L T

/

D\

CTLA-4 controls the thymic development of both
conventional and regulatory T cells through
modulation of the TCR repertoire

Johan Verhagen®', Raphaél Genolet®, Graham J. Britton?, Brian J. Stevenson®<, Catherine A. Sabatos-Peyton?,

Julian Dyson®, Immanuel F. Luescher®, and David C. Wraith®

3School of Cellular and Molecular Medicine, University of Bristol, Bristol BS8 1TD, United Kingdom; bLudwig Institute for Cancer Research, University of
Lausanne, CH-1066 Epalinges, Switzerland; “Vital-IT Group, Swiss Institute of Bioinformatics, CH-1066 Lausanne, Switzerland; and GIDepar'cment of
Immunology, Imperial College London, Hammersmith Hospital, London W12 ONN, United Kingdom

Edited by Philippa Marrack, Howard Hughes Medical Institute, National Jewish Health, Denver, CO, and approved November 28, 2012 (received for review

May 22, 2012)

Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4; CD152) is of
pivotal importance for self-tolerance, with deficiency or unfavor-
able polymorphisms leading to autoimmune disease. Tolerance
to self-antigens is achieved through thymic deletion of highly
autoreactive conventional T (Tconv) cells and generation of FoxP3*
regulatory T (Treg) cells. The main costimulatory molecule, CD28,
augments the negative selection of Tconv cells and promotes the
generation of FoxP3* Treg cells. The role of its antagonistic homo-
log CTLA-4, however, remains a topic of debate. To address this
topic, we investigated the thymic development of T cells in the
presence and absence of CTLA-4 in a T-cell receptor (TCR) trans-
genic mouse model specific for the myelin basic protein peptide
Ac1-9. We reveal that CTLA-4 is expressed in the corticomedullary
region of the thymus. Its absence alters the response of CD4*CD8~
thymocytes to self-antigen recognition, which affects the quantity
of the Treg cells generated and broadens the repertoire of periph-
eral Tconv cells. T-cell repertoire alteration after deletion of CTLA-4
results from changes in TCR Va and Ja segment selection as well as
CDR3a composition in Tconv and Treg cells. CTLA-4, therefore,
regulates the early development of self-reactive T cells in the thy-
mus and plays a key role in central tolerance.

costimulation | immune regulation | experimental autoimmune
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T-cell tolerance to self-antigens is a crucial factor in the pre-
vention of autoimmune disease. Intrathymic negative selec-
tion of autoreactive T cells and induction of regulatory cells
together aid the avoidance of peripheral T-cell activation that
would otherwise lead to tissue destruction. The affinity of the
T-cell receptor (TCR) for self-antigens, some but not all of which
are expressed in the thymus under the control of the transcrip-
tion factor Aire (autoimmune regulator), plays an important role
in the survival of developing T cells (1, 2). High-affinity interaction
of the TCR with self-antigen—derived peptide-MHC complexes
generally results in clonal deletion or inactivation (3-6), but it
may also result in the up-regulation of the transcription factor
FoxP3 (7, 8), thus inducing regulatory T (Treg) cell function.
Thymic selection, however, is not merely controlled by TCR af-
finity alone. Other factors, such as cytokines, chemokines, adhesion
molecules, and costimulatory signals, have been shown to play
a role in negative selection of conventional T (Tconv) cells and
generation of Treg cells (9-11). Ligation of the costimulatory
molecule CD28 during thymic development of CD4" Tconv cells
augments clonal deletion (12, 13). In contrast, CD28-deficient
mice show markedly lower numbers of FoxP3™ Treg cells in the
thymus and periphery (14-16). This effect of CD28 may involve
one or a combination of several mechanisms: CD28 can enhance
the avidity of T cell-antigen-presenting cell interaction, it may
promote IL-2 production (16), or there could be direct sig-
naling effects on T-cell survival, including regulation of
proapoptotic Fas/FasL (17) or antiapoptotic Bcl-XL (18).

