
invariant chain plays an essential role in the endosomal trafficking and loading of
peptides into the binding groove of MHC class II, in its absence only a fraction of the
normal spectrum of self-peptides is loaded into Ab (56). The effect of limited peptide
diversity during thymic selection was noticeable when TKO mice were crossed onto the
invariant chain (Ii0 )-deficient background (Fig. lAb), where an increase in the proportion
of CD4+cos+ thymocytes was apparent. Consistent with impaired positive selection in
the absence of a full complement of self-peptides, lymph node CD4+ T cells were
proportionally less in both TKO and non-transgenic animals (compare Fig. !At to !Ah).
Occupancy of all MHC class II molecules with a single peptide (AbEpii 0 ) in TKO mice
resulted in a further increase in the proportion of CD4+cost cells (Fig. lAc). This trend
continued in TKO.MHC II" mice that expressed only MHC class !-encoded molecules
(Fig. lAd versus lAp) and in mice whose only MHC-encoded molecule is bound with a
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single peptide (TKO.AbEpli0 P2m0 ) (Fig. lAe), where the relative proportion of
CD4+cns+ cells approached control levels (Fig. lAq). Finally, TKO mice lacking
expression of all MHC-encoded molecules (TKO.MHC (I x II)") had a normal proportion
of double positive thymocytes (Fig. lAf).
The absolute number of CD4+CDS+ thymocytes in TKO mice also correlated
inversely with the degree of peptide diversity. This was most evident in mice that
expressed only single-peptide/MHC (Fig. lB, left graph). Conversely, the number of
CD4 SP thymocytes decreased as the peptide diversity was reduced (Fig. lB, middle
graph), while the numbers of CDS SP thymocytes did not significantly vary from mouse
to mouse. The rescue of CD4+cns+ thymocyte numbers was incomplete, however (-40%
or -33% of in same genotype TKO- animals respectively), consistent with the
observation that TKO mice have a decreased proportion of cells undergoing the CD4CDS- to CD4+CDS+ transition, an effect that one would not expect TCR-ligand diversity
to alter. The number of lymph node CD4+ T cells in TKO.Abwt animals was reduced,
similar to previous studies (Fig. lC) (69). TKO mice expressing fewer Ab bound peptides
during selection had similar numbers of lymph CD4+ T cells compared to non-transgenic
animals, which is consistent with the limited capability of a few or single peptide(s) to
impose negative selection (117).

2. Rescue of Thymocyte Proportions and Cellularity Depends on the
Diversity of Pep tides Presented by Ab, Not Its Expression Level
In addition to reducing the number of peptides presented during selection, the

absence of invariant chain (Ii) results in a reduction in the surface expression of Ab by

31

Figure 1: The rescue ofCD4'"CD8+ thymocytes is inversely proportional to the diversity
ofpeptides presented by MHC encoded molecules.
(A) Representative two color flow cytometry analysis after staining cells with
allophytocyanin labeled anti-CD4 and perCP labeled anti-CD8 antibodies. The
phenotype of each pair of mice is shown above and below the middle table. Proportion of
positive cells present in the thymus (TKO+ shown in upper panels; A-F, M-R) and lymph
nodes (TKO- shown in lower panels; G-L, S-X) of indicated mice. Numbers in quadrants
represent the corresponding percentages of each respective population. Bar graphs
representing absolute (B) thymocyte and (C) CD4+ lymph node cell numbers of the
indicated populations were calculated from the percentage of cells determined by flow
cytometry shown above. Results are represented as means ± SEM and were obtained
from four to seven {ndependent experiments obtained from mice sacrificed between 4 and
6 weeks of age. Significant differences between TKO mice of different genotypes were
determined by the Mann-Whitney U test. *P < 0.05.
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bone marrow derived APCs and thymic epithelial cells. Therefore, the rescue of
thymocyte numbers observed in TKO mice may be a consequence of decreased
expression of Ab, as all of the "low peptide diversity" mice tested were invariant chaindeficient. Mice presenting a diverse array of peptides in the context of reduced numbers
of surface Ab (designated AbEpit) have been described (118). The AbEpli+ strain
expresses Ab covalently linked to Ep 52.6s as a transgene and in the absence of endogenous
Ab. Due to the presence of the invariant chain, the covalently attached Ep52•6s peptide is
cleaved from the binding groove of transgenic Ab and subsequently replaced by a diverse
array of self-peptides (119, 120). Due to low expression of the transgene-encoded Ah,
thymic epithelial cells express twofold fewer Ab complexes while APCs express
approximately 10-fold less. These mice have roughly two times more CD4+ T cells and
CD4+ SP thymocytes compared to wild type mice due to inefficient negative selection,
while the efficiency of positive selection is unperturbed (118). The inefficient clonal
deletion of CD4+ T cells in these mice results in an autoimmune syndrome characterized
by an activation of T and B cells, which leads to progressive lymphoadenopathy and
minor hypergammaglobulinemia (118).
We crossed TKO transgenics onto the A~pli+ background to distinguish between the
effects of decreased peptide diversity and reduced Ab expression. Flow cytometric
analysis of total splenocytes from both AbEpli+ and li 0 mice previously demonstrated a
similar ten-fold reduction in the surface levels of Ab in each strain, consistent with
previous findings (118). The reduced expression of Ab, however, had little impact on
restoring the cellularity and proportions of thymocytes in TKO mice, which remained
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Figure 2: Rescue of thymocytes in TKO mice is dependent on reduced peptide diversity
and is not related to expression level ofA b.
(A) Expression of Ab on CD4-CD8- gated splenocytes with FITC labeled anti-Ab antibody
Y3P as assessed by flow cytometry. (B) Expression of CD4 and CDB in TKO.AbEpli+ and
AbEpli+ mice was determined by flow cytometry after staining single cell thymocyte (top
panels) and lymph node (lower panels) suspensions with allophytocyanin labeled antiCD4 and perCP labeled anti-CDB antibodies. Numbers in quadrants represent the
corresponding percentages of each respective population. (C) Absolute cell numbers
were calculated from the percentage of cells recovered as determined by the flow
cytometric analysis. Results are represented as means ± SEM calculated from 3
independent experiments (TKO.AbEpli+; n = 5, AbEpli+; n
between 4 and 6 weeks of age.

= 4) from

mice sacrificed
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well below non-transgenic levels (Fig. 2A, top left). Contrary to rescue of thymocytes
observed in mice devoid of MHC, the proportion of CD4+CD8+ thymocytes was
decreased in TKO.AbEpli+ mice in comparison to TKO.Abwt mice (Fig. 2B). No
significant difference was observed in either the absolute number of CD4+CD8+
thymocytes (Fig. 2B, right graph) suggesting that the decrease occurred passively due to
an increase in CD4+ SP thymocytes in TKO.AbEpli+ mice. Furthermore, an increase in
the CD4/CD8 ratio in the lymph nodes of TKO.AbEpli+ mice to approximately 1.4:1
from the 1: I ratio observed in T~O.Abwt mice further validates this point (Fig. 2C).
Thus, the diversity of TCR ligands available for selection ultimately determines the
extent of thymocyte deletion in TKO mice.

3. Thymocyte Resistance to Glucocorticoids Leads to MHC-Dependent
Increases in the Expression of Activation Markers
Expression of CDS and CD69 on immature thymocytes is regulated by the avidity
of the selecting interaction (121-123). Previous work demonstrated the level of CDS on
CD4+CD8+ thymocytes was increased in TKO mice (68). To determine if reduced
thymocyte exposure to glucocorticoids increased their sensitivity to TCR engagement in
vivo, we quantitated the expression of the activation markers CDS and CD69 in a panel
of TKO mice that differed in the diversity of peptides presented during selection. The
level of CDS on CD4+CD8+ thymocytes was increased over the control levels in all mice
expressing the TKO transgene (Fig. 3A, left column). This difference was significant as
calculated from the mean fluorescence intensity (MFI) values (Fig. 3B, left graph;
*P<O.OOS, **P<0.010). A corresponding increase in the level of CDS on CD4+CD8+
thymocytes accompanied an increase in peptide diversity in both control and TKO mice,
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suggesting that CDS expression reflects the availability of TCR ligands (Fig. 3A, left
most column). SP CD4 thymocytes from TKO.MHC It' and non-transgenic MHC It'
mice expressed indistinguishable levels of CDS (Fig. 3A and B, middle columns)
indicating that the increased level seen in TKO mice depends on TCR engagement and
not an intrinsic property of the transgene. The expression of CDS on CD4 SP thymocytes
on both Abwt and

no backgrounds was also higher in TKO mice than in non-transgenics,

and again its level correlated with the diversity of self-peptides. Consistent with the
unvarying level of MHC class I on all of the mice tested, the CDS expression on CDS SP
thymocytes mice was unchanged among TKO mice crossed on MHC It',

no, and Abwt

genetic backgrounds. However, the level of CDS on CDS+ T cells was on average
increased compared to the corresponding non-transgenic control population, although less
dramatically than in CD4+ T cells (Fig. 3A&B, last column). The expression of CD69
was also higher on the bulk of CD4+cns+ thymocytes in mice bearing the TKO
transgene (Fig. 3C). Together, these data further support the notion that a reduction in
glucocorticoid blunting of TCR mediated signals alters the perceived avidity of TCRMHC engagement.

4. Increased Thymocyte Apoptosis in TKO mice Depends on Recognition of
Self-Peptide!MHC
Thymocytes bearing TCRs with high avidity for self-peptide/MHC undergo
apoptosis during thymic selection (104). In previous reports, inhibition of glucocorticoid
synthesis with metyrapone in fetal thymic organ culture enhanced the TCR dependent
apoptosis of thymocytes (67). To examine this issue in a more physiologic setting, we
asked if decreasing the diversity of selecting peptides during thymic selection correlated

38

Figure 3: Reducing thymocyte exposure to glucocorticoids increases sensitivity to TCR
engagement.
(A) Expression of CDS and (C) CD69 on gated CD4+CD8+ thymocytes correlates with
increased sensitivity to TCR stimuli and is inversely related to the availability of TCR
ligands. Histograms show analysis of CDS expression by flow cytometry after surface
staining with anti-CDS-FITC antibodies. Histograms are shown after gating on the
populations indicated at the top of each column. (B) Bar graphs of CDS expression
represent the mean fluorescence intensities (MFI) ± SEM. (C) Flow cytometric analyses of
CD69 expression was accomplished by staining single cell thymocyte suspensions.
Histograms shown are gated on CD4+CD8+ thymocytes in mice with reduced (TKO; solid
line) or normal (Non- TKO; broken line) levels of glucocorticoid receptor on thymocytes.
The genotype of each mouse is indicated to the left of the panel. Results are represented as
means ± SEM and significant differences between TKO and Non-Tg mice were determined
by the Mann-Whitney U test. Results were obtained from four independent experiments
(TKO.MHCII", n = S; MHCII", n = 4; TKO.It', n=9; It', n=9; TKO.Abwt, n=S; Abwt,
n=4). •P<O.OJO, ••p < O.OOS
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Figure 4: The extent of thymocyte apoptosis in TKO mice is related to the diversity of
MHC bound peptides.
Flow cytometric analysis of apoptosis by annexin V-FITC was accomplished by staining
freshly prepared thymocyte single cell suspensions. Histograms shown are gated on
CD4+CD8+ thymocytes in mice with reduced (TKO; solid line) or normal (Non-Tg;
broken line) thymic levels of the glucocorticoid receptor. Text at the right indicates the
genotype each respective mice. (B) Histograms represent CD4+CD8+ thymocytes stained
with annexin

v+ -FITC from mice of the indicated genotypes. Results are represented as

means ± SEM and significant differences between TKO and Non-Tg mice were determined
by the Mann- Whitney U test. Results were obtained from four independent experiments
(TKO.MHCif', n = 5; MHCif', n = 4; TKO.Ii", n=9; Ii", n=9; TKO.Abwt, n=5; Abwt,
n=4). •P < 0.005.
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with a reduction in the apoptotic index of thymocytes. Apoptosis was measured in fresh
thymocytes by assaying for phosphatidylserine exposure using annexin V (Fig. 4A). As
the proportion of MHC class II bound peptides decreased, a significant decrease in
CD4+CD8+ thymocyte apoptosis was apparent (Fig. 4B). Therefore, the extent of
apoptosis due to reduced glucocorticoid exposure during thymocyte development is
dependent upon cognate interactions with a diverse array of self-peptides ..

5. Thymocyte Development in an Environment of Reduced Glucocorticoid
Signaling Impacts the Repertoire of Selected T Cells
We hypothesized that if glucocorticoids shift the avidity "window" for thymic
selection, the peripheral repertoire ofT cells selected in TKO mice might have a different
capacity to recognize foreign peptides bound to host MHC. Previously, mice have been
engineered that express a single (57) peptide tethered to MHC class II molecules. In these
mice, the p chain of Ab is covalently linked to a peptide derived from the a chain of the
Eb MHC class II protein (Ep 52.6 8) which, in the absence of the invariant chain and
endogenous Apb, covalently bound Ep is the only detectable peptide presented to
MHC class II-restricted T cells (62). Because a single peptide bound to MHC class II
mediates both positive and negative selection in this model, many CD4+ T cells are
selected to mature that would be deleted in wild type mice because of their strong crossreactivity with other self-peptides(57, 124).
To examine how reduced glucocorticoid signaling during thymocyte development
affects the peripheral T cell repertoire, we took advantage of this cross-reactivity by
breeding TKO mice onto the AbEpTI 0 background. Hybridomas prepared from lymph
node CD4+ T cells isolated from TKO.AbEpTI 0 and AbEpTI0 mice were compared for their
responses to APCs from P2m0 mice (to exclude any responses of CD4+ T cells selected
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Table 1. Absence ofT cells from TKO mice selected on a single AbEp complex that respond to
other peptides bound to Ab
Percent Responding to APCs from the Following
T cell Hybridoma Source•
TKO.A EpJi•
AbEpJi•

Ji•
10
49

0
28

"T cell blasts from each type of mouse were fused with the thymoma cell line BW5147a-~- as described in
Methods. Individual hybridoma clones were screened for expression of CD4 and TCR before further use.
In addition, hybridomas were incubated on anti-CD3 coated plates and assessed for their ability to.produce
IL-2. Hybridomas not responsive to anti-CD3 were excluded from the above analysis.
bResults from 21 and 39 individual hybridomas from AbEpJi• and TKO.A~pJi• respectively.
c