www.pnas.org/cgi/doi/10.1073/pnas.1208573110

Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), an
antagonistic homolog of CD28, is known to be of crucial im-
portance for the prevention of autoimmune disease. Non-TCR
transgenic, CTLA-4-deficient mice die of lymphoproliferative
disease and organ infiltration within 3—-4 wk (19, 20). In humans,
SNPs within the CTLA-4 locus have been linked to susceptibility
to autoimmune disease (21, 22). The direct effects of poly-
morphisms on CTLA-4 function are poorly understood, but
taken together, these results suggest that minor alterations to
CTLA-4 can have dramatic effects on the activity and/or gen-
eration of Tconv and Treg cells. Although the contribution of
CD28 to the thymic development of CD4* T cells is well-defined,
a potential role for CTLA-4 remains debated. Several groups have
investigated the role of CTLA-4 during negative selection,
mostly finding that CTLA-4 signaling prevents deletion of de-
veloping thymocytes, thus counteracting the effect of CD28 (23—
26). We recently showed that, in a TCR transgenic mouse model
(Tg4), where >90% of T cells bear a TCR specific for the myelin
basic protein (MBP) -derived peptide Acl-9, a greater number
of FoxP3™ Treg cells were generated in the thymus in the absence
of CTLA-4 (27), again seemingly counteracting the reported
role of CD28 in this process. Indeed, blocking CD28 in fetal thymic
organ cultures abrogated FoxP3 expression completely, even
in CTLA-4—deficient thymi. In the absence of CTLA-4, some
FoxP3* Treg cells were selected ectopically in areas of the thy-
mic cortex, whereas in WT mice, Foxp3 expression was induced
predominantly in the medulla. Other studies of CTLA-4-deficient
models have also reported elevated numbers of FoxP3™ Treg
cells in the periphery but not in the thymus (28-30). To clarify
the role of CTLA-4 in the thymus, we have extensively researched
the effect of CTLA-4 deficiency on the generation of Tconv and
Treg cells in the Tg4 mouse. Here, we show expression of CTLA-4
in the corticomedullary area of the thymus, suggesting a role
during negative selection. Absence of CTLA-4 during thymic
selection changes the cytokine pattern of peripheral Tconv cells
in addition to its previously reported role in the generation of
Foxp3™ Treg cells. These changes coincide with a reduced T
cell-APC clustering ability and elevated activation threshold of
CTLA-4—deficient T cells. We subsequently analyzed the use and
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characteristics of TCRa chains in WT and CTLA-4-deficient Tg4
thymocytes. The Tg4 mouse expresses both a transgenic T-cell
receptor P variable (TRBV) 13.2 (Vp8.2) and a transgenic T-cell
receptor a variable (TRAV) 6 (Vod). The transgenic TCRp pre-
vents additional expression of endogenous p-chains, but allelic
exclusion does not occur for the TCRa, thus allowing the addi-
tional expression of up to two different endogenous chains. By
analyzing the expression of 20 TRAV families, we show that ~60—
75% of all TRAVs used combined with the transgenic TRBV13.2
fall within either the TRAV6 (as in the TCRa transgene) or
TRAV13 (Val0) families. For these two TRAV families, millions
of sequences were analyzed to define their T-cell receptor o
junctional (TRAJ) gene segment use and complementarity de-
termining region 3 (CDR3) compositions. We found that the ab-
sence of CTLA-4 led to vast differences in the sequence of the
purely endogenous TRAV13 family in both CD4* Tconv cells and
FoxP3™ Treg cells. Overall, our results reveal that CTLA-4 plays
a key role in tuning the TCR repertoire of self-antigen—specific T
cells during thymic selection by controlling the properties of pep-
tide-binding CDR3 regions and thereby, skewing the number and
characteristics of peripheral Tconv and Treg cells.

Results

CTLA-4 Is Expressed Mainly by Thymocytes in the Corticomedullary
Junction. CTLA-4 has previously been shown to be expressed by
CD4*CDS8™ (CD4SP) and CD4*CD8* (DP) thymocytes on ac-
tivation with anti-CD3 antibody in vitro or in vivo (24, 25). To
confirm the role of CTLA-4 in thymic selection, we sought to
characterize its natural, in situ expression by thymocytes. Con-
sequently, we used confocal microscopy to identify the expres-
sion of CD4, CD80 (B7.1), and CTLA-4 in thymus sections from
6- to 7-wk-old Tg4 and non-TCR transgenic B10.PL mice
expressing the same MHC II (I-A"). Cytokeratin-5 was used to
distinguish cortical and medullary areas, which showed that
CTLA-4 was commonly expressed by CD4SP cells in cortex-
proximal regions of the thymic medulla and less abundantly by
CD4CDS8DP cells in the medulla-proximal cortex (Fig. 14). The
density of CTLA-4 expression seemed lower in the nonself-an-
tigen—specific B10.PL mouse than in the Tg4, but overall pat-
terns were similar. Quantitative image analysis confirmed that
CTLA-4 expression both in Tg4 and B10.PL mice occurs mostly
in the corticomedullary junction, defined as an area 250 pm on
either side of the cytokeratin-5 boundary (Fig. 1B). This location
suggests that CTLA-4 is expressed during negative selection,
akin to its role described previously (23-26). The CTLA-4 ligand
CD80 was found almost exclusively in the medulla (Fig. 14) in
concurrence with its known expression on activated medullary
thymic epithelial cells (31, 32). CD86 is present both in the
medulla and scattered throughout the cortex (32, 33). The im-
aging results were followed by flow cytometric analysis of CD4SP
and CD4CDSDP thymocytes from age-matched (6- to 8-wk) Tg4
and B10.PL mice directly ex vivo. The relative size of CD4SP and
CD4CD8DP thymocyte populations differed markedly between
the two, with Tg4 mice exhibiting a skew to CDA4SP cells (Fig.
1C). CTLA-4 expression, as also indicated by the in situ staining,
was more predominant on CD4SP cells in both the Tg4 and B10.
PL mouse (Fig. 1D). The percentage of CTLA-4" cells in the
B10.PL thymus was higher than in the Tg4, unlike what may be
assumed from the imaging data, but this result may be accounted
for by the different ratios of CD4SP and CD4CDS8DP cells and
perhaps, differences in fluorescence sensitivity between the two
techniques. CTLA-4% cells in images of B10.PL thymi appear
dimmer than in Tg4 thymi. A greater percentage of CTLA-4*
CDA4SP cells in the B10.PL thymus was expected, because these
mice show augmented selection of FoxP3* cells that constitu-
tively express CTLA-4. Gating on CTLA-4™ cells revealed that it
was expressed on not only FoxP3™ Treg cells but also, activated
FoxP3"CD69™ cells, confirming its role during negative selec-
tion. Approximately 60% of CTLA-4*FoxP3~ CDA4SP cells in
both the Tg4 and B10.PL thymi were CD69™, suggesting that the
expression of CTLA-4 during selection was not altered as a result
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of the transgenic TCR. These results prompted us to further
investigate whether the expression of CTLA-4 during thymic
selection affects the generation of not only FoxP3™ Treg cells, as
shown previously (27), but also, Tconv cells in the Tg4 model.

CTLA-4 Affects the Cytokine Secretion Profile of Tconv Cells. In our
previous study (27), we showed that a greater number and fre-
quency of FoxP3* Treg cells were selected in the thymus of
CTLA-4KO Tg4 mice. Considering the reported role of CTLA-4
in negative selection (23-26), we asked whether the Tconv cell
lineage in this self-antigen-specific model might also be modi-
fied. To address this question, we studied the pattern of cyto-
kines produced by naive CD4"CD62L* splenic T cells from
6-wk-old CTLA-4WT and CTLA-4KO Tg4 mice after activation.
We found that, after one round of in vitro stimulation with
specific antigen followed by Phorbol 12-myristate 13-acetate
(PMA)/ionomycin treatment to induce a recall response of
cytokines produced, Tgd CTLA-4WT T cells displayed a limited
pattern of cytokine production restricted largely to IL-2 and
IFN-y (Fig. 24). Tg4 CTLA-4KO T cells, however, showed a much
more diverse cytokine pattern, with the additional production of
IL-4, IL-17, and particularly, IL-10 after the first in vitro stimu-
lation (Fig. 2 A and B). This effect was unexpected, because
CTLA-4 is not expressed on splenic Tconv cells until at least 24 h
after activation (34). Accordingly, alterations in IL-4 and IL-17
production in other CTLA-4KO models did not occur until after
a second TCR stimulation (28, 35-37). The observed effect on IL-
10 production has not been reported previously to our knowledge.
To confirm that these qualitative alterations in cytokine pro-
duction result from changes in thymic selection directed by ex-
pression of endogenous TCRs rather than the inability to express
CTLA-4 during the first round of stimulation, we repeated the
same experiments with splenocytes from Rag-deficient mice (ages
4-5 wk) that only express the transgenic TCRap. In this case, the
absence of CTLA-4 during thymic development or in vitro culture
did not result in a shift of cytokine production of peripheral T cells,
with all cells showing a typical Th1 phenotype (Fig. 2C). The ab-
sence of CTLA-4, therefore, seems to widen the repertoire of
Tconv cells in a manner dependent on TCR rearrangement.

Tg4 CTLA-4KO T Cells Display Reduced Dendritic Cell Clustering and
Elevated Activation Threshold. We hypothesized that, in the ab-
sence of any particular costimulatory signal, the TCR signal
directing thymic selection of both the Tconv and Treg cell line-
ages would be modified. The absence of the negative regulator
CTLA-4 should theoretically allow for the selection of TCRs of
lower affinity, which may account for the observed skew in FoxP3
expression and altered cytokine secretion by peripheral CD4* T
cells. To investigate how this process affects the properties of
Tg4 cells where only the endogenous TCRa can be rearranged,
we looked at the rate of clustering of freshly isolated CD4SP
thymocytes, which do not actively express CTLA-4, with non-
matured bone marrow-derived dendritic cells (BMDCs). CD4SP
thymocytes from Tg4 CTLA-4WT and Tg4 CTLA-4KO mice
were labeled with 5(6)-Carboxyfluorescein diacetate N-succi-
nimidyl ester (CFSE) or cell proliferation dye (CPD) efluor670
and cocultured for up to 2 h with CPD efluor450-labeled
BMDCs that had been preloaded with a high-MHC affinity
variant of the MBP Ac1-9 peptide (Ac-ASQYRPSQR). Position
4 substitution of the WT residue lysine by tyrosine increases the
affinity of the peptide for I-A" (38) but does not seem to affect
the qualitative nature of T-cell recognition (39). Fig. 34 shows
that CTLA-4WT CD4SP thymocytes started clustering with
peptide-loaded BMDCs from as little as 30 min, gradually in-
creasing over time. CTLA-4KO CDA4SP thymocytes did not start
clustering until after 1 h of culture and never reached the level
achieved by CTLA-4WT cells. Importantly, this difference in
clustering seemed to depend almost entirely on the recognition
of peptide-MHC complexes, because in the absence of peptide,
only a limited level of colocalization occurred, even after 2 h.
Moreover, the clustering of thymocytes with peptide-loaded
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Fig. 1. CTLA-4 expression in the thymus. (A) Staining of 6-um-thick frozen
sections of the thymi of Tg4 or B10.PL mice (6-7 wk of age) with anti-CTLA-4,
anticytokeratin-5, and anti-CD80. Dotted lines trace the border between
cortex and medulla. C, cortex; M, medulla. (B) Quantitative image analysis of
CTLA-4" cells in Tg4 and B10.PL thymus sections; 12 images (775 x 775 pm
each) of two Tg4 thymi and 20 images of two B10.PL thymi were analyzed for
CTLA-4* punctae. Junction is defined as 250 pm on either side of the cyto-
keratin-5 boundary, and cortex or medulla is beyond that point. Data rep-
resented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; Tukey's multiple
comparison test. (C) Isolated thymocytes from Tg4 or B10.PL mice, ages
6-8 wk, stained with anti-CD4 and anti-CD8 antibodies to determine
percentage of CD4SP and CD4CD8DP thymocytes. Gated on live single
cells. Images are representative of five (Tg4) or four (B10.PL) thymi an-
alyzed. (D) Expression of CTLA-4, CD69, and FoxP3 on live CD4SP or
CD4CD8DP thymocytes from Tg4 or B10.PL mice (6-8 wk) directly ex vivo.
Representative images. Tg4, n = 5; B10.PL, n = 4. Minimum of 2 x 10° live
thymocytes analyzed for each thymus.
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BMDCs was reduced substantially by the addition of an anti-
MHC II blocking antibody. Importantly, there was no difference
in the level of TCR expression between CTLA-4WT and CTLA-
4KO CD4SP thymocytes that could account for a difference in
avidity (Fig. 3B). The uniform size of CD4SP thymocytes and the
consistent labeling with proliferation dyes allowed for the anal-
ysis of the number of thymocytes clustered with each BMDC.
Fig. 3C shows that, after 2 h, not only have more BMDCs bound
at least one thymocyte in conditions using CTLA-4WT CD4* T
cells, but also, the average number of thymocytes bound in-
creased compared with CTLA-4KO cells. This effect became
increasingly pronounced over time (Fig. 3D).