Significant difference between groups with Fisher's exact probability, P = 0.036.
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on non-classical MHC molecules). As a control, the same hybridomas were incubated in
parallel on 96 well plates coated with anti-CD3 antibody and only CD3 responsive
hybridomas were included in the study. Consistent with previous results (57), a large
fraction of hybridomas from AbEpn• responded to splenocytes from Abwt mice and to a
lesser extent splenocytes from invariant chain deficient mice (Table 1). Strikingly,
however, few or no hybridomas from TKO.AbEpn• mice responded to APCs from ~2m0
or TI 0 mice, respectively. Thus, consistent with the possibility that endogenous
glucocorticoids affect selection by inhibiting the development of thymocytes with low
avidity for self-peptide/MHC, the repertoire of CD4+ T cells selected from TKO.AbEpTI0
mice failed to respond upon encounter with foreign peptides.
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D. Discussion
Several observations led to the hypothesis that locally produced glucocorticoids
regulate the signaling threshold for thymocytes undergoing positive and negative
. selection. Initial studies of glucocorticoid function using T cell hybridomas demonstrated
that stimulation through either the GR or TCR individually led to apoptosis, while
simultaneous occupancy of both receptors antagonized the death pathway (113, 125). In
addition, treatment of FfOCs with reagents that inhibit either glucocorticoid production
or GR binding enhanced TCR induced apoptosis (112). The observation that
glucocorticoids antagonize TCR triggered signaling events formed the foundation of the
mutual antagonism model of thymocyte development (113). A testable prediction
stemming from this model is that altering the responses of pre-selection thymocytes to
glucocorticoids will result in a corresponding change in the mature T cell repertoire.
By varying the level of available TCR ligands and, consequently, the probability of
TCR occupancy, a direct correlation between the restoration of the CD4+cos+ thymocyte
numbers and the occupancy of glucocorticoid and TCR receptors was most apparent in
TKO mice doubly deficient in the expression of MHC class I and class II molecules. The
restoration of the CD4+cos+ thymocyte proportions was accompanied by a substantial,
albeit incomplete, restoration of CD4+cos+ thymocyte numbers, however. The lack of a
complete rescue of thymic cellularity indicates that the observed reduction in thymus size
can not be due entirely to enhanced TCR mediated deletion of CD4+cos+ thymocytes,
consistent with the observation that there is a partial block in DN to DP transition in these
animals (69).
The low frequency of T cell hybridomas generated from TKO.A"Epli0 mice that
recognize syngeneic Abwt cells might reflect an enhanced deletion of the cohort ofT cells
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that normally respond to other self-peptides bound to Ab. This would be consistent with
an overall lowered threshold required for negative selection in the absence of the
appropriate amount of glucocorticoid blunting of TCR mediated signals. In this scenario,
the cells that survive selection might be skewed towards those with low functional
avidities, having been primarily selected on conserved regions of MHC molecules
independent of their ability to scan peptides. It is plausible that such "framework"
selected cells could develop if one considers a two-step mechanism for TCR recognition
(126). In this model, an initial TCR contact with MHC is established with little
contribution from the peptide. Once settled on the MHC, the TCR senses the peptide with
its two CDR3 loops, only becoming activated if a stable interaction is established.
Therefore, within the context of this model it is conceivable that when glucocorticoidmediated signaling is reduced, a subsequent increase in the perceived TCR avidity may
allow MHC binding in the first step to support positive selection, independent of
recognition ofMHC bound peptides.
It is also possible that many CD4+ T cells that normally respond to foreign peptides in
AbEpli 0 mice are present in an anergized state in TKO.AbEpli 0 mice and are consequently
not likely to be included among the hybridomas generated, as fusion strongly favors those
cells that are actively dividing. Thus, the hybridomas from these mice might simply
reflect an overrepresentation of those CD4+ T cells selected on non-classical MHC
molecules, which are passively over-represented among total CD4+ T cells in AbEpli 0
mice (117). However, this seems unlikely given the paucity of these cells in lymph nodes
(127) and the failure of hybridomas from TKO.AbEpli0 mice to respond to li 0 splenocytes
(Table I.), which were P2m sufficient. We are currently investigating the presence of
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anergized T cells in TKO mice, in particular those with reportedly suppressive
capabilities.
Alternatively, a reduced glucocorticoid environment may sensitize thymocytes to
TCR engagement revealing an otherwise undetectable leak of low abundance selfpeptides in AbEpli0 mice, upon which TKO thymocytes undergo negative selection. In
fact, a predominant involvement of low abundance peptides in the selection of CD4+ T
cells was proposed by another group using a different "single peptide" model (60). They
suggested that the predominately expressed AbEp complexes likely had little impact on
the appearance CD4+ T cells, and therefore, an undetectable leak of other peptides must
be mediating the selection process. However, the same group more recently reported that
many T cells are indeed selected on abundant peptide(s) (61). Notwithstanding, while a
. leak of endogenous peptides in other single peptide systems is readily detectable, several
reports have failed to detect any such leak in AbEpli0 mice (59, 60, 62).
A considerable body of evidence suggests that glucocorticoids affect thymocyte
development (67-71, 74, 112, 128). One study has reported that thymocyte development
is grossly normal in mice deficient in glucocorticoid receptors (116). The extrapolation of
that observation to the present study is problematic, however. First, neither antigenspecific selection nor TCR repertoire was analyzed in those mice, and therefore those
data do not bear upon the present analysis of antigen-specific thymocyte development.
Second, the same authors have recently reported that the animals are not true knockout
mice, but express a truncated glucocorticoid receptor lacking exon 2-encoded residues
(theN-terminal half of the molecule) but containing the C-terminal half of the molecule,
which includes DNA-binding, ligand-binding, and transactivation domains (129). These
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truncated glucocorticoid receptors are able to bind glucocorticoids with the same affinity
as wild-type mice, and eDNA microarray analysis of glucocorticoid-treated thymocytes
has shown that this receptor is capable of modulating the expression of a large number of
genes. (J.D.A., manuscript submitted for publication). Therefore, one cannot conclude
that the glucocorticoid receptor is dispensable for any aspects of thymocyte development
based on the analysis of these animals.
In

conclusion,

an

assessment

of

the

impact

of

thymic

glucocorticoid

hyporesponsiveness was carried out in mice, which present many, few, one, or no
peptides in the context of MHC class II molecules. Our results are consistent with the
hypothesis that endogenous glucocorticoids bias the selection of TCRs towards those
with a refined capacity to scan various peptides presented by MHC-encoded molecules.
The partial rescue of CD4+CD8+ thymocytes observed in TKO mice, when the
probability of TCR occupancy was reduced, further supports the idea that signals derived
from the GR oppose TCR-mediated signaling during thymocyte development.
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E. Abbreviations
FTOC, fetal thymic organ culture; GR, glucocorticoid receptor; GCs, glucocorticoids;

SP, single positive; CDR, complementary determining region; invariant chain, Ii;
microglobulin,

~2m.

~2-
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Ch'apter IV: Decreasing the Threshold for Thymocyte
Activation Biases CD4+ T Cells toward a (CD4+CD25+)
Regulatory Lineage
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A. Summary
Thymus-derived CD4+CD25+ regulatory T (TR) cells play a critical role in suppressing
aberrant responses to self in vivo. The factors that influence a CD4+ T cell's decision to
commit to an immunoregulatory CD4+CD25+ T cell lineage are currently unknown. In
the present study we found that in mice, abundantly expressing a few or one peptide(s)
bound to MHC class II molecules, a large portion of conventional CD4+ T cells could be
biased toward commitment to a TR lineage by reducing the threshold required for
thymocyte activation. This occurred in the presence of either an antisense glucocorticoid
receptor transgene or a pharmacologic inhibitor of glucocorticoid synthesis. These
results demonstrate a novel in vivo pathway for the generation ofTR cells, and raise the
possibility that therapeutic enhancement of the TR cell repertoire through pharmacologic
manipulation of TCR signaling thresholds may provide a feasible means of ameliorating
autoimmunity.
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B. Introduction
During the process of thymic selection, developing T cells are scrutinized for the
ability to recognize peptides bound to host MHC molecules. An important component of
this selection process is the elimination of T cells whose antigen receptors are overtly
reactive towards self-derived epitopes (35, 106). However, due to the inherent crossreactivity of the TCR ( 130), and a lack of presentation of many tissue-specific antigens in
the thymus, a complete purging of the repertoire cannot be accomplished by deletional
mechanisms alone. Consequently, among the T cells emigrating from the thymus, some
will inevitably be capable of responding to self-antigens. Despite this persistent threat,
however, most individuals never develop detectable autoimmune disease.
It has been suggested that the thymus continuously produces a population of CD4+ T
cells capable of suppressing aberrant responses to self-derived antigens in vivo (131,
132). Removal of this population, distinguished by expression of the activation marker
CD25, leads to the development of fatal autoimmune syndromes in otherwise normal
rodents (133). Evidence suggests that this CD4+CD25+ T cell subset is specific for selfpeptides and, once activated, inhibits the activation of other T cells in an antigenindependent fashion (94, 95). Thus, although thymocyte generation is usually thought of
in terms of the generation of effector cells, thymocytes may adopt another fate by
becoming regulatory CD4+CD25+ T (T,) cells (131, 132).
The suggestion that both CD4+ and CD4+CD25+ T cells originate from a common
precursor pool in the thymus raises interesting questions as to how these cells develop
(131). It has been proposed that the decision to commit to a regulatory T cell lineage is
determined by the TCR affinity for self-peptide/MHC class II molecules (97, 100). In this
model, commitment to a conventional or regulatory fate occurs following low or high
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affinity interactions, respectively. A testable prediction stemming from this model is that
altering the strength of TCR signals during development may potentially influence a CD4
T cell's choice to commit to aT, lineage.
We sought to determine if increasing a thymocyte's perception of signals arising from
TCR engagement might affect the CD4+ versus CD4+CD25+ lineage decision in the
context of a polyclonal T cell repertoire. To accomplish this, we looked for mouse
models where thymocytes undergoing selection receive higher-than-normal TCR signals.
In one such model, decreased glucocorticoid receptor (GR) expression due to the
presence of an antisense trans gene (TKO mice) has been shown to increase the
thymocyte response to TCR occupancy (69, 71). Importantly, because the transgene is
targeted to the thymus, the consequences of high avidity TCR engagement during
selection could be examined without subsequent interference with TCR signaling in the
periphery (69). One potential caveat to this approach, however, was that increasing TCRmediated signals might inadvertently result in enhanced negative selection. Indeed,
substantial MHC-dependent deletion of CD4+CD8+ thymocytes occurs in TKO mice and
in FfOC when glucocorticoid synthesis is inhibited (68, 69). Thus, it seemed likely that,
as a consequence of the reduced threshold required for thymocyte activation, alterations
in the commitment of CD4+ T cells might be concealed in this model if many potential
CD4+CD25+ regulatory T cells were deleted upon cross-reacting with other selfpeptide/MHC class II complexes.
To obviate this potential hindrance, we crossed mice that differed in their abilities to
present self-peptides bound to MHC class II with mice expressing reduced levels of the
glucocorticoid receptor (TKO mice) in thymocytes (69). Our rationale for this approach
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was based on the observation that when a single peptide bound to MHC class II mediates
both positive and negative selection, many CD4+ T cells are selected that would
otherwise be deleted in wild type mice because of their significant cross-reactivity with
other self-peptides (57, 124). Thus, we examined naive mice with impaired negative
selection due to invariant chain deficiency or the enforced expression of one peptide
covalently linked to MHC class II (Ab) molecules in the context of reduced
glucocorticoid signaling. ·This approach revealed the commitment of a large portion of
the selected CD4+ T cell repertoire towards a regulatory (CD4+CD25+) T cell lineage.
Moreover, when neonatal mice expressing a single Ab -bound peptide were administered a
pharmacologic inhibitor of glucocorticoid synthesis, a similar increase in regulatory T
cells was observed. Our data suggest that increasing the perceived intensity of TCR
engagement during thymic selection may provide a novel means of diverting the
repertoire of conventional CD4+ T cells towards commitment to a CD4+CD25+ regulatory
T cell fate.

C. Results
1. Glucocorticoids Influence CD4+CD2Y Lineage Commitment
We compared the efficiency of CD4+CD25+ T cell selection in thymocytes and lymph
nodes from mice expressing many (Abwt), few (Ii 0 ), one (AbEpli 0 ), or no self-peptide/Ab
complexes (MHC II") in the context of either normal or impaired glucocorticoid
signaling. Consistent with our prediction, when mice expressed normal levels of a diverse
repertoire ofpeptides (Abwt) and reduced levels of the glucocorticoid receptor, alterations
in lineage commitment were not detectable in CD4 SP thymocytes (Fig. 5Ca) and lymph
node T cells (Fig. 5Cb) (Fig. 5Aa versus Fig. 5Ab; Fig. SAc versus SAd). In lymph nodes
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of non-TKO mice presenting few MHC class II bound peptides en"), CD4+CD2S+ T cells
were somewhat more frequent, although in the thymus their frequency was similar to
Abwt expressing mice (Fig. 5Ca). In contrast, expression of reduced amounts of the
glucocorticoid receptor during T cell development in no (TKO.n°) mice led to a
significant increase in the percentage of SP CD4 thymocytes (Fig. SCa) and CD4+ LN T
cells (Fig. 5Cb) expressing CD25 (Fig. 5Ae versus SAf; Fig., SAg versus 5Ah). When the
peptide diversity was further restrained to a single detectable peptide bound to MHC
class II molecules, the frequency of SP CD4 CD25+ thymocytes (Fig. SCa) and T cells
(Fig. SCb) in non-TKO A~pn° mice was only slightly increased over Abwt mice (Fig.
SCb). However, similar to TKO.n° mice, a substantially higher proportion of CD4 SP
thymocytes (Fig. 5Ca) and LN T cells (Fig. 5Cb) from TKO.AbEpn° mice expressed
CD2S (Fig. SAi versus 5Aj; Fig., SAk versus SAl).
Despite their increased frequency, the absolute number of lymph node CD4+CD2S+ T
cells present in both non-TKO no and AbEpn° mice were reduced compared to mice
presenting a diverse array of. MHC bound peptides (Fig. SCd and Reference (102)). In
contrast, the increased percentage of CD4+CD25+ T cells in both TKO.Ii0 and
TKO.A~pli 0 mice was also accompanied by a significant increase in the absolute
number of CD4+CD25+ T cells (Fig. 5Cd). Remarkably, although wild type mice had -S
times more total lymph node CD4+ T cells (Fig. SCa) due to more efficient CD4+ T cell
selection, both TKO.n° and TKO.AbEpli 0 mice contained more total lymph node
CD4+CD25+ T cells (Fig. SCd) and splenocytes (data not shown). Reduced glucocorticoid
receptor expression in thymocytes did not however cause a significant increase in the
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absolute number of CD4+ lymph node T cells in TKO.li0 or TKO.AbEpli 0 mice (Fig.
5Cc).
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Figure 5: Comparison of the phenotype of SP CD4 thymocytes and CD4+ lymph node
cells found in TKO and non-TKO mice.
(A and B) Lymph node or thymocyte suspensions (2 inguinal, 2 axillary) were stained
with allophytocyanin labelled anti-CD4, perCP labelled anti-CD8, and FITC labelled
anti-CD25. Histograms depicting CD25 expression are gated CD4+ cells. (Ca)
Comparison of the percentage of SP CD4 thymocytes expressing CD25.