The theoretical difference in avidity of TCRs on CTLA-4WT
and CTLA-4KO T cells was further supported by studying the
activation of naive CD4*CD62L" splenic T cells. As mentioned,
naive T cells do not express CTLA-4 until 24 h after activation
(34), and therefore, any difference in the activation of deficient
cells within this period must result from a prior effect (i.e., ex-
pression during thymic selection). We stimulated naive CTLA-
4WT and CTLA-4KO Tg4 T cells with MBP Ac1-9 (4K) peptide
for 24 h and determined expression of the early activation
marker, CD69. In support of the clustering data, CTLA-4-de-
ficient cells exhibited a reduced up-regulation of CD69, partic-
ularly at lower peptide concentrations (Fig. 3 E and F). Blocking
CTLA-4 with specific antibody on CTLA-4WT T cells did not
have any effect on CD69 expression. Together, these results
support the theory that absence of CTLA-4 during thymic se-
lection leads to the selection of T cells of lower TCR avidity.

CTLA-4 Alters Endogenous TCRa Variable Gene Segment Use. The
Tg4 transgenic TCR uses the TRBV13.2 (VB8.2) and TRAV6
(Va4) variable chain segments (6). Lack of allelic exclusion in
the TCRa locus allows expression of one or two endogenous
a-chains in addition to the transgenic chain. To establish whether
CTLA-4 expression during thymic selection alters the endoge-
nous TCRa repertoire selected, we determined the expression of
each of 20 different TRAV families in thymic CD4SP CD25™
Tconv cells and CD4SP CD25" Treg cells (Fig. 44) as well as
conventional CD4*CD25~ and regulatory CD4*CD25" T cells
from the spleens of Tgd CTLA-4WT or Tgd CTLA-4KO mice
(Fig. 4B). Two separate primer sets were required to cover all
individual members of the TRAVS5 and TRAV6 families, and
these primer sets were plotted separately. Despite the fact that
the thymocytes and splenocytes were not from the same indi-
viduals and isolated by a different method, the overall patterns of
TRAV expression in the spleen and thymus were remarkably
similar; as expected, the TRAV6 family, which includes the
transgenic a-chain, was highly expressed in all four groups. To-
gether with the endogenous TRAV13 family, they represented
~50-60% of TRAV families expressed in Tconv or Treg cells in
the thymus, increasing to 60-75% in the spleen. The absence of
CTLA-4 led to a clear shift in the prevalence of these TRAV
families, with CTLA-4KO cells showing higher expression of
endogenous TRAV13. This shift was seen in both Tconv and
Treg cells from thymus and spleen. Changes within other TRAV
families were less pronounced and consistent from thymus to
periphery. The shift in TRAV expression indicated that CTLA-4
does, indeed, affect the generation of the mature TCR repertoire
during thymic selection. The influence of peripheral T-cell ex-
pansion or conversion seems limited, but to exclude peripheral
effects on the TCRa repertoire, all subsequent analyses were
performed using pooled CD4SP thymocytes.

CTLA-4 Changes the Use of TCRa Junctional Regions. Although the
shift in TRAV expression proves that CTLA-4 plays a role in the
thymic selection of T cells, it does not reveal how the charac-
teristics of the TCRa change. Therefore, we focused on the
highly expressed endogenous TRAV13 and analyzed the use of
each of the 60 individual TRAJ regions by sequencing the
a-chains of FACS-sorted CD4SP Tconv and Treg cells from
CTLA-4WT and CTLA-4KO Tg4 thymi (Fig. S1). We analyzed
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Fig. 2. Cytokine secretion profile of CTLA-4WT and CTLA-4KO naive CD4*
Tg4 splenocytes. (A) Tg4 CTLA-4WT and CTLA-4KO CD4*CD62L* splenocytes
were stimulated with 1 pg/mL MBP Ac1-9 for 7 d before treatment with
PMA/ionomycin for 4 h. Cells were stained for surface CD4 and intracellularly
for IL-2, IL-4, IL-10, IL-17, and IFN-y. Plots are gated on live CD4* cells and
representative of three similar experiments. (B) Percentage (+ SEM) of cells
producing IFN-y, IL-2, IL-4, IL-10, or IL-17 as determined by intracellular cyto-
kine staining. One experiment, in triplicate, representative of three similar
experiments. *P = 0.0286; Mann-Whitney test. (C) Seven-color intracellular
cytokine staining on Tg4 Rag™~ CTLA-4WT or CTLA-4KO cells stimulated with
1 pg/mL MBP Ac1-9 for 7 d followed by 4-h treatment with PMA/ionomycin.
Gated on live CD4* cells. One experiment representative of three identical
experiments shown.

between 2.5 and 5 million sequences from each subset, which
allowed very accurate determination of TCR diversity, V and J
segment use, and CDR3 composition. Looking only at TRAJ
regions that form functional genes (22 of 60 are pseudogenes or
ORFs according to ImMunoGeneTics (IMGT); www.imgt.org),
CTLA-4KO Treg cells used the fewest TRAJ regions, with 21 of
38 (55%) cells found at least one time among the millions of
sequences analyzed, whereas CTLA-4WT Treg cells used the
widest range at 84% (Fig. 54). Interestingly, in CTLA-4KO Treg
cells, less than 1% of functional TRAJ genes that combined with
TRAVI13 were in frame, meaning that, although TRAV13 is
highly expressed by these cells, it rarely leads to a functional
TCRa. In comparison, in each of the other three cell pop-
ulations, around 60% of functional TRAJ genes were in frame
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(Fig. 5B and Fig. S2). Although a wide range of TRAJ gene
segments were used in each group, their frequencies varied
greatly between the four populations. In Tconv cells, over 97%
of in-frame sequences were from only three functional genes,
whereas Treg cells used a much greater variety (Fig. 5 C and D).
The influence of CTLA-4 on TCRa arrangement was astound-
ingly clear at this level, particularly in Tconv cells. Although
both CTLA-4WT and CTLA-4KO Tconv cells used pre-
dominantly three individual TRAJ genes, none were shared
between them. TRAJ31, TRAJ42, and TRAJ45 made up the
bulk of in-frame, functional genes used in CTLA-4WT Tconv
cells, whereas in the CTLA-4KO Tconv cells, TRAJ23,
TRAIJ33, and TRAJ35 were used. Another clear difference in
TRAJ use was found among Treg cells. Most strikingly, of the
in-frame, functional genes found in CTLA-4KO Treg cells,
nearly one-half were from TRAJ27, which represented fewer
than 5% of sequences from CTLA-4WT Treg cells.

CTLA-4 Affects the Diversity and Sequence of Endogenous CDR3«x
Regions in Tg4 Tconv and Treg Cells. Our findings with T cell-DC
clustering and naive T-cell activation suggested that the shift in
thymic selection of Tconv and Treg cells in the absence of
CTLA-4 resulted from an altered affinity of TCRs using en-
dogenous a-chains, because TCRs using the transgenic chain
cannot change their affinity for the cognate peptide. It is im-
portant to note that MBP is expressed in the thymus, but because
of its unstable binding to I-A" MHC II, MBP Ac1-9 expression
does not lead to negative selection of all cells with specific TCRs
(40-42). The main site of peptide recognition in the TCRa is the
CDR3, created by the combination of TRAV and TRAJ gene
segments. The changes in TRAV and TRAJ segments resulting
from CTLA-4 deficiency should, thus, affect this region and
hence, the TCR peptide-binding qualities. To investigate, we looked
at CDR3 length, which contributes to diversity and therefore, po-
tentially peptide affinity and specificity. Our analysis of TRAV13
CDR3 length showed a greater diversity in Treg than Tconv cells,
regardless of CTLA-4 expression (Fig. 64). This augmented di-
versity has been reported before in one model but contradicted in
other mouse models (43-45). The difference in CDR3 length be-
tween Tconv and Treg cells in our model was more pronounced in
CTLA-4WT than CTLA4KO mice and consistent with the greater
variability in TRAJ gene segment use. Interestingly, in the absence
of CTLA-4, some Tconv cells seem to show a preference for shorter
CDR3 sequences. In both varieties of Tconv cells, ~68% of
CDR3 regions were 20 aa in length; however, in CTLA-4KO
cells, the remaining 32% were 18 aa in length, whereas in CTLA-
4WT cells, these regions were predominantly 19 aa in length.
To determine differences in peptide-binding potential more
closely, we next compared the CDR3 amino acid composition of
the three most common TRAV13.TRAJ combinations for each
Tconv cell subset with the same combination in matching Treg
cells. Treg cells are generally thought to have TCRs of higher
peptide affinity than Tconv cells (7, 8), which should be reflected
in the CDR3 sequence. For CDR3 analysis in this study, the 6 aa
of the germ-line sequence of TRAVI3 leading up to the
hypervariable CDR3 region were included, because the aspartic
acid (position 1) and glycine (position 3) were previously sug-
gested to be important for the binding of MBP Acl-11/I-A"
complexes (46). More pronounced than in most other models
(47), there was a complete disparity of the amino acid compo-
sition of CDR3 regions between Tconv and Treg cells in the Tg4
CTLA-4WT mouse (Table S1, upper half). In CTLA-4KO mice,
the difference in CDR3 amino acid sequence between Tconv and
Treg cells was less dramatic than in CTLA-4WT cells (Table S1,
lower half); only in the TRAV13.TRAJ33 combination were the
most common sequences markedly different and found to be
shorter in Treg than Tconv cells. In the TRAV13.TRAJ23 and
TRAV13.TRAJ35 combinations, the CDR3 amino acid com-
position was identical for Tconv and Treg cells, but the TRAV13
germ-line sequence showed a phenylalanine to leucine sub-
stitution at position 6. This substitution occurred in all three