(Cb)

Comparison of the percentage of lymph node CD4+ T cells expressing CD25, and (Cc)
the total number of lymph node CD4+ T cells. (Cd) The absolute numbers of CD4+CD25+
T cells present in the lymph nodes of TKO and Non-Tg mice of the indicated genotypes.
All flow cytometric analyses are representative of three to four independent experiments.
Results are represented as means± SEM. (TKO.AbEpli", n
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b
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The paucity of conventional CD4+ T cells present in both Ii0 and A"Epli0 mice results
in a passive increase in the proportion of CD4+ T cells selected on non-classical MHC
molecules (117, 134). The majority of these cells belong to the NK T cell lineage, whose
selection requires the P2m-dependent molecule CD I d. They, like conventional CD4+ T
cells, do not constitutively express CD25 unless activated (135). Nevertheless, given their
autoreactivity (135), the increased number of CD4+CD25+ T cells present in low-peptide
diversity TKO mice might have reflected activated cells of this type rather than the
regulatory CD4+CD25+ T cell subset. To exclude this possibility, we compared the
frequency of CD4+CD25+ thymocytes and T cells present in TKO and non-TKO A"Epli0
mice devoid of P2m. Removal of P2m in TKO.AbEpli 0 mice did not lead to a substantial
reduction in the proportion of CD4+CD25+ thymocytes and T cells, (Fig. 5Ba versus 5Bb;
\
Fig. 5Bc versus 5Bd) >which remained a substantially higher fraction of the CD4+
')

population. TKO mice were crossed with MHC class ll deficient mice to further rule out
•.

the participation of MHC class. ll-independent CD4+ T cells. On this background, we
\

found a low frequency of SP CD4-.CD25+ thymocytes in both TKO and non-TKO mice
(Fig. 5Bi versus 5Bj). Furthermore, the frequency of lymph node CD4+ T cells expressing
CD25 was similar between TKO and non-TKO animals devoid of MHC class ll (Fig.
5Bk versus Bl), indicating that the enhanced selection of CD4+CD25+ T cells observed in
low peptide diversity strains of TKO mice was dependent on MHC class ll engagement.

In addition to its effect on peptide diversity, invariant chain deficiency results in a
-10-fold reduction in surface Ab levels. To discriminate between the effects of low-levels
of Ab and reduced peptide diversity in the increased selection of CD4+CD25+ T cells,
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TKO mice were crossed with mice expressing reduced numbers of Ab bound with a
diverse array of peptides (AbEplt)(118). Despite the reduction in surface Ab levels, we
did not find an increase in the proportion ·of CD25 expressing CD4 SP thymocytes or
lymph node CD4+ T cells in TKO.AbEpli+ mice (Fig. 5Be versus 5Bf; Fig. 5Bg versus
5Bh), implying that reduced self-peptide diversity, and not reduced expression of Ab,
spares CD4+CD25+ T cells in this model.

2. Phenotypic Analysis of CD4+ CD25+ T Cells from TKO Mice
To establish more precisely the relationship between CD4+CD25+ T cells observed in
TKO mice and those described previously, a comparison of several genes differentially
expressed in the CD4+CD25+ subset was performed (100, 132, 136). Levels ofTCR and
IL-7Ra were reduced on CD4+CD25+ lymph node T cells from TKO and non-TKO mice
compared to the CD25. population (Fig. 6A), consistent with previous studies (136). In
contrast, CD44, GITR, and CDS were all expressed more highly on CD4+CD25+ T cells
from both sets of mice (Fig. 6A). A comparison of TCR vp chain usage demonstrated
that the repertoire of CD4+CD25+ T cells from TKO mice was not strongly biased toward
usage of any particular segment(s), in particular those used predominately by NK T cells
(as shown by the vp usage of CD4+CD25+ from MHC class II deficient mice, which is
skewed towards usage of vps- 7 and 8), but, rather was diverse like its CD4+CD25- T cell
counterpart (Fig. 6B). Furthermore, analysis of cell size by flow cytometry indicated that
the CD4+CD25+ T cell subset present in TKO.AbEpli 0 mice was not blasting and
therefore, likely not activated (Fig. 6C). This was further supported by cell cycle analysis,
which demonstrated a low basal rate of proliferation in both TKO and non-TKO
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Figure 6: Comparison of surface marker expression by CD4+CD25+ T cells from TKO
and non-TKO mice
(A) Data representative of expression of TCR, IL7Ro., CD44, and GITR gated on either
CD4+CD25+ (solid line) or CD4+CD2S (broken line) T cells from TKO and nontrangenic mice as assessed by flow cytometry. (B) Analysis of VfJ usage by CD4+ CD25+ T
cells from AbEpli0 and TKO.AbEpli 0 mice as deteremined by flow cytometry. MHC class
II deficient mice were included for reference. (C) Representative dot plots from
TKO.AbEpli" mice offorward scatter (FSC) versus side scatter (SSG) as assessed by flow
cytometry. Gated populations are indicated above the respective dot plots. Rightmost
FSC/SSC profile of in vitro activated CD4+ T cells is included for reference. All flow
cytometric analyses are from at least three independent experiments.
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backgrounds (data not shown). These results established that CD4+CD2s+ T cells from
TKO mice were phenotypically indistinguishable from those found in non-TKO mice.

3. Purified CD4+ CD25+ T Cells from TKO Mice Inhibit T Cell Responses
A functional assessment of CD4+cozs+ T cells from TKO mice was used to establish
their immunoregulatory properties. Co-culture of CD4+cozs+ and CD4+cozs- T cells.
from TKO mice resulted in a complete suppression of proliferation, which was similar to
that seen in non-TKO mice (Fig. 7A). Using this same experimental setup, CD4+cozs+ T
cells from TKO mice failed to proliferate upon CD3e stimulation (Fig. 7B, white bars)
unless provided exogenous IL-2 (Fig. 7B, black bars). CD4+cozs+ T cells from all mice
did not proliferate in the presence of IL-2 alone (data not shown). Co-culture of
CD4+cozs+ and CD4+cozs- T cells also led to a dose-dependent inhibition of IL-2
production (Fig. 7C), which taken together suggest that CD4+cozs+ T cells from TKO
mice are functionally equivalent to those found in non-TKO animals.
The similar responses of IL-2 supplemented CD4+cozs+ and CD4+cozs- T cells
selected on single Ab complexes to APCs from Abwt expressing mice previously implied
a degree of overlap in these two repertoires (101, 102). Given that negative selection acts
comparably on CD4+ T cells in both CD25+ or CD25- lineages (101-103), we examined
the responses of FACS purified CD4+cozs+ and CD4+cozs· T cells from non-TKO and
TKO AbEpli 0 mice cultured in the presence of IL-2 and splenocytes from either self or
·~2m deficient mice. Consistent with the low frequency of Abwt responding hybridomas

observed previously (manuscript submitted for publication), CD4+cozs- T cells from
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Figure 7: CD4'CD25" T cells purified from TKO mice suppress CD-rCD25" T cell
proliferation
(A) Lymphocyte suspensions from the indicated mice were stained with anti-CD4-PE and
CD25-FITC and sorted into 96 well U bottom plates. In the cases of /i 0 and AbEpii" mice,
lymphocyte suspensions were prepared by pooling lymph nodes with CD4+ T cells preenriched by MACS sorting from splenocyte suspensions. Cells were cultured for 72 hours
in the presence of anti-CD3e with splenocytes from MHC (I x II)" mice. (Hi-thymidine
( lpCi/well) was added to the cultures during the last 12 hours. Ordinate values are in
counts per million (cpm). The suppressor to responder ratio is indicated in the top left.
Representative data from two such experiments with each type of mouse. (B) Cells were
cultured as described in (A) either with or without exogenously added rlL-2. (C)
CD4+CD25' T cells from Non-Tg AbEpli" were sorted in 96 well U bottom plates (1 X

HI) with or without the FACS purified CD4+CD25+ from TKO.AbEp/i 0 mice. Cultures
were carried out for 72 hours as described above with the indicated suppressor to
responder ratios shown on the x-axis. (C) Secretion of IL-2 into culture supernatants was
assessed using the IL-2 dependent eel/line HT-2. (D) FACS purified CD4+CD25+ (1 X

HI) were sorted into 96 well plates and cultured for 96 hours with or without IL-2 in the
presence ofy-irradiated splenocytes (5 x HI) from either AbwtP2m0 mice (gray bars) or
self (black bars). CD4+CD25- cells (white bars) were cultured in the presence of
AbwtP2m0 y-irradiated splenocytes. Cultures were pulsed with [3H]-thymidine (lpCilwell)
during the last I2 hours. Ordinate values are in counts per million where indicated
(cpm). All resulis are representative of two independent experiments. ln all of the above
graphs, bars represent the means± SEM calculated from duplicate or triplicate cultures.
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TKO.AbEpli 0 mice demonstrated levels of proliferation only slightly above background
in response to ~2m deficient APCs while the same population from non-TKO A ~pli 0
mice responded measurably (Fig. 70, white bars). However, in sharp contrast,
C04+C025+ T cells from TKO.AbEpli0 displayed a greater proliferative response than
those from non-TKO AbEpli 0 mice in the presence of ~2m0 splenocytes, and to a lesser
degree self splenocytes in the presence of IL-2 (Fig. 70, gray bars and black bars
respectively), supporting the possibility that C04+ T cells may be biased to follow a
regulatory fate when TCR-mediated signals are increased.

4. Pharmacologic Inhibition of Glucocorticoid Synthesis Influences T,
Lineage Commitment
We next examined if pharmacologic inhibition of glucocorticoid synthesis using
metyrapone (68) could induce the generation of thymus derived C04+C025+ regulatory T
cells in vivo. These studies were carried out on newborn AbEpli0 mice, where little
C04+cozs+ T cell development had already taken place, thereby allowing us to easily
distinguish alterations in C04+C025+ cell numbers. This might otherwise be difficult in
adult mice due to reduced thymic output, and the presence of a substantial preexisting
population of C04+C025+ T cells. As a control, newborn Abwt~2m0 mice were included
as our data suggested that extensive negative selection of C04+C025+ T cells on diverse
Ab peptide complexes accompanies a decreased TCR signaling threshold. Furthermore,
these mice allowed us to exclude the possibility that metyrapone treatment itself induced
C025 upregulation on peripheral T cells independently of thymic selection processes.
Analysis of lymph nodes and spleens of newborn mice demonstrated a significant
increase in the proportion of C025-expressing C04 T cells in metyrapone-treated
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AbEpli 0 mice (Fig. SA, top and SB, left; P<O.OSO). The difference was more noticeable in
the spleens of treated mice, perhaps due to the reported reduced sensitivity of
CD4+CD25+ T cells to lymph node specific chemokines (136). Consistent with the results
from TKO mice, we found a similar percentage of CD25-expressing CD4+ T cells in
treated versus untreated Abwt~2m 0 mice (Fig. SA, bottom and SB, left graph; P>0.050).
The total number of CD4+CD25+ T cells was also significantly increased in treated
AbEpli0 mice, although no difference was noted in treated Abwt~2m 0 mice (Fig. 4B, right
graph; P<O.OlO). Lymphoid organs from AbEpli 0 mice treated with metyrapone were
pooled and various numbers of CD4+CD25+ T cells were sorted by FACS into single
wells of a 96-well plate. When purified CD4+CD25- T cells from adult (untreated)
AbEpli 0 mice were co-cultured with metyrapone-induced CD4+CD25+ T cells from
AbEpli0 mice and splenocytes from Abwt~2m0 mice, a cell dose dependent inhibition of
CD4+CD25- T cell proliferation was observed, indicating that CD4+CD25+ T cells from
treated A~pli 0 mice are fully- functional regulatory T cells.
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Figure 8: Pharmacologic inhibition of glucocorticoid synthesis during thymocyte
development leads to the induction of CD4'"CD25'" regulatory T cells
(A) Representative flow cytometry analysis of expression of CD25 gated on CD4+ cells
from lymph nodes (left) and spleen (right) of 16-day old AbEpli" or Abwtfi2m0 mice after
metyrapone treatment regime. Mice were injected every two days with either 35pg of
metyrapone (diluted from fresh stock solution dissolved in EtOH) in PBS or 5% EtOH
diluted in PBS as a control. Injections were given i.p. (in a volume of 50p)l beginning on
post-natal day 2. (B) Bar graphs represent the means ± SEM of percentages (left) or
absolute cell numbers (right) calculated from flow cytometric analysis. (C) Metyraponeinduced CD4+CD25+ T cells suppress the proliferation of CD4+CD25- T cells in vitro.
The suppression assay was performed as described above. (D) The percent maximal
response was calculated based on the proliferation of CD4+CD25. AbEpli0 cells alone.
Data is from two independent experiments (metyrapone injected AbEpli0 and Abwtfi2m0
mice, n=6 total for each group; 5% EtOH+PBS injected AbEpli" and Abwtfi2m0 mice,
n=4 total for each group). *P<0.050, **P<O.OJO.
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D. Discussion
Here we show that a substantial portion of a polyclonal repertoire of CD4+ T
cells, which would otherwise play a conventional role in mediating adaptive immunity,
instead committed towards a regulatory (CD4+CD25l T cell fate when glucocorticoid
receptor signaling was impaired. This was revealed in both TKO and metyrapone treated
mice with a limited capacity to present self-peptides to developing CD4+ T cells.
Previous reports suggested that reduced glucocorticoid exposure during thymocyte
development led to two distinct outcomes -positive selection of T cells that usually
perish due to neglect and an elimination of T cells that otherwise :-vould be positively
selected. Our data supports these original findings while offering an alternative to those
two choices: by modulating the strength of the signal perceived by immature thymocytes
upon TCR engagement, glucocorticoids may also regulate the generation of regulatory T
cells.
A critical question raised in this study pertains as to why we observe that thymic
deletion particularly targets the regulatory population, or conversely, preferentially spares
conventional CD4+ T cells in TKO mice presenting a diverse array of self-peptides. To
explain this apparent discrepancy, it is perhaps noteworthy that in AbEpli 0 mice, where a
single peptide mediates both positive and negative selection, many CD4+ T cells are
selected to mature that would be deleted in wild type mice because of their strong crossreactivity with other self-peptides (57, 124). This observation led to the hypothesis that
peptide recognition during positive selection of CD4+ T cells is rather promiscuous (57),
as a single peptide can select a relatively diverse CD4+ T cell repertoire, while negative
selection of T cells appears inherently peptide specific (35). Therefore, in mice
expressing diverse arrays of self-peptide/MHC class li complexes, many potential
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CD4+CD25+ regulatory T cells in TKO mice are likely deleted by even higher avidity
interactions upon encounter with bone marrow derived APCs presenting other selfpeptides bound to MHC class II molecules. Thus, our results suggest that a
disproportionate number of cells that would otherwise become CD4+CD25+ regulatory T
cells are eliminated in TKO.Abwt mice, due to their intrinsically high avidity towards
self-peptide/MHC. A loss of an appropriate amount of glucocorticoid mediated blunting
of TCR signals likely renders them especially susceptible to clonal elimination during
development.
The repertoire of CD4+CD25+ T cells selected in both A"Epli 0 and TKO.AbEpli0
mice was diverse implying that promiscuous recognition of MHC class II peptides during
positive selection is a feature of both conventional (CD4+CD25") and regulatory
(CD4+CD25+) T cells. This observation seems somewhat at odds with the idea that
positive selection of CD4+CD25+ regulatory T cells is an intrinsically peptide specific
process (97, 100, 137). If, however, the selection of CD4+CD25+ regulatory T cells were
strictly mediated by recognition of .agonist peptides presented during positive selection,
mice expressing a single peptide should contain a repertoire of regulatory cells dominated
by cells specific for the positively selecting ligand, which is inconsistent with other
reports (101, 102).
Although we interpreted the low responder frequency of T cells and hybridomas
from TKO.AbEpli 0 mice to syngeneic Abwt APCs as evidence that glucocorticoid
hyporesponsiveness diverts CD4+ T cells towards a regulatory fate, other possibilities
exist to explain this observation. Our results could also be accounted for simply by an
enhanced deletion of the cohort ofT cells which normally respond to other self peptides
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bound to Ab or perhaps an overall decrease in the functional avidities of the selected T
cells, or both in TKO.AbEpli 0 mice. It certainly seems plausible that an enhanced purging
of Ab reactive precursors from the repertoire of TKO.AbEpli0 mice could be a
consequence of an overall lowered threshold required for negative selection, which
occurs in the absence of glucocorticoid mediated signals. However, it seems unlikely that
a reduction in glucocorticoid signaling would altogether alter the specificity of a
particular TCR such that the selecting peptide, which may not necessarily resemble the
potential agonist peptide, is now capable of deleting this receptor. This would also be
inconsistent with both the rescue of thymocytes and the number of lymph node CD4+ T
cells we observed in both TKO.Ii 0 and TKO.AbEpli 0 mice (as shown in Chapter III). In
addition, this possibility is entirely incongruent with the fact that the repertoire of
CD4+CD25+ T cells in TKO.AbEpli0 .mice seems to be fully capable of recognizing
endogenous peptides presented in the context of Ab in the presence of IL-2. However, the
validity of this line of reasoning rests on the assumption that the degeneracy of positive
selection far outpaces deletion ofT cells by specific complexes (117). In support of the
idea that positive