Verhagen et al.


http://www.imgt.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208573110/-/DCSupplemental/pnas.201208573SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208573110/-/DCSupplemental/pnas.201208573SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208573110/-/DCSupplemental/pnas.201208573SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1208573110

L T

/

1\

BN AS  DNAS P

@ 0.01 pg/ml 0.1 pg/ml
A 2957 i aawT casP thymocytes C  criaawrcoasp criagkocpase.  E e —
9 40 ) 9
S ) o 22.3%) 15.1% ]
— 35{ =#= no peptide © i - 150
% 30 peptide © gggs ? ]
o 25{ =& peptide + anti-MHC Il 2 g : !
5 20 S 4 1 L
7 (@] K r l“
% 15 a . )
= 10
o 10 -, Z . NS R S
Q 5 < e —r er v
Do 0 | — o 102 10® 10t 10° 0 102 1®  10®  10° - 10 pg/mi
=75 30 60 90 120 CD4SP CPD ef670 CD4SP CPD ef670 »
duration of co-culture (minutes) 20047 T ool 63% 1T cell 72% 3 i
B 45 2T cells 22% 15042 T cells 18%
= CTLA-4KO CD4SP thymocytes 15093* T cells 15% 3" T cells 10%
g 40 € - E 100 € 100 .
— 35{ == no peptide § 1004 § 5 s
. (8] -
% 30 pept}de . o] 501 —f o 0w W
o 251 =& peptide + anti-MHC ||
[
] o e T rr——————— CTLA-4WT naive CD4 cells
2 o W o S CTLA-4WT naive CD4 cells + anti-CTLA-4
=3
3 /r——‘ CDA4SP CPD ef670 CD4SP CPD ef670 e ete CTLAMKO matve GDA cells
a
X 100 = ns
60 90 120 F _
duration of co-culture (minutes) = M
B § 75 - —_r
[73
~ 150 - _ 30 min 60 min 90 min 120 min 3
T o
s g 50
= 100 CTLA-4KO| a
@ - Q -
8 5 Q 25
S 50 8 &
3
s
=) : . : v r : r : 0-
," \(:O 10° 10 10° 10° 10 10° 10° 10 10 10° 10 10° 0.01 01 .; 1I0
N b CD4SP CPD ¢f670 B> [MBP Ac1-9 4K] (ng/ml)
A% O"\’
[JCTLA-4WT naive CD4 cells
EICTLA-4WT naive CD4 cells + anti-CTLA-4
Il CTLA-4KO naive CD4 cells
Fig. 3. Effect of CTLA-4 on T cell-APC clustering and activation of naive CD4* Tg4 splenocytes. (A) CFSE-labeled CD4SP thymocytes were cocultured with CPD

ef450-labeled BMDCs for up to 2 h. Percentages represent BMDCs that cluster with one or more T cells without peptide, when preloaded with 0.1 pg/mL high-
affinity MBP Ac1-9, or when preloaded with peptide and cocultured in the presence of 1 pg/mL anti-MHC Il (I-A/I-E) blocking antibody. Data are repre-
sentative of five or more similar experiments. (B) Median fluorescence intensity + SEM for TCRB expression (H57-597) on CD4SP thymocytes (n = 6). (C) Flow
cytometry plots gated on CPD ef450-labeled BMDCs after 2 h of coculture. BMDCs clustered with at least one CPD ef670" thymocyte (upper right quadrant of
dot plots in Upper) were then analyzed for the number of T cells bound (histograms in Lower). (D) Change in thymocyte binding over time. Gray filled
histograms indicate CTLA-4WT, and black open histograms indicate CTLA-4KO. C and D are representative of three identical experiments. (E) Histograms of
CD69 expression on naive CD4*CD62L" splenocytes from CTLA-4WT or CTLA-4KO mice 24 h after stimulation with increasing doses of MBP Ac1-9. Gated on
live CD4* cells. Where indicated, 10 pg/mL anti-CTLA-4 (9H10) were added at the start of culture. Data representative of three similar experiments. (F)
Percentage of CD69-expressing cells (+ SEM) 24 h after stimulation of naive CD4* T cells with MBP Ac1-9 peptide. Gated on live CD4* cells. ***P < 0.001; two-

way ANOVA with Bonferroni posttest on transformed data. ns, not significant.

common TRAV13.TRAJ combinations found in CTLA-4KO
Tconv cells and may have great implications for TCR affinity,
because it indicates that CTLA-4KO Treg cells used a different
member of the TRAV13 family, characterized by other CDR1
and CDR?2 regions, important for MHC recognition.

To investigate whether TCRs of different affinity would be
selected in the Treg cell lineage in the absence of CTLA-4, we
compared their CDR3a amino acid composition. Table 1 lists
the CDR3 regions of the most common TRAV13.TRAJ com-
binations shared between CTLA-4WT and CTLA-4KO Treg
cells. The amino acid compositions for TRAV13.TRAJ22,
TRAV13.TRAV33, and TRAV13.TRAV49 were largely identi-
cal in CTLA-4WT and CTLA-4KO cells, although the afore-
mentioned phenylalanine to leucine substitution in the TRAV13
carboxyl-terminal germ-line sequence was again common.
TRAV13.TRAJ43 and TRAV13.TRAJ27, the latter of which
accounts for nearly one-half of all CDR3a in CTLA-4KO Treg
cells, showed not only a reduced length in CTLA-4KO Treg
cells (20 vs. 22 aa) but also, a shift in amino acids used, indicating
a shift in peptide recognition ability. Most informative were the
results from TRAV13.TRAJ31, TRAV13.TRAV42, and TRAV13.
TRAJ45. Here, most CDR3a sequences expressed commonly in
CTLA-4WT Treg cells were also expressed in CTLA-4KO Treg
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cells, accounting for 45-60% of the CDR3a in CTLA-4KO Treg
cells (Table 1, italics). Another 30-45% of CDR3a sequences
in CTLA-4KO Treg cells were found only in Tconv cells in
WT mice (Table 1, bold). Although the change in the TRAV13
germ-line sequence in CTLA-4KO Treg cells does not allow us to
claim a direct Tconv to Treg shift in the absence of CTLA-4, the
shared and identical CDR3w is nevertheless remarkable.

Changes in CDR3a Composition Dictate Peptide-Binding Potential.
The observed changes in CDR3a amino acid composition
clearly indicate that, in the absence of CTLA-4, a shift occurs in
the affinity of TCRs of both Tconv and Treg cells. To try and
define the difference in binding potential of CDR3a regions, we
calculated the isoelectric point (PI; indicative of charge) and
average hydrophilicity, which each affect peptide/MHC-binding
affinity (48, 49). Comparison of the CDR3 properties of the
three most common TRAV13.TRAJ combinations in CTLA-
4WT Tconv cells with the same combination in matching Treg
cells confirmed that Treg cells require different binding charac-
teristics to use the same CDR3a, which was suggested by the
change in amino acid composition (Fig. S3). However, the dif-
ference in PI and hydrophilicity between Treg and Tconv cells
was not consistent at this level, with both higher and lower values
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Fig. 4. TRAV use by Tg4 CTLA-4WT and Tg4 CTLA-4KO T cells. RT-PCR
analysis for each of 20 TRAV families was performed to determine relative
expression levels. (A) CD4SPCD25~ Tconv cells and CD4SPCD25* Treg cells
were FACS-sorted and pooled from the thymi of six Tg4 CTLA-4WT or three
Tg4 CTLA-4KO females ages 7-9 wk. (B) CD4*CD25~ Tconv cells or
CD4*CD25" Treg cells were magnetically isolated and pooled from the
spleens of three Tg4 CTLA-4WT or two Tg4 CTLA-4KO males ages 7-9 wk.
Two primer sets were required to cover all members of the TRAV5 and
TRAV6 families and were plotted separately. Error bars indicate SD.

found for the same parameters. A highly compelling change
became apparent comparing the CDR3a properties of CTLA-
4WT with CTLA-4KO Tconv cells. Considering that there was
no overlap in the use of TRAJ regions between these groups, we
combined all TRAV13 CDR3a regions within either group and
compared overall weighted values for PI and hydrophilicity. This
approach revealed that, in the absence of CTLA-4, CDR3a
regions were selected with strikingly lower hydrophilicity and PI,
which would alter peptide-binding properties substantially (Fig.
6B). We next compared these values with those values of Treg
cells and found that, in the WT Tg4 mouse, CDR3a sequences of
Treg cells had a significantly lower median hydrophilicity and PI
than matching Tconv cells. CTLA-4KO Treg cells, however, had
significantly higher values for hydrophilicity and PI than equiv-
alent Tconv cells. Finally, in the absence of CTLA-4, Treg cells
developed CDR3a with higher values for hydrophilicity and
lower PI. Correlation plots (Fig. 6C) of each CDR3a sequence
that occurred more than one time within millions of sequences
analyzed for each cell population revealed that, compared with
Tconv cells, Treg cells had a wider range of PI and hydrophilicity,
within which CDR3a was selected at high frequency, consistent
with the greater diversity of TRAJ regions and therefore, CDR3
sequences. Interestingly, whereas CTLA-4WT Tconv cells had one
defined range of hydrophilicity that allows specific CDR3 to be
selected frequently, two distinct peaks occurred in the absence of
CTLA-4. Therefore, although both CTLA-4WT and CTLA-4KO
Tconv cells had an equally limited CDR3 diversity, with only three
TRAJ gene segments used preferentially, the latter cells seem
to have a broader range of peptide-binding properties.

We conclude that, in the Tg4 model, CTLA-4 tunes the
strength of activation signals during thymic selection and thereby,
determines the avidity of the TCR required for progression into
the mature T-cell population. In the absence of CTLA-4, endog-
enous TCRa chains of altered peptide recognition are selected;
this altered TCR repertoire then widens the diversity of Tconv
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cells and skews the direction of developing thymocytes to the
FoxP3™ Treg cell lineage.