sele~tion

is a degenerate process, it has been demonstrated that two

peptide analogs can both select the same TCRs, while simultaneously selecting a subset
ofT cells particular to each peptide (59).
Another possible explanation for the low frequency of Abwt-responsive precursors
found in TKO.A~pli 0 mice is that a reduced glucocorticoid environment may sensitize
thymocytes to TCR engagement, revealing an otherwise undetectable leak of low
abundance self-peptides in A~plio mice upon which TKO thymocytes undergo negative
selection. In fact, a predominant involvement of low abundance peptides in the selection
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of CD4+ T cells was proposed by another group using a different "single peptide" model
(60). They concluded that the predominately-expressed AbEp complexes likely had little
impact on the appearance CD4+ T cells, and therefore, an undetectable leak of other
peptides must be mediating the selection process. In contradiction to those original
studies, however, the same group more recently reported that many T cells are indeed
selected on abundant peptide(s) (61). Notwithstanding, while a leak of endogenous
peptides in other single peptide systems is readily detectable, several reports have failed
to detect any such leak in AbEpli0 mice (59, 60, 62).
Two previous reports also demonstrated an absence of antigen specific precursors in
TKO mice. In one study, mice bred to express the Ek MHC class II haplotype in the
presence of the TKO transgene failed to mount the normal stereotyped response, usually
dominated by V~3+Va11 +bearing CD4+ T cells, after immunization with MCC peptide.
In a second report, inhibition of glucocorticoid receptor expression in the presence of the

TKO trans gene abrogated the development of the lupus-like syndrome that spontaneously
develops in the

MRL'prnpr

strain of mice. Similarly, in the present study we found a

decrease in both the number and proportion of activated peripheral CD4+ T cells in TKO
mice expressing low levels of Ab bound with a diverse array of peptides. These mice have
also been linked previously to an autoimmune syndrome (118). hnportantly, in all of
these reports, the unresponsiveness was not global as T cell activation in the presence of
other complex antigens and/or TCR crosslinking remained intact.
Those two studies similarly concluded that a contraction of the conventional CD4+ T
cell repertoire occurred because of hyporesponsiveness to glucocorticoids during
development in the thymus, which we support in the present study. Those studies,
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however, could not have distinguished between deletional and non-deletional
mechanisms of tolerance induction that occur in the thymus, which was revealed in the
present study only when the diversity of peptides presented during thymic selection
became very limited. Although our current results are nevertheless consistent with those
published previously, in light of the current data, some reinterpretation of previous results
is now possible. Regarding the data reported using TKO.MRL1prnpr mice (70), a recent
report suggested that at least some of the immunoregulatory defects observed in the
MRL1prflpr strain could be due to an impaired functionality or development of the
CD4+CD25+ regulatory T cell subset (138). In support of this latter possibility, MRL1prnpr
mice expressing a functional Fas gene specifically in the thymus have substantially
reduced symptoms of autoimmune disease ( 139). Together, these results imply that at
least part of the autoimmune syndrome that occurs in the MRL1prflpr mouse may be
attributed to functional defects in a population of regulatory T cells. Although
speculative, it is plausible that in addition to repertoire contraction, glucocorticoid
hyporesponsiveness in TKO.MRL1prflpr mice led to a conversion of some of those self
reactive T cell precursors into self-specific regulatory T cells, which functioned to stave
off disease.
Despite the fact that glucocorticoids have long been used clinically for
immunosuppression, the primary targets of their action remain obscure. A mechanistic
understanding of glucocorticoid action is complicated by the fact that their activities are
largely dictated by the context in which they are administered. Seemingly contradictory
to the data presented herein, other reports indicating a role for glucocorticoids and other
steroid hormones in the generation of CD4+CD25- regulatory T cells from peripheral cells
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are intriguing (140). Although it is not clear to what extent the cells generated in these
studies are related to the naturally occurring thymus-derived regulatory T cell population,
these studies nevertheless suggest that manipulating GC responsiveness may be an
important means of indirectly influencing CD4+ T cells, and ultimately the orchestration
of the immune response.
Large-scale gene expression profiling has also implicated CD4+CD25+ T cells
themselves as potential producers of glucocorticoids as transcripts for the enzyme
P450scc, which is involved in the generation of glucocorticoids from precursors, are
expressed on the regulatory (CD4+CD25+), but not the conventional CD4+ T cell subset
(141). Thus, CD4+CD25+ T cells may mediate at least part of their function on responder
T cells and APCs through the local secretion of GCs, thereby inhibiting the production of

a number of cytokines including lL-2. Inhibition of lL-2 secretion by responder T cells is
the key feature of CD4+CD25+ regulatory T cell function. In addition to regulating
cytokine genes, glucocorticoids have recently been shown to induce the expression of
molecules known to play important roles in T cell-mediated immune responses during
inflammation, such as the enzyme indoleamine 2,3-dioxygenase (IDO) (142-144). When
these two results are taken together, one can envisage a scenario whereby GCs produced
locally by activated CD4+CD25+ regulatory T cells might participate in the establishment
of an immunosuppressive milieu, which could help to either prevent the induction of or
quell an established immune response. Indeed, it is also interesting that another
downstream target of OR signaling, GITR (Glucocorticoid Induced TNF-like Receptor),
has also recently been shown to play an important role in regulating CD4+CD25+ T cells
(145).
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Consistent with the results presented here, it has also been reported that neonatal mice
subjected to short term treatment with dexamethasone have a substantially higher risk of
developing EAE as adults, long after treatment has stopped (146). Another group recently
reported that EAE susceptible mice expressing an antisense GR transgene were found to
be far less likely to develop the disease (147). Although both studies implicated APCs as
being the important mediators in each respective model, the possibility that alterations in
CD4+CD25+ regulatory T cell development might have played a role was not considered.
Currently, the most pressing issue regarding glucocorticoid function in thymocyte
development is resolving the contradictory data that has been generated by groups using
different model systems. Studies using GR deficient mice have cast doubt on the claims
made using pharmacologic inhibitors of glucocorticoid synthesis, glucocorticoid
antagonists, and TKO mice (116). The results obtained from the GR "knockout mice"
should be perhaps be interpreted with some caution, however, as a recent report
demonstrated that GR knockout mice still express a truncated form of the receptor
bearing an intact ligand-binding domain, which appears to retain some biological activity
(129). Furthermore, due to the early post-natal mortality that occurs in GR knockout
mice, an extensive analysis of the T cell repertoire has never been accomplished. For the
same reason, examination of CD4+CD25+ regulatory T cell development, which is first
detectable beginning -3 days after birth is precluded.
It is not clear to what extent the results of this study are ultimately applicable to a

more natural setting, as we did not observe any significant difference in the abundance of
CD4+CD25+ regulatory T cells in wild type animals, regardless of their responsiveness to
glucocorticoids. We consider, however, that perhaps more significant than the increased
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proportions and numbers of CD4+CD25+ T cells observed in the low peptide diversity
strains of mice, is the implication that in a glucocorticoid reduced environment, a
particular portion of CD4+ T cells with measurable self reactivity to abundant self
peptides may be functionally removed from the antigen responsive repertoire either
passively by deletional mechanisms or, alternatively, by being diverted into a regulatory
CD4+CD25+ T cell lineage.
In summary, we show that a substantial portion of a polyclonal repertoire of CD4+ T

cells committed towards a regulatory (CD4+CD25+) T cell fate when TCR signaling was
increased during development. This was revealed in both TKO and metyrapone treated
mice with a limited capacity to present self-peptides to developing CD4+ T cells.
Originally, we observed that CD4+ T cell hybridomas generated from TKO.AbEpli0 mice
do not respond substantially to Abwt splenocytes, in contrast to CD4+ T cell hybridomas
generated from non-TKO AbEpli 0 mice (Chapter Ill). This was not due to any intrinsic
defect in TCR signaling, as both hybridomas and primary CD4+CD25- T cells from
TKO.A~pli 0 mice proliferate normally in response to anti-CD3 crosslinking (Chapter
Ill). Surprisingly, in the present study we found that CD4+CD25+ T cells from

TKO.AbEpli0 mice possessed a greater proliferative capacity when cultured with Abwt
splenocytes than similar cells isolated from non-TKO AbEpli0 mice. One possibility
suggested by this result is that increasing the perceived strength of TCR signals during
development might divert CD4+ T cells, which would otherwise play a conventional role
in mediating adaptive immunity, into a regulatory lineage.
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Chapter V: Glucocorticoids Regulate the DN to DP Transition
by Modulating the Rearrangement of TCR P-Chains in Early
ap Lineage-Committed Precursors
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A. Summary
Mice expressing reduced levels of the glucocorticoid receptor (GR) due to the presence
of an antisense transgene (TKO mice) have fewer CD4+cos+ (DP) thymocytes. This
phenotype has been ascribed to both increased antigen-specific apoptosis and an impaired
transition from CD4"CD8- (DN) precursors. Here, we characterized the alterations in
early thymopoiesis that accompanied reduced GR signals. A reduction in GR signaling
by early thymic precursors led to a selective defect in

u~

but not yo lineage development.

Fewer DN precursors from TKO mice expressed intracellular TCR ~-chains, although the
expression of other ·components of the pre-TCR was not affected. Further analysis of the
TCR

~-locus

in TKO mice revealed a substantially diminished ability to rearrange this

gene. Thus, we propose that in addition to its proposed role during repertoire selection,
glucocorticoid receptor signaling can also play a role during early T cell development by
promoting rearrangement of the TCR ~-locus.
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B. Introduction
The effectiveness of the adaptive immune system ultimately rests upon its composite
potential to respond to an almost infinite spectrum of processed antigens presented by
MHC-encoded molecules. This remarkable diversity in antigen-recognition can be
accomplished because the TCR genes expressed by any given T cell are an assemblage of
randomly rearranged germline DNA segments (148). The multiple combinations of
possible gene segments and an inherent imprecision in the joining reaction results in the
generation of many useless cells destined to die. Thus, ensuring that at least some
selectable T cells are produced necessitates the generation of a large precursor pool of DP
(CD4+CD8l thymocytes. Given the thymus is an organ lacking self-renewal capacity,
maintaining this pool of potentially selectable cells requires constant seeding by bone
marrow derived progenitors.
The earliest progenitors in the thymus can be distinguished by their lack of expression
of the co-receptors CD4 and CDS (CD4.CD8"; DN). Following their thymic immigration,
these DN precursors pass through a series of checkpoints resulting in further
differentiation, division, or death. Within this DN subset, the progenitor thymocytes at
each checkpoint can be discriminated by expression of the cell surface glycoproteins
CD25 and CD44 (5). The most pluripotent of these progenitors are found in the DN1
(CD44+CD25") and DN2 (CD44+CD25+) stages, while the populations that ultimately
follow an a~ T cell fate are highly enriched within the DN3 (CD25+CD441oi·) and DN4
(CD25.CD44.n") stages. It is within the DN3 subset that cells rearrange TCR ~-chain
segments.
The DN3 subset can be subdivided into two subpopulations based on cell size (148).
A smaller E (expected size) subset is enriched with quiescent cells, the majority of which
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do not express detectable TCR P-chains. The production of an in-frame rearrangement CPselection) generates the DN3 L (large size) subset, which down-regulates expression of
CD25 and progresses to the DN4 stage (148). The cells within the DN4 subset enter a
phase of proliferative expansion while simultaneously initiating synthesis of the
coreceptors CD4 and CDS (25). The cells generated from this proliferative expansion
become the pool from which the mature T cell repertoire is selected.
Many different signaling molecules influence T cell development during this early
developmental stage. Although glucocorticoids produced by thymic epithelial cells have
been shown to modify the biological consequences of TCR-mediated signaling during
thymocyte selection ( 112), their role in development prior to antigen-specific selection is
unexplored. However, a role for the glucocorticoid receptor during early T cell
development is implied by its prominent expression among thymocytes undergoing
rearrangements at the TCR P-chain locus and its regulation by pre-TCR mediated
signaling (149).
Mice expressing an antisense glucocorticoid receptor transcript (homozygous
transgenic mice are referred to as TKO) specifically in thymocytes have been previously
used to examine the role of endogenous glucocorticoids in thymocyte development (69).
While glucocorticoid hyporesponsiveness in TKO mice was shown to result in fewer DP
thymocytes (69), the relative contributions of increased antigen-specific apoptosis and
inefficient transition from DN precursors were not extensively evaluated. We have
previously used mice bearing the TKO trans gene and devoid of MHC-encoded molecules
to distinguish between the effects of GC signaling in early development versus antigenspecific selection (manuscript submitted for publication). These mice failed to recover
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wild-type numbers of thymocytes, suggesting that GCs play a role in the generation of
DP cells from precursors.
Here, we have examined the effects of impaired glucocorticoid signaling on early
thymocyte development. When glucocorticoid responsiveness was impaired in TKO
mice, a reduced proportion of DN precursors expressed detectable levels of cell surface
CD3E, CDS, and CD69. Upon closer examination, the progression from small (E) to large
(L) DN3 cells was found to be inefficient in TKO mice. An increased rate of precursor
death could not account for DN3 block, as shown by the comparable level of apoptosis
and a similar expression of the bcl-2 in the DN3 subsets of TKO and non-TKO mice. Cell
cycle analysis and BrdU labeling studies revealed the proportion of mitotically active
DN4 cells was reduced in TKO mice. Further examination of the TCR ~ chain locus
demonstrated a significant inhibition of ~-chain rearrangement in mice bearing the TKO
transgene, while unperturbed rearrangement of TCR y- and
development of normal numbers of

yo

of yo lineage cells.

loci was implied by

lineage T cells. Thus, our data suggest that

glucocorticoid-mediated signaling plays a critical role in early
promoting the rearrangement of the TCR

o-

~

a~

T cell development by

locus, but is dispensable for the development
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C. Results

1. Impaired Glucocorticoid Receptor Expression Leads to a Partial Block in
afJ Lineage Development at the DN3 Stage
Previous

studies

of fetal

thymocyte

development suggested

that reduced

glucocorticoid responsiveness leads to an impaired DN to DP transition (69). We
similarly found thymii of 4- to 6- week old TKO mice to display a 4-fold increase in the
proportion DN cells (Fig. 9A and Ref. (69)), and a 10-fold reduction in the total number
of thymocytes (manuscript submitted for publication and Ref. (69)). When the DN
compartment was analyzed using the markers CD25 and CD44 (Fig. 9B), DN precursors
from TKO mice demonstrated a relative increase and decrease in the frequency of DN3
and DN4 cells, respectively (Fig. 9B). Although the frequency of DN cells was increased
in TKO mice, the absolute number was modestly reduced when compared to wild type
mice (Fig. 9C). A reduction in the number of cells present in the DN4 subset accounted
entirely for this difference (Fig. 9D), consistent with an inefficient conversion of early
(DN3) to late pre-Tcells (DN4) (Fig. 9E).

2. The Frequency and Turnover of DN4 Cells is Reduced when OR-mediated
Signaling Is Impaired during Early Thymocyte Development
The DN3 cells that productively rearrange a TCR P-chain progress to the DN4 stage,
where they undergo -6-7 rounds of mitosis resulting in an -100-fold expansion as the
cells differentiate to the DP stage (32). Thus, a small impairment in the B selection
checkpoint can result in a substantial decrease in thymic cellularity. Mice deficient in any
one of the components of the pre-TCR display a marked reduction in the number of
mitotic DN4 cells. To determine if a decreased frequency of proliferating precursors
might partially account for the reduced number of thymocytes observed in TKO mice, we
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Figure 9: Altered development of pre-T cells is the result of decreased expression of
the glucocorticoid receptor.
(A) Representative plots showing expression of CD4 and CD8 expression on total
thymocytesfrom 4 to 6 week old TKO and non-Tg mice. (B) Representative plots showing
expression of CD25 and CD44 in DN thymocytes (gate shown in A) from TKO and nonTg mice. (C) Means± SEM of calculated total numbers of DN thymocytes present in TKO
(black bar) and non-Tg (white bar) mice. (D) Means ± SEM of individual DN subsets
found in both TKO and Non-Tg mice.
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Figure 10: Decreased frequency of cycling cells present in the DN4 stage of TKO mice.
(A) Analysis of the cell cycle infixed, permeablized total thymocytesfrom TKO and nonTg mice stained with propidium iodide demonstrates a reduction in the frequency of
dividing precursors in TKO mice. Cells were surface labeled with a cocktail of
biotinylated lineage-specific antibodies (labeled Lin; aCD3 (clone 145-2Cll), aCD4
(clone GK1.5), aCD8a (clone 53-6.7), aCD45RJB220 (clone RA3-6B2), aGr-1 (clone
RB6-8C5), aCDllb (Ml/70), aNKI.l (PKJ36), aAbfJ (M5/114)) and anti-CD25-FITC
prior to fixation. Percentages of cells in the SIG2/M phases of the cell cycle are indicated
above the brackets. (B) Calculation of the absolute number and percentage of cells
present in S/Gz/M phases of the cell cycle (C) TN thymocytesfrom TKO and non-Tg mice
were purified after in vivo BrdU labeling and stained intracellularly with anti-BrdU
antibody. Dashed line indicates staining with isotype control are purified by MACS were
stained intracellularly with anti-BrdU antibody and subsequently analyzed by FACS.
Representative FACS histograms are shown gated on the CD25+ population.
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analyzed the cell cycle distribution of purified TN (triple negative) thymocytes by
measuring their DNA content (Fig. lOA). The frequency of cycling DN3 cells was
similar between TKO and wild-type mice, consistent with the observation that some cells
at this stage may undergo one or two rounds of division independent of pre-TCR
signaling (150). However, a significant difference in the number and frequency of cycling
cells present within the DN4 subset of TKO mice was evident (Fig. lOA and lOB). A
further analysis of cell turnover in purified TN precursors yielded similar results, as the.
extent of BrdU incorporation was less when DN4 precursor cells expressed the antisense
GR transgene (Fig. IOC).

3. Increased Frequency of DN4 Stage Thymocytes Undergoing Apoptosis,
Despite Normal Levels of Bcl-2 throughout the DN Compartment in TKO
Mice
The possibility existed that the reduced number of DN4 cells was the result of an
increased rate of apoptotic cell death among P-selected DN3 stage cells. Accordingly, we
examined the extent of apoptosis in purified TN thymocytes from TKO and control mice
by staining with annexin V. The frequency of apoptotic cells among TN CD44"CD25101thymocytes was increased in TKO mice compared to non-Tg control animals. In contrast,
among the DN3 subset the extent of apoptosis was similar to that seen in wild-type mice
(Fig. liE and F). Because expression of the anti-apoptotic protein Bcl-2 has been shown
to enhance the survival of early T lineage committed precursors, we compared TKO and
control mice for expression of this molecule (13, 151). However, intracellular staining of
DN thymocytes from TKO mice indicated that (Fig. JJC and D) TKO mice expressed
normal levels ofbcl-2 in each of the four DN subsets (Fig. I 1).
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Figure 11: The frequency of DN4 stage thymocytes unrgoing apoptosis is increased,
despite normal expression of bcl-2 throughout the DN compartment of TKO mice
(A) Assessment of the extent of apoptosis by staining DN3 and DN4 subsets with annexin
V. Numbers above and below the bars indicate the frequency of TKO and non-Tg cells
respectively. (B) Intracellular staining of bcl-2 in each DN (1-4) subset gated on the
CD4-CD8- population as indicated by roman numerals in the upper left-hand comer.
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4. The Frequency of DN Cells Exhibiting Pre-TCR Dependent
Regulation/Expression of Cell Surface Markers Is Reduced in TKO Mice
To further characterize the nature of the DN3 block in TKO mice, we examined
molecules whose surface expression either depends directly on association with
components of the pre-TCR, or are downstream of pre-TCR signaling. Surface
· expression of an assembled pre-TCR is required for signal transduction and continued
development of up lineage cells (IS2). Because cell surface expression of CD3e on DN
thymocytes is also dependent upon its association with the pre-Tu and a TCR p chain, its
presence is indicative of the surface expression all three components (1S3). In TKO mice,
the frequency of CD3e expressing DN cells was reduced compared to wild-type animals
(Fig. 12A), although the cells that expressed this marker did so to a similar extent. It has
been observed by several groups that mice with defects in pre-TCR mediated signaling
possess a population of DN3 cells with higher expression of the surface glycoprotein
CD2S (IS4). The expression level of CD2S within the DN3 subset was significantly
increased in mice bearing the TKO transgene (Fig. 12B). Expression of both CDS and
CD69 is induced by pre-TCR mediated signaling in DN thymocytes (121). Similar to the
results above, the frequency of DN cells expressing both CDS and CD69 was reduced in
TKO mice, although the cells that did express these markers did so at levels similar to
control mice (Fig. 12C).

5. Normal Expression ofpre-Ta, but a Decreased Frequency of DN3!4
TCRicfJ+ Cells and Impaired D-J{J Rearrangement is a Consequence of
Thymocyte Glucocorticoid Hypo responsiveness
Thymocytes at the DN3 stage of development must receive survival and/or
proliferative signals provided by a surface expressed pre-TCR in order to further
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Figure

12:

The

frequency

of DN

cells

exhibiting

pre-TCR

dependent

regulation/expression of cell surface markers is reduced in TKO mice
(A) Increased expression level of CD25 (top) and CD69 (bottom) on DN3 thymocytes
from TKO mice. Graph on the right side of each histogram represents average mean
fluorescence intensity (MFI) values in TKO and non-Tg mice. (B) Frequency of gated DN
thymocytes expressing CD3E:. (C) Histogram of CD5 on DN thymocytes of TKO and nonTg mice.
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develop toward an

a~

lineage. Surface expression requires each of CD3e,

TCR~,

or pre-

Ta components, and a deficiency in any one of them results in a developmental block at
the DN3 stage with a subsequent reduction in DN4 subset numbers(23, 155-157). In TKO
mice, a reduction in the frequency of DN cells expressing CD3, CDS, and CD69, as well
as the increased expression of CD25 among cells present in the DN3 Sl!bset, led us to
speculate that one or more of the pre-TCR components was absent or defective in these
animals. We excluded the involvement of CD3e, as the development of yo T cells, which
also depend on CD3e signaling for development, was normal in TKO mice (Fig. 13E and
F). Furthermore, a comparison of DN3 and CD251°CD44- transitional thymocytes in TKO
or non-transgenic mice did not reveal differences in the surface expression of pre-Ta
between TKO and non-Tg mice (Fig. 13A). Because it is compulsory that all

a~

lineage

cells exiting the DN3 stage express the pre-Ta (23), the possibility existed that only
limiting amounts of this protein were available for pairing with newly formed TCR

~

chains at the DN3 stage, which might not be apparent if only subsequent stages are
examined. The pre-Ta protein can be more readily detected intracellularly among DN3
stage cells, because it is retained in the ER until a rearranged TCR

~-chain

becomes

available for pairing (152). However, an examination of intracellular pre-Ta protein
levels failed to reveal a difference in expression between TKO and non-transgenic mice
(Fig. 13B).
Expression of the TCR P-chain is also essential for the surface expression of the preTCR, and it can first be detected intracellularly within the DN3 subset (158). An
examination of total DN3 thymocytes for intracellular TCR ~-chain protein revealed that,
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Figure 13: A decreased frequency of DN3/4 TCRic{r cells and impaired D-JP
rearrangements, but normal expression of pre-Ta is a consequence of decreased
glucocorticoid responsiveness
(A) Comparison of suiface staining of the indicated CD3.CD4.CD8. subsets for pre-Ta
expression. (B) Intracellular expression ofpre-Ta expression in. DN3 thymocytes of TKO
and non-Tg mice. (C) Assessment of intracellular expression of TCR{3 chains in both
TKO and non-Tg mice in the indicated DN subsets. Numbers represent percentages of
cells underneath each set of bars. (D) PCR based analysis TCR V{3 locus
rearrangements. Numbers below picture indicate the amount of genomic (ng) DNA used
as a template. PCR reactions were carried out for 27 cycles to stay within the linear
range of the reaction curve to facilitate quantitation. Amplification of an exon of the
GAPDH gene was included as a loading control. (E) Frequency and (F) absolute number
of yo lineage thymocytes present in TKO and non-Tg mice.
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although its expression level in TKO mice was similar to non-transgenic controls on a per
cell basis, the frequency of cells expressing icTCRP proteins was reduced (Fig. 13C). A
comparison of the small (E) subset of DN3 stage cells also demonstrated a two-fold
reduction in the frequency of icTCRP chain expressing cells in TKO mice, and this
difference was further amplified in the L DN3 subset which displayed a 5-fold reduction
(Fig. 13C). This difference was carried over into the DN4 stage, where the absolute
number of icTCRp+ cells was reduced approximately 3-fold.
Both impairments in TCRP-chain rearrangement or a reduced transcription/translation
of rearranged TCRP-chains could explain the decreased frequency in icTCRp+ cells
observed in TKO mice. To distinguish between these possibilities, small DN3 stage cells
were sorted and their genomic DNA was analyzed by PCR for the presence of D-JP
rearrangements. The presence of D-JP rearrangements was severely reduced among DN3
cells isolated from TKO mice compared to controls (Fig. 13D). The impaired ability to
rearrange the TCR P-chain locus did not appreciably impinge on the
however. The frequency of

yo T cell lineage,

yo lineage T cells was increased over control levels, while

their absolute number remained similar (Fig. 13E). Thus, despite the fact "that ap lineage
development was severely perturbed in TKO mice, the normal development of

yo lineage

cells implies that the GR signaling pathway plays a specific role in the development of ap
T cells.
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D. Discussion
The role of endogenous glucocorticoids in thymocyte development has been
examined previously in transgenic mice expressing a thymus targeted antisense
glucocorticoid receptor (GR) transcript (69). These mice displayed a 50% reduction in
thymic GR levels, a 10-fold reduction in thymocyte numbers, a hyporesponsiveness to
glucocorticoids, and an increased sensitivity to activation-induced apoptosis (69). Studies
to date have primarily focused on the possible influence of glucocorticoids on TCRmediated signaling during thymocyte selection. This prompted us to examine the possible
influence of glucocorticoids prior to antigen-dependent selection, which has .not been
thoroughly investigated.
A role for glucocorticoid-mediated signaling in early thymic development has been
suggested by several lines of experimental evidence. Previously, we established a direct
correlation between the restoration of the CD4+CD8+ thymocyte numbers and the
occupancy of glucocorticoid and TCR receptors (manuscript

s~bmitted

for publication).

However, TKO mice devoid of MHC-encoded molecules exhibited an incomplete
restoration of normal CD4+CD8+ thymocyte numbers, suggesting that the observed
reduction in thymus size was not due entirely to enhanced TCR mediated deletion of
CD4+CD8+ thymocytes, This· notion was consistent with an earlier time-course
examination of FTOCs established from TKO mice, which demonstrated a delayed
kinetic in the DN to DP transition (69). Furthermore, a more recent study using
glucocorticoid receptor GFP "knock-in" mice demonstrated that the GR is induced on
DN precursors undergoing the process of

~-chain

rearrangement, and is specifically

down-regulated by pre-TCR complex stimulation (149).
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Consistent with the expression pattern of the GR on early thymic progenitors, TKO
mice were found to have a DN3 stage block coincident with the occurrence of TCR ~
chain rearrangement. Because pre-TCR signals are compulsory for transition to the DN4
stage, this phenotype was similar to that resulting from defects in the expression of
TCR~-chains,

pre-Tu, CD3s, or proximal elements of the TCR signaling pathway. A

direct evaluation of pre-Tu expression, however, failed to reveal any differences between
control and TKO mice. The normal expression of CD3E was also suggested by the
unimpeded development of yB lineage T cells observed in TKO mice. Upon examination
of the intracellular expression of TCR~-chains within the DN3 subset of TKO mice, we
found a decreased frequency of icTCR~+ cells. A direct evaluation of the TCR~-chain
locus using genomic DNA isolated from sorted "E" DN3 stage precursors suggested that
TKO mice had severe impairments in their ability to rearrange this gene.
We can only speculate why the process of

~-chain

rearrangement was specifically

affected upon reducing thymocyte glucocorticoid responsiveness in vivo. It has been
proposed that one means of regulating the rearrangement process is by limiting the
accessibility of the TCR-Iocus to the recombination machinery through remodeling of
higher order chromatin structure. Evidence supporting the regulation of TCR-y chain
locus rearrangements through chromatin remodeling has been shown to occur in a
process involving the regulated acetylation of histone residues (159). A body of evidence
suggests that signaling via the ll..-7 receptor (u-chain) plays an essential role in initiating
the remodeling process (160). Deficiency in ll..-71IL-7Ru expression leads to a sizable
reduction in the total number of thymocytes, and an even more severe loss in the number
of yB lineage T cells (15, 161-164). Interestingly, glucocorticoid-mediated signaling can
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directly control the ll..-7 responsiveness of peripheral T cells by inducing the expression
of ll..-7Ru chain (143). We, and others, have found that the expression of the ll..-7Ru is
reduced at all stages of DN development in TKO mice (G.S., unpublished observation
and Jonathan Ashwell, personal communication) to an extent resembling "haploinsufficiency". Two studies have previously suggested a role for ll..-7 signals in
promoting rearrangements at the TCR ~-locus (165, 166). These reports are controversial,
however, as others have suggested that ll..-7/IL-7Ru merely functions to provide survival
signals to thymocytes during the rearrangement process ( 167). This suggestion was
supported by a series of studies indicating that the importance of ll..-7R!IL-7 signaling in
normal thymocyte development relates to its ability to induce expression of the antiapoptotic molecule bcl-2 in T lineage committed precursors. Those experiments
demonstrated an almost complete rescue of thymus cellularity when expression of a bcl-2
transgene was enforced in ll..-7K1- orll..-T1-mice (12, 13).
It is not clear whether the reduction in ll..-7Ru expression due to glucocorticoid
hyporesponsiveness contributes to the impairments in TCR

~-chain

rearrangement

observed in TKO mice. However, several pieces of evidence presented in the current
study suggest to the contrary. First, as mentioned above, a loss of IL-7R mediated
signaling was shown to most severely impact the development of

yo

lineage T cells,

whereas we observed normal development of this lineage in TKO mice. Second, we did
not observe a reduction in bcl-2 expression in any of the DN thymocyte subsets present in
TKO mice, despite its being the crucial downstream target induced by IL-7!IL-7R signals
during the early development of

u~

lineage T cells. Third, the developmental block
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observed in IL-71ll..-7R deficient mice occurs coincident with yli lineage specification, at
the DN2 stage of development, which contrasts with DN3 stage block seen in TKO mice.
An alternate explanation for the impairments in TCR

~-chain

rearrangement seen in

TKO mice is that the GR may directly influence nucleosomal organization thereby
regulating rearrangements at the

~-locus.

Indeed, the GR has been demonstrated to exert

much of its influence through this type of regulation, and it was specifically demonstrated
to disrupt the chromosomal packaging of an artificial VDJ recombination substrate
thereby allowing co-factors such as p300 to assemble on upstream regulatory sequences
(168).
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Chapter VI: The Role of GITR in the Selection of the T Cell
Repertoire
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A. Summary
Thymic selection eliminates non-functional or potentially harmful T-cells from
the repertoire while promoting the development of useful T-cells. While it is generally
accepted that the avidity of a thymocyte's TCR for self-peptide bound to MHC ultimately
determines the outcome of selection, TCR independent factors can also influence
selection of any given receptor. Previously, it has been demonstrated that GITR
(Glucocorticoid Induced TNF-like Receptor), a non-death domain containing TNF family
member, prevented TCR induced apoptosis when over-expressed in T cell hybridomas.
We have found GITR to be expressed on thymocytes, in particular those that have
survived the selection process. Based on these two observations, we hypothesized that
GITR plays an important role in thymocyte development by enhancing the
survival/selection of immature thyrnocytes. It was conceivable that GITR expression
might affect thymocyte development either of two ways: by inhibiting TCR induced
apoptosis that normally accompanies negative selection, or by promoting the survival of
thyrnocytes that are not normally positively selected. We have investigated these two
possibilities in vivo by producing transgenic mice that over-express GITR specifically on
thymocytes. These GITR-Tg mice were crossed with two MHC class II restricted TCR
transgenic mouse models where the selecting and deleting MHC haplotypes are known.
We found that despite GITR' s expression pattern and ability to protect T cell hybridomas
in vitro, GITR overexpression in vivo did not prevent TCR-induced apoptosis resulting
from interaction with negatively selecting peptide/MHC, superantigen, or by anti-CD3e
treatment. Furthermore, GITR overexpression had no effect on thymocyte apoptosis due
to growth factor withdrawal, dexamethasone administration, or ¥-irradiation. Our results
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suggest that induction of GITR expression is a consequence of selection, and does not
necessarily promote the selection of otherwise non-selectable cells.
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B. Introduction
In the thymus, the vast majority of immature thymocytes die over the course of their
maturation (169). It has been hypothesized that endogenous glucocorticoids are involved
in mediating the death of neglected thymocytes during the selection process. While
individually, exposure to glucocorticoids or TCR signaling induces apoptosis of
thymocytes, simultaneous exposure to both results in antagonism of the apoptotic
pathway (113, 125, 170).
GITR was originally identified as a downstream target of glucocorticoid signaling
(171). This relatively new member of the TNF family of receptors encodes a 228 amino
acid type I transmembrane protein, and its expression is confined to lymphoid tissue
( 171 ). It was induced in the 3DO T cell hybridoma line upon exposure to a synthetic
glucocorticoid agonist dexamethasone, anti-CD3 engagement, and TPA+ ionophore
(171). Initial studies in vitro suggested that this molecule, when over-expressed in
hybridoma cells, affords protection from TCR induced apoptosis but not apoptosis caused
by other treatments including gamma irradiation· and treatment with dexamethasone
(171).
GITR belongs to the TNF receptor superfamily based upon the presence of certain
sequence motifs. The defining feature is the presence of a cysteine pseudorepeat in the
extracellular region which allows for the formation of a disulfide linked Ig like domain.
The cytoplasmic region of GITR shows significant homology to a subclass of the TNF
family whose members include AITR, OX40 and 4-lBB. The human homolog of GITR,
AITR (Activation inducible TNF-Iike receptor) was identified independently by two
different groups (172, 173). It was shown to be a 234 amino acid type I transmembrane

.,
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protein with a theoretical molecular mass of 25kDa. Overall, it is 56% homologous to
GITR and this homology was most striking in the cytoplasmic region. The expression of
AITR is upregulated after treatment with PMA + ionomycin and treatment with mAb for
anti-CD3 + anti-CD28. The splenic and thymic expression of AITR is lower than its
expression in the lymph nodes and peripheral blood T cells which correlates with the
pattern of expression of GITR. It was also shown that AITR associates with TRAFl,
TRAF2, and TRAF3, which increase NF-KB activity. Increased NF-kB activity has been
associated with induction of anti-apoptotic genes in many cell types. In contrast to GITR,
however, this molecule is not induced by dexamethasone ·in PBLs and it contains a
mismatch in the first cysteine pseudorepeat (172).
The ligand· for AITR has been cloned and its expression seems to be limited to
vascular endothelial cells and lymphoid dendritic cells (Dr. Avi Ashkenazi, personal
communication and Reference (172)). In this report, the authors suggested that
interactions between AITR and it~ ligand might modulate the. activity of peripheral T
cells during their interaction with the vascular endothelium. To date, however, the mouse
homologue of AITR-L has not been reported.
Thre~

other splice variants of GITR have been described and transcripts of one,

designated GITR-D, are predominately found in thymocytes along with GITR (26). This
variant was shown to be almost identical to the extracellular portion of GITR, but devoid
of the transmembrane and cytoplasmic regions. Thus, the GITR-D protein is predicted to
be soluble, although its presence in thymocytes has not yet been reported.
Ex vivo isolated T cells from GITK'- mice are reported to be more sensitive to TCR
induced apoptosis, consistent with the results demonstrated in vitro with hybridomas
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(174). Furthermore, T cells from GITR:,_ produced more lL-2, and expressed higher
levels of CD25, and Fas-L following TCR activation than their GITR+/- counterparts
(174). However, in spite·of the increased predisposition of GITR_,_ peripheral T cells to
undergo AICD after stimulation, GITR_,_ mice have normal numbers of thymocytes and
peripheral T cells, implying that they are not more sensitive to negative selection (174).
We sought to determine if GITR plays an important role in thymocyte development
through its ability to enhance the survival of thymocytes. It was conceivable that GITR
might affect T cell selection either by inhibiting TCR induced apoptosis that normally
accompanies negative selection, or by promoting the survival of thymocytes that are not
normally positively selected. To investigate these two possibilities in vivo, we produced
transgenic mice that over-express GITR specifically on thymocytes. These GITR-Tg
mice were crossed with two MHC class II restricted TCR transgenic mouse models
where the selecting and deleting MHC haplotypes are known. We found that despite
GITR's expression pattern and ability to protect T cell hybridomas in vitro, GITR
overexpression in vivo did not prevent TCR-induced apoptosis resulting from interaction
with negatively selecting peptide/MHC, superantigen, or by anti-CD3s treatment.
Furthermore, GITR overexpression had no effect on thymocyte apoptosis due to growth
factor withdrawal, dexamethasone administration, or y-irradiation. Thus, our results
suggest that induction of GITR expression is a consequence of selection, and does not
necessarily promote the development of otherwise non-selectable cells.
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C. Results

1. GITR protects T cell hybridomas from TCR-induced apoptosis
To confirm that GITR overexpression can prevent activation-induced apoptosis
(171 ), we transfected a T cell hybiidoma with a vector encoding the full-length GITR
eDNA fused to an epitope derived from the myc protein, to facilitate distinguishing
transfected from endogenous GITR. After overnight incubation on TCR-coated (10
~g/ml)

96 well plates, we found that two independently generated T cell hybridomas

over-expressing GITR were protected from the effects of TCR induced apoptosis (Fig.
lA). Expression of GITR on each neomycin resistant clone was confirmed by immunoflorescence (Fig. 14). GITR transfected T cell hybridomas also failed to downregulate
TCR expression following crosslinking by plate bound antibody, in contrast to empty
vector transfected cells, where extensive TCR downregulation was evident (Fig. 14).

2. GITR is a membrane bound protein that co-localizes with the TCRICD3
complex upon activation
Analysis of the GITR protein sequence predicted the presence of a
transmembrane region implying it is most likely a surface bound receptor (22). However,
to prove that GITR localizes to the surface of T cells, we have expressed a modified
GITR protein in which the c-terminus has been fused with a short epitope "tag" derived
from the human c-myc protein. As shown in Fig. !SA, staining of fixed cells with an
antibody specific for the myc-epitope revealed that GITR is present on the membrane at
significant levels, and to some degree in intracellular compartments, consistent with its
transit to and from the cell surface.
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Figure 14: GITR expressing hybridomas are resistant to anti-CD3 induced apoptosis.
(A) T cell hybridomas specific for the Ea peptide were transfected with a construct
encoding GITR fused with an epitope derived from the myc protein, or with empty vector
alone. GITR-myc expressing hybridomas were incubated on 96 well plates coated with
anti-TCR antibodies and apoptosis was assessed by the TUNEL assay. (B) GITR-myc
expressing T cells maintain expression of the TCR after anti-TCR stimulation, in contrast
to control hybridomas.
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Figure 15: Visualization ofT cell lines expressing GlTRfusion protein constmcts
(A)

Retrovira~ly

transduced T cell hybridoma lines were imaged using deconvolution

microscopy to examine cell surface localization ofGITR-YFP (pseudocolored in red) and
CD3-CFP at the site of contact with B220+ splenocytes (APCs labeled *, APC #I is
below the plane of focus). Yellow regions in the image correspond to regions of close
association between these two molecules. Capping (labeled C) is observed at a site that
approximately opposes both contacts. (B) T cell lines transfected to stably express a
GITR-myc tagged fusion protein. T cells were surfaced stained with anti-CD4 PE, fixed,
permeablized, and stained with a FITC labeled antibody specific for the myc tag.
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Several accessory molecules, most notably CD28, LFA-1 or C1LA-4, have been recently
described to cluster in the interface between the activated T cell and APC (175, 176).
Since this selective re-grouping correlated with their functions, we wished to examine the
behavior of GITR upon TCR engagement. For that purpose, we have co-transfected an
immortalized CD4+TCR+ T cell line with two constructs, one of which contains the
CD3-s subunit fused to the N-terrninus of the cyan florescent protein (CFP) while the
other contains GITR fused to the N-terrninus of the yellow florescent protein (YFP). We
have visualized their cellular location using deconvolution microscopy during the onset
ofT cell activation. As shown in Figure 15A, CD3-s and GITR were in close proximity
at the site of contact (labeled 2*) between the T cell and APC (Fig. 15B). These initial
experiments

implied

that

the

mode

of

GITR _membrane

relocation

upon

TCRIMHC/peptide engagement resembles that of other co-receptors and suggests that
this molecule may participate in TCR mediated signaling.

3. Over-expression ofGITR correlates with decreased expression ofbcl-2 in
T cell hybridomas.
Our results demonstrated that expression of GITR on transfected T cells improves
their resistance to TCR induced apoptosis. To identify if a specific anti-apoptotic
molecule is responsible for this effect, we have further compared the expression level of
bcl-2 by intracellular staining and flow cytometry and found that it is decreased in cells
transfected with GITR (Fig. 16). Therefore, this result suggests that GITR's antiapoptotic effect is not mediated by enhanced bcl-2 expression, as we observed a negative
correlation in the expression of these molecules.
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Figure 16: GITR overexpression in aT cell hybridoma leads to reduced expression of
bcl-2.
T cell hybridomas were surface stained, permeablized, and intracellularly stained with
antibodies against the anti-apoptotic protein bcl-2 or with an isotype control. Stained
cells were examined by flow cytometry.
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4. Generation of transgenic mice that express GITR specifically on
thymocytes
We have generated two transgenic mouse lines in which the full-length GITR eDNA
was placed under the control of the proximal lck promoter, which targets transgene
expression specifically to thymocytes (177, 178). A probe specific for a portion of the 3'
UTR of human growth hormone, which is present in the lck trans gene, was used to screen
genomic DNA, and a relative estimate of the copy number was determined (Fig. 17A).
The expression of the transgene has also been verified at the protein level by western
blotting using an antibody specific for an intracellular· epitope or by immunofluorescence (Fig. 15B). Extracts obtained from homozygous GITR+I- mice and non-Tg
littermates were separated on a denaturing SDS-PAGE gel and blotted to a PVDF
membrane. Lysates of GITR transgenic thymocytes obtained from the F1 progeny of
founder 6.3 suggests that an increased frequency of GITR expressing cells is found in
transgenic mice as compared to controls.

5. Normal distribution of thymocyte subsets and normal thymic cellularity in
GITR-Tg mice
A comparison of thymocytes from GITR transgenic and control mice was initially
made using animals on a mixed genetic background (K x D). An analysis of these
animals did not reveal any difference in the distribution of CD4 and CDS subsets, or in
thymic cellularity (Fig. !SA). Similarly, mice expressing GITR as a transgene
backcrossed onto the B6 background also do not display any substantial differences in
gross thymocyte development.
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Figure 17: Generation of transgenic mice that express GITR specifically on thymocytes
(A) The Southern blot illustrating differences in the level of the integration in Fl progeny
from the two founder mice. A probe specific for a portion of the 3' UTR of human growth
hormone was used to screen genomic DNA. This region is included in the lck construct to
provide a poly-A signal in the mature transcript. This region is not, however, present in
the protein. (B) Expression of the transgene in line 6.3 was determined by western
blotting 20 )lg of thymocyte lysates per well from GITR+I- and non-Tg mice. GITR
expression was detected using an antibody specific for an intracellular epitope of GITR
(Santa Cruz Biotech., Inc), and actin (included as a loading control) was detected using
anti-mouse actin mAb (Sigma).
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Figure 18: Normal distribution of thymocyte subsets and normal thymic cellularity in
GlTR-Tg mice
(A) Thymii and lymph nodes were harvested, stained for expression of CD4 and CDS,
and were subsequently examined by flow cytometry. (B) Bar graphs represent cellularity
of thymuses and lymph nodes from the indicated strains of mice. Values represent means

± SD and were obtained from two independent experiments using the following numbers
of mice (descendants offounder mouse 6.3): GITR-Tg; n =6, Non-Tg; n=5
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6. Indistinguishable usage ofT.CR V{3 segments in mice overexpressing
GITR specifically on thymocytes
Many strains of commonly used laboratory mice harbor MMTVs (mouse mammary
tumor viruses), which persist as heritable elements integrated within the mouse genome
in a pro-viral form (179). Most MMTVs contain sequences that encode proteins capable
of binding to MHC class ll molecules. These superantigens, which bind to regions of
MHC class ll molecules distinct from the binding groove,·interact avidly with particular
TCR Vl3 chains resulting in the deletion of cells bearing those receptors. We examined if
the deletion of T cells during their maturation was affected in GITR transgenic mice by
analyzing the frequency of Vl3 bearing lymph node T cells. This analysis did not reveal
any substantial difference in the usage of TCR Vl3 chains between GITR-Tg and control
mice in either CD4 or CDS lineages (Fig. 19A and 19B), which implies that GITR does
not protect thymocytes from the late stage clonal deletion resulting from superantigen
encounter.

7. Ectopic GITR expression does not protect thymocytes from negative
selection resulting from high avidity interactions with self-peptide!MHC
class II complexes
To test the hypothesis that GITR functions to inhibit activation induced cell death ·
during negative selection caused by interaction by self-peptide/MHC class ll complexes,
we crossed GITR transgenic mice with transgenic mice bearing the AND TCR. The AND
TCR recognizes an epitope derived from pigeon cytochrome C (PCC), which binds to the
MHC class ll molecule Ek (180). These mice were subsequently crossed with mice
expressing an MHC class ll haplotype that results in the deletion of this receptor during
thymocyte development (181). We did not find any significant
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Figure 19: Indistinguishable usage ofTCR VP segments in mice overexpressing GITR
specifically on thymocytes
Harvested lymph nodes were stained as described for expression of CD4, CD8, and the
indicated TCR Vf3s. Frequencies were determined from analysis of Vf3 expression by
either (A) CD4 or (B) CD8 gated populations. Values represent means ± SEM from two
independent experiment using 3 mice from each group per experiment.
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Figure 20: Ectopic GITR expression does not protect thymocytes from negatively
selecting interactions with self-peptide/MHC class II complexes
AND-GITR-Tg mice were bred onto the negatively selecting background for the AND
TCR (A'). (A) Thymuses and lymph nodes were harvested and stained for expression of
CD4/CD8 and subsequently examined using flow cytometry. (B) Bar graphs represent
cellularity of thymuses and lymph nodes from the indicated strains of mice. Values
represent means ± SD and were obtained from two independent experiments with the
following number of mice, which were descendants of founder mouse 6.3, used for the
total of the two: AND-GITR-Tg; n =4, AND; n=4
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rescue of this receptor in mice overexpressing GITR on thymocytes (Fig. 20A and B),
which suggests that GITR alone may not be sufficient to render thymocytes resistant to
the effects of negative selection. The AND TCR is known for its relatively high affinity
for the selecting MHC/peptide complex compared to other MHC class IT restricted TCR
transgenics (121, 122), which might partially explain the outcome of negative selection in
AND-GITR-Tg mice crossed onto the H-2Bxs background.

8. Ectopic GITR expression does not protect thymocytes from superantigen
(Sag)- mediated deletion.
As mentioned above, superantigen mediated deletion of immature thymocytes is
thought to occur at a later stage than that resulting from high-affinity encounter with selfpeptide/MHC class IT molecules. Although the results from GITR-Tg mice expressing a
polyclonal repertoire ofTCRs (Fig. 21A) did not indicate any rescue of cells undergoing
superantigen-mediated deletion, we wished to examine this possibility in mice expressing
a defined TCR, which might reveal otherwise subtle alterations in thymocyte selection
not easily observed in a polyclonal repertoire. The AND-GITR-Tg mice were crossed
with Balb/c mice, which harbor VJ33-deleting superantigens. However, consistent with
our previous results, we did not find that GITR overexpression resulted in a rescue of
cells bearing the AND TCR (Fig. 21B).

9. Ectopic GITR expression does not protect thymocytes from anti-CD3mediated deletion
GITR-Tg mice on the C57BU6 background were also used to examine the ability
of GITR to resist apoptosis induced by cross-linking CD3e on thymocytes. Adult GITRTg mice were injected (i.p.) with anti-CD3 antibody. In contrast to the results for GITR
overexpressing hybridomas, in vivo overexpression of GITR failed to protect thymocytes
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from apoptosis induced by this stimulus (Fig. 22). One possible explanation for this result

..

.

is that thymocytes are known to be substantially more sensitive to TCR signals than
mature T cells, and that GITR overexpression may alone not suffice to rescue thymocytes
from this relatively strong stimulus (10).

10. Transgenic expression of G1TR does not rescue thymocytes from
dexamethasone or y-irradiation induced apoptosis
Several different apoptotic pathways exist in T cells, which are distinct from that
'

induced by TCR stimulation. To determine if GITR overexpression in vivo might protect
thymocytes from other apoptosis-inducing stimuli, we compared GITR-Tg and nontransgenic thymocytes for their resistance to dexamethasone and y-irradiation induced
apoptosis. We observed that overexpression of GITR did not protect DP thymocytes from
\

apoptosis resulting from y-irradiation or injection of dexamethasone (10'6), which is
consistent with the results reported from GITR transfected hybridomas (Fig. 23)(171).

11. Transgenic expression of G1TR does not prevent death by neglect
Developing T cells that fail to productively rearrange and express a TCRa chain
capable of interacting with self-peptide/MHC undergo a process termed death by neglect. ·
This is illustrated in mice that do not express MHC-encoded molecules or are devoid of
TCR a-chains. In both of these cases, development is halted at the DP stage of
development. It has been shown that overexpression of pro-survival molecules can
occasionally allow neglected thymocytes to progress to the mature SP stage of
development the absence of TCR engagement. In order to examine the possibility that

130

Figure 21: Ectopic GITR expression does not protect thymocytes from superantigen
(Sag)- mediated deletion
AND-GITR-Tg mice crossed onto the BALB/C genetic background were used to examine
the ability of GITR to protect thymocytes from Sag mediated deletio.n. (A) Thymii and
lymph nodes were harvested from the indicated strains and stained for expression of the
markers CD4 and CDB, and expression subsequently analyzed by flow cytometry. (B)
Total number of V{33'Vatt+ gated thymocyte and lymph node cells calculated after
analysis of the flow cytometry data shown above. Bars represent the means ± SEM
obtained from 2 independent experiments using 4 mice from each group per experiment.
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Figure 22: Ectopic GITR expression does not protect thymocytes from anti-CD3
mediated deletion
GITR-Tg mice expression the H-2b haplotype were injected with the indicated amounts of
anti-CD3e antibody and thymuses were harvested and assessed 24 hours later by flow
cytometry for expression of the suiface markers CD4 and CDS. Results are
representative of two independent experiments, which totaled 6 mice in each group.
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Figure 23: Transgenic expression of GITR does not rescue thymocytes from
dexamethasone orr-irradiation induced'apoptosis
(A) Mice were injected i.p. with 10'6 M dexamethasone and thymuses were harvested after
24 hours and examined for expression of CD4 and CDS by flow cytometry.(B) Mice were
subjected to whole body ¥-irradiation (500R) and sacrificed immediately thereafter.
Thymuses were harvested from the respective mice, and thymocyte single-cell
suspensions were then assessed for viability based on the exclusion of propidium iodide
I

as determined by flow cytometric analysis.
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Figure 24: Transgenic expression of GITR does not prevent death by neglect
GITR transgenic mice were crossed with mice devoid of MHC-encoded molecules (Ab{3{32m") to generate GITR MHC (!xi!)" mice. Thymuses and lymph nodes were harvested
from GITR-Tg or non-transgenic mice on this background and the profile of CD4/CD8
expression was analyzed. Results are representative of three mice examined, which
expressed the GITR transgene and three non-Tg control mice.
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GITR expression on thymocytes may rescue neglected T cells from the default death
pathway, and to examine this possibility, GITR-Tg mice were bred with MHC (I x ll)
deficient mice. We did not find GITR-Tg MHC (I x ll) 0 mice to possess a substantial
number of mature thymocytes, which suggests that GITR overexpression alone is unable
to promote the survival of otherwise neglected thymocytes (Fig. 24)

12. GJTR Overexpression Does Not Lead to Enhanced CD4+CD25+
Regulatory T Cell Development
·
Evidence indicates that regulatory CD4+cnzs+ T cell generation requires high
avidity interactions with self-peptide/MHC class II complexes. However, it is generally
believed that high avidity interactions during development in the thymus result in clonal
deletion. Thus, the mechanism that allows CD4+cnzs+ regulatory T cell subset to elude
deletion during development in the thymus is unclear. Recent studies have shown that
constitutive hi-level expression of GITR is confined to the regulatory CD4+CD25+ T cell
subset. If GITR expression improves a T cell's resistance to TCR-induced apoptosis, it
may help render developing regulatory T cells resistant to the effects of negative
selection. To investigate this idea, we examined the both the thymus and peripheral
lymphoid organs of transgenic mice that over-express GITR on immature thymocytes.
Despite its constitutive expression on CD4+CD25+ regulatory T cells and its apoptosis
protecting properties in vitro, GITR overexpression in the thymus does not appear to
enhance the development of regulatory T cells (Fig. 25).
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Figure 25: Normal CD¢CD2s+ regulatory T cell development in spite of GITR
overexpression during thymocyte development
Harvested thymocytes and lymph node cells obtained from GITR-Tg mice on a C57BU6
background were examined for expression of the markers CD4, CDS, and CD25.
Histogram depicts CD25 expression after electronically gating on CD4+cvs· cells from
the indicated strains of mice. Results represelltative of 3 GITR-Tg and 3 non-Tg mice are
shown.
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13. Analysis of GITR ligand expression by thymic cortical epithelial cells
and splenocytes
One possible interpretation of our results is that overexpression of GITR does not
dramatically effect thymocyte development because the availability of the ligand in the
thymus is limiting. Because the murine GITR ligand has not been described, we used a
soluble GITR-Fc fusion protein (purchased from Alexis Corporation) to detect its
expression in tissues. Specifically, this soluble protein contains the extracellular portion
of GITR fused in-frame with the Fe fragment derived from the human IgG molecule. To
examine whether thymic APCs express GITR-L, thymocyte and splenocyte suspensions
were depleted of T cells using MACS beads and the resulting suspensions were stained
with the thymic epithelial cell marker (BP-1), anti-CDS (clone 53.6), anti- MHC class ll
(clone M51114) and the soluble GITR-Fc fusion protein followed by staining with antihuman IgG-FITC. We found that constitutive expression of GITR-L occurred on
approximately 25 percent of thymic epithelial cells (BP-1 +) (Fig. 26A). In the spleen, a
majority (-60%) ofCD11c+ dendritic cells also expressed the GITR ligand (Fig. 26B).
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Figure 26: Detection of mouse tissues that express the GITR ligand.
(A) Collagenase treated thymi or splenocytes from fl2m_,_ mice were depleted ofT cells by
using a biotinylated cocktail of antibodies specific for CD4 and CD3 followed by
incubation with streptavidin MACS beads and passage over charged columns. Depleted
samples were stained with PerCP-CD8, APC-CD4, GITR-Fc + anti-human-FITC, and
either (A) anti-BP 1-PE or (B) anti-CDJJ c-PE. Percentage of GJTR-L positive cells from
each population is shown above the respective region.
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14. Comparison of cell surface and intracellular GITR expression in total
thymocytes from GITR transgenic and non-transgenic mice
We took advantage of the recent availability of GITR specific antibodies (clone Ba42;
culture supernatant- kindly provided by Dr. Shimon Sakaguchi, Institute for Frontier
Medical Sciences, Kyoto University) to determine the cell surface expression of GITR on
ex vivo-isolated lymphocytes by flow cytometry. Staining of thymocytes from GITR ·
transgenic and non-transgenic mice was revealed using a goat-anti-rat IgG conjugated
with FITC. Despite the published expression pattern of genes under the control of the
proximal lck promoter (178, 182), we did not find that transgenic cell surface expression
of GITR was targeted to the thymic subsets (DP and SP) that normally express proximal
lck regulated genes. Surprisingly, an augmentation of surface GITR expression was
observed only on the CD4+ and CD4+CD25+ subsets, which normally express the highest
levels of this receptor (Fig. 27A). In contrast, no augmentation in expression was
observed on either CD4+CD8+ or SP CDS thymocytes. This was in contrast to the GITR
expression ·revealed by western blotting of total thymocytes (Fig. 17), where an increase
in GITR expression was apparent.
In order to resolve the discrepancy between the flow cytometry data and those
. obtained by western blotting, intracellular staining of thymocytes from GITR mice was
performed. An increased expression of GITR was readily apparent in the intracellular
compartments of on CD4+CD8+ and CD4"CD8- thymocytes obtained from transgenic
mice, but this was not so in non-transgenic controls (Fig. 27B). One possibility this result
suggests is that GITR requires association with other factors in order to be appropriately
expressed on the cell surface, in a fashion analogous to other cell surface expressed
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proteins such as the TCR. Alternatively, it is possible that GITR is cleaved from the cell
surface at the CD4+CD8+ stage, by metalloproteases such as the enzyme TACE (Tumor
necrosis factor-alpha converting enzyme), which is normally present within the cortical
region of the thymus. TACE is known to cleave a variety of cell surface receptors
including members of the TNFR superfamily (183, 184). Interestingly, GITR, like many
other TNFR family members, has a consensus TACE cleavage site located within its
extracellular domain, raising the possibility that this type of post-translational regulation
might be important in dynamically regulating GITR expression at the cell surface.

146

Figure 27: Analysis of surface GITR protein expression in GITR transgenic and nontransgenic mice
(A) Analysis of GITR expression on thymocyte subsets from Non-Tg (solid line) and
GITR-Tg (dashed line) mice. (B) Intracellular staining of DP (top) and DN (bottom)
thymocytesfrom GITR-Tg and non-transgenic mice.
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Chapter VII: Summary and Perspectives
A. Concerning the Proposed Role of Glucocorticoids in T Cell
Development
Despite the considerable body of evidence suggesting that glucocorticoids affect
thymocyte development (67-71, 74, 112, 128), it has been reported that thymocyte
development is grossly normal in mice deficient in glucocorticoid receptors (116).
However, it is important to note that these same authors recently reported that these
animals are not knockout mice. They express a truncated glucocorticoid receptor lacking
exon 2-encoded residues (the N-terminal half of the molecule) but containing the Cterminal half of the molecule, which i,ncludes DNA-binding, ligand-binding, and
transactivation domains (129). This same report also demonstrated that these truncated
glucocorticoid receptors are able to bind glucocorticoids with the same affinity as wildtype mice. Furthermore, data from eDNA microarray analysis of glucocorticoid-treated
thymocytes from these GR "knockout" mice shows that this receptor is capable of
modulating the expression of a large number of genes (Jonathan Ashwell, personal
communication). Therefore, one cannot conclude that the glucocorticoid receptor is
dispensable for any aspects of thymocyte development based on the analysis of these
animals.
By analogy, the work of Brewer et al. can also be questioned (185), as these
authors used a targeting approach virtually identical to that used by Purton et al., where
disruption of GR expression was attempted by deleting the exons constituting the Nterminal half of the protein. Specifically, exon 1C and 2 in the GR gene were targeted
(exon IC is not used by T lymphocytes (186)), while the other nine exons were left
intact. For detection, the authors used two antibodies specific for N-terminal half of the
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protein (despite the fact that "C-terminal" is indicated in the figure of this paper), which
contained the targeted region. Using a similar means to detect the GR protein, an
absence of GR expression was also mistakenly reported in the mice used in the report of
Purton et al., which raises the possibility that the mice reported on by Brewer et a!. also
express a truncated glucocorticoid receptor that retains some significant functionality.
The report by Reichardt et al. could also be cited as further evidence that our
approach is invalid. This report describes data obtained from a distinct line of "knock-in"
mice expressing a glucocorticoid receptor bearing a point mutation, which abrogates its
capacity to directly trans-activate gene transcription (187). These studies elegantly
demonstrate that DNA binding of the glucocorticoid receptor is required for
glucocorticoid-induced apoptosis of thymocytes. However, it is well established that
transcriptional interference by GR monomers occurs via its ligand-binding domain with
proteins such as AP-1 (188) and NF-KB. Importantly, glucocorticoid receptor interaction
with NF-KB is thought to account for most of the immunosuppressive effects of
glucocorticoids (189). Indeed, this report by Reichardt et al. demonstrated that the
transrepression activity of these mutated receptors was just as efficient as the activity of
non-mutant receptors. Therefore, the results obtained from these mice simply illustrate
that GR transrepression can be dissociated from its ability to mediate transactivation,
which does not contradict the possibility that glucocorticoids influence the development
of CD4+CD25+ regulatory T cells in the thymus by altering transcriptional cross-talk.
Given the issues mentioned above, we certainly feel that examining regulatory T
cell development in this context provides clear advantages over other models of GR
deficiency. It is very difficult to reconcile how regulatory T cell development was altered
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in both TKO mice and in the presence of a specific inhibitor of glucocorticoid synthesis,
given their distinct mechanisms of action (metyrapone acts by inhibiting production of
glucocorticoids by thymic epithelial cells while TKO mice express a specific antisense
transgene). In addition, the possibility that enhanced/altered commitment to a
CD4+CD25+ lineage was· caused by nonspecific effects of metyrapone treatment was
eliminated because the inhibitor had no observable effect on the frequency of
CD4+CD25+ lineage cells in syngeneic wild-type mice relative to placebo-injected
controls.

B. Proposed Model of CD4+CD25+ Regulatory T Cell Induction upon
Inhibition of GR Signaling
Reports by two groups using the same transgenic HA-specific TCR indicated that in
the presence of the agonist peptide on both cortical thymic epithelium and bone marrow
derived APCs, a large portion of transgenic T cells were selected into a regulatory lineage
(100, 190). In one of these studies, the remaining portion of transgenic CD4+ T cells
committed to a conventional CD4+ T cell lineage, while in the other study, a population
of regulatory CD4+CD25" T cells appeared. It is not clear why in both cases T cells
bearing the same transgenic TCR nevertheless choose to follow distinct lineages as the
selecting environments in each case should be homogenous with respect to any given
transgenic T cell. This suggests that TCR independent factors play a role in regulating the
generation of CD4+CD25+ regulatory T cells. We would speculate that for a subset ofT
cells whose avidity for self-peptide MHC molecules are in the .intermediate range,
modulation of glucocorticoid sensitivity, either by reducing GC production, or by
reducing expression of the glucocorticoid receptor, may shift their commitment in the
direction of a CD4+CD25+ regulatory lineage. Given that serum levels of glucocorticoids
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vary widely across a given day, mirroring the circadian pattern of ACTH secretion (191),
it is conceivable these "borderline" T cells may be biased in one lineage direction or
another depending their developmental status, in particular whether their TCRs are
engaged with MHC class II molecules during times of low or high glucocorticoid levels.

C. The Implications of Biasing the CD4+ Lineage Fate toward a
Regulatory Lineage in the Control of Autoimmune Disease with
GC Synthesis Inhibitors
We did not observe any significant difference in the abundance of CD4+CD25+
regulatory T cells in wild type animals, regardless of their glucocorticoid responsiveness.
Therefore, how might the consequences of a reduced threshold for thymocyte activation
be ultimately applicable in the amelioration of autoimmune disease? We would propose
that, perhaps more significant than the increased proportions and numbers ofCD4+CD25+
T cells observed in the low peptide diversity strains of mice, glucocorticoid-reduced
environment, a particular portion of CD4+ T cells with measurable self reactivity to
abundant self peptides may be functionally removed from the antigen responsive
repertoire. This might occur passively by deletional mechanisms or actively by diversion
into a regulatory CD4+CD25+ T cell lineage when thymocyte sensitivity to TCRmediated signals is increased.
Current models suggest that CD4+CD25+ regulatory T cells may be instructed to
develop after high avidity interactions with self-peptide/MHC class II molecules (97,
100). This could be the result of either their intrinsic affinity for self-peptide/MHC
complexes, or due to abundant expression of their selecting ligand on cortical thymic
epithelial cells. In either case, indirectly modulating the strength of TCR signals, either
by reducing GC production, or by reducing expression of the glucocorticoid receptor,
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may shift commitment in the direction of a CD4+CD25+ regulatory lineage. Given that
autoreactive T cells may arise when expression of the relevant tissue specific antigen in
the thymus fails to occur (192), it seems conceivable that periodic treatment with GCinhibitors might divert a portion of those autoreactive cells, which are positively selected
on other peptides, towards a regulatory lineage. This would serve to partially reestablish a
balance between regulatory and autoreactive specificities within the organism.

D. Proposed Role(s) of GITR in the Development and Function of
CD4+CD2s+ Regulatory T Cells
It is now widely accepted that thymus-derived CD4+CD25+ regulatory T (T,)
cells are essential for suppressing aberrant responses to self in vivo. Recent studies have
demonstrated that GITR is expressed on all mature T cells, but interestingly, constitutive
hi-level expression of GITR is confined to the regulatory CD4+ CD25~ cell subset (T,)
(145, 193). One important function of GITR signaling has been illustrated in these
reports, where it was shown that cross-linking cell surface expressed GITR on
CD4+CD25+ regulatory T cells resulted in a reversible blockade of their naturally
suppressive function (28)(29). Importantly, crosslinking of GITR generated an active
signal on T, cells, rather than a mere blockade of the interaction with its ligand, as
indicated by an increase in NF-KB activity after antibody treatment. This effect could not
be reproduced if Fab fragments of the anti-GITR antibody were substituted in place of the
complete !antibody.
The ability of GITR to attenuate the suppressive ability of
I
I

CD4+CD2~+ T cells was specific as the addition of antibodies specific for other TNF
subfamily members failed to reproduce this effect (28). Furthermore, the induction of hilevel expression of GITR on activated T cells did not impart them with any regulatory
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activity. Hence, it appears that GITR is not an effector molecule mediating suppression,
but rather, an immune regulator that functions to modulate the suppressive activity of the
CD4+CD25+ T cell subset. The signals resulting in the abrogation of suppression seem to
be independent of

TGF-~

levels, as· surface

TGF-~n

expression was unaltered upon

treatment with anti-GITR MAbs. It remains to be shown, however, whether GITRmediated signaling is connected with the CD28 or CTLA-4 pathways, or to signals
leading to the expression of the effector molecule IL-l 0.
Evidence suggests that T, cells are generated by interactions with MHC class II
molecules expressed on cortical epithelial cells (30) Other studies have led to the notion
that the generation of thymus derived T, cells requires higher avidities than those that
lead to the generation of conventional T cells, but lower avidities than those that lead to
negative selection (31). Although we and others, have shown that a portion ofT, cells are
not resistant to the effects of negative selection mediated by self-peptide MHC, T, cells
are activated upon recognition of self-peptides in the periphery and are therefore, by
definition, autoreactive (32, 33). However, the means by which these cells are able to
elude deletion during development in the thymus have yet to be uncovered. It has been
speculated that development of these cells invokes a developmental program that strikes a
delicate balance between activation and apoptosis. Indeed, evidence to this effect is
supported by data from three different groups who, using large-scale differential gene
expression analysis, identified GITR among several other molecules differentially
expressed on the suppressor CD4+CD25+ T cell population (29, 34). It has been
postulated, but not experimentally tested, that GITR is involved in the thymic generation
and selection ofT, cells (28). Given that GITR expression improves aT cell's resistance
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to TCR-induced apoptosis, it may help render T, thymocytes more resistant to thymic
negative selection. While it is unlikely that GITR expression is solely sufficient to rescue
an average thymocyte from peptide induced negative selection, we hypothesize that this
molecule participates in the rescue of thymocytes bearing TCRs with moderate affinity
for self MHC/peptide ligands that possess the capacity to develop further into regulatory
CD4+ T cells.
Post-selection thymocytes undergo a series of cell divisions prior to their
emigration from the thymus (194). The expansion of selected thymocytes is most evident
in neonatal mice, which are in the process of filling their lymphoid compartments shortly
after birth. This entire process is MHC autonomous, but has strict requirements for
cytokines. Consistent with this observation, it has been demonstrated that newly selected
thymocytes upregulate a number of cytokine receptors upon their maturation. The most
critical cytokine for this process is ll..-7, which is produced by thymic epithelial cells
(166, 195). Importantly, thymocytes deficient in ll..-7 receptor display impairments in
their ability to expand following positive selection (195). In contrast to conventional
CD4+ thymocytes, CD4+CD25+ thymocytes, which undergo a comparable number of cell
divisions following positive selection (131), but fail to express this cytokine receptor at
comparable levels (Reference (136) and Figure 28).
We would propose that although GITR expression did not lead to the enhanced
selection of regulatory T cells by improving their resistance to apoptosis, the possibility
certainly remains that GITR signals are important for initiating the antigen-independent
expansion of selected thymocytes that occurs prior to their export into the periphery.
With regard to this last possibility, signals mediated by the ll..-7 receptor are known to be
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Figure 28: IL-7 receptor a subunit expression compared on CD4'CD2s+ and
CD4'CD25' thymocytes.
Expression of the a.-chain of the IL-7 receptor was detected by flow cytometry after
staining thymocytes with an IL-7Ro. antibody in conjunction with antibodies for CD4,
CDS, and CD25. Histograms depict expression of IL-7Ro. after gating on CD4+CD25+ or
CD4+CD25- expressing populations, respectively.
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important for this process. However, expression of the ll,-7R on thymic T, cells is
drastically reduced compared to CD4+cozs- cells, suggesting that some other molecules
might provide this function in CD4+CD25+ T cells (Fig. 5).
It is not known whether other cytoki\nes can support this process in T, cells, or if this

process occurs independently of the cytokines present. We speculate that another function
of GITR signaling during the thymic selection of CD4+CD25+ cells may be to promote
the prol.iferation of newly selected T, cells. In line with this idea, it has been shown that
GITR signals potentiate the responsiveness of suppressor CD4+CD25+ cells to IT.,-2, a
cytokine that is produced in the thymus (145). T, cells have been shown to potently
suppress the proliferation of naive T cells in an in vitro model of lymphopenia and if the
rapid expansion of T cells in neonatal animals is analogous to that seen in lymphopenic
hosts. As the functional capabilities of T, cells are already established in the thymus
(101), signaling through GITR may promote the post-selection expansion of conventional
single positive (SP) thymocytes by abrogating T,cell suppression within the thymus.
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