Discussion

In this study, we have investigated the influence of CTLA-4 on
the thymic generation of self-antigen—specific Tconv and Treg
cells in TCR transgenic Tg4 mice using in-depth TCRa analysis
and functional assays. We show that CTLA-4 is expressed in the
thymus without the need for exogenous stimulation using anti-
CD3. CTLA-4 expression was most apparent in the cortico-
medullary area of the thymus of both nontransgenic B10.PL and
Tg4 mice, which was expected from its reported role in negative
selection (23-26). Imaging results suggested that the quantity of
CTLA-4 protein in CTLA-4" thymocytes in the Tg4 model may
be augmented. Furthermore, flow cytometric analysis showed that
the thymic composition was altered as a result of the transgenic
TCR, but the incidence of CTLA-4"FoxP3~ CD4SP thymocytes
that express CD69 and are undergoing thymic selection was not
affected. We show in this report that the expression of CTLA-4
in the Tg4 thymus affects not only the thymic generation of
FoxP3™ Treg cells but also, Tconv cells by altering the TCR
repertoire. Exactly how the low level of expression of CTLA-4 in
the thymus can have such a profound effect on T-cell selection is
perhaps perplexing, but two factors may play a role. First, CTLA-4
only needs to be expressed at the time of self-antigen recognition
to have an effect, and therefore, its expression on any individual
cell can be short-lived and transient. As shown previously, CTLA-4
is up-regulated on thymocytes after TCR-mediated activation (25).
Second, for CTLA-4 to have its effect on all peripheral T cells,
it will only have to be expressed on thymocytes that successfully
undergo positive and negative selection. The efficiency of thy-
mic selection in the Tg4 model remains unknown but like
thymic selection in general, may not be very high.

Thymocytes in the Tg4 mouse model express a transgenic
TRBV13 and TRAV6, but this expression does not inhibit the
expression of endogenous TRAV gene segments. The dual
expression of different TRAV genes in the same cell is not
uncommon, because at least one-third of CD4" T cells in
nontransgenic mice express two TRAV regions (50), with the
frequency of dual-expressing cells higher in Treg than Tconv cells
(51). Our analysis of TRAV use in CTLA-4WT and CTLA-4KO
Tg4 mice showed that, in the absence of CTLA-4, a greater
proportion of sequences were from the endogenous TRAV13
rather than the transgenic TRAV6. This finding could reflect
either a greater positive selection of thymocytes expressing the
endogenous TRAV13 rather than the transgenic TRAV6 or an
increase in cells expressing both TRAV13 and TRAVG.

The effect of CTLA-4 on TCRa use in Tconv cells is clear
from the TRAV analysis, although the effect is even more ap-
parent when looking at the use of junctional regions combined
with TRAV13. In both CTLA-4WT and CTLA-4KO Tconv cells,
over 97% of all TRAJ regions that combine with TRAV13 are
from only three families; however, there is no overlap between
these dominant regions, indicating that Tg4 Tconv cells de-
veloping in the absence of CTLA-4 have different requirements
to their endogenous TCRa. Analysis of TRAJ region use further
highlights the difference in TCRa between Tconv and Treg cells.
One remarkable observation was that, in CTLA-4KO Treg cells,
greater than 99% of all TRAJ regions expressed with TRAV13
were out of frame, indicating that, although TRAV13 was com-
monly expressed by these cells, it rarely led to a functional
a-chain. In Tconv cells or CTLA-4WT Treg cells, around 60%
of TRAV13-associated TRAJ regions were in frame. A recent
study (52) suggested that out-of-frame selection is not a random
process as expected, although the rules that govern this process
remain to be elucidated. Still, CTLA-4KO Treg cells must ex-
press a successfully rearranged endogenous TCRa, because Tg4
RagKO CTLA-4KO mice that only express the transgenic a-chain,
do not harbor FoxP3* Treg cells (27). The high frequency of out-
of-frame TRAJ region sequences, therefore, is unlikely to occur
for other TRAV families used by CTLA-4KO Treg cells. Fo-
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TRAV13 that make up at least 5% of the total found in either cell type.

cusing on in-frame sequences, it is clear that Treg cells use a
greater diversity of TRAJ regions combined with TRAV13 than
Tconv cells, which primarily used only three different TRAJ gene
segments but showed no overlap between CTLA-4WT and CTLA-
4KO cells. CTLA-4WT and CTLA-4KO Treg cells expressed
largely the same wide range of TRAJ regions but differed con-
siderably in their preferences. For example, nearly one-half of
TRAJ sequences in the CTLA-4KO Treg cells were from TRAJ27,
whereas in CTLA-4WT Treg cells, no single TRAJ made up more
than 18% of the total. TRAJ region analysis in addition to TRAV
gene expression, therefore, not only confirmed that TCRa is al-
tered in the absence of CTLA-4, but also, it showed that Treg cells
have a much wider range of TCRa than Tconv cells.

The combination of TRAV and TRAJ gene segments forms
the CDR3a, the region responsible for peptide recognition. CTLA-
4WT and CTLA-4KO Tconv cells differed in CDR3a length; in
both, ~2/3rds of sequences were 20 aa in length, whereas the
remaining 1/3rd was either 19 or 18 aa in length, respectively.
The length of the CDR3 region has previously been implicated in
the differentiation of Tconv cells to either a Thl or Th2 phe-
notype (53). Similarly, CTLA-4—deficient mice have been shown
to exhibit a skewed repertoire of Th1, Th2, and Th17 cells, which
was also reported here for Tgd CTLA-4KO mice (28, 35-37). In
our model, CDR3a using the endogenous TRAV13 showed a
greater diversity in length in Treg cells than Tconv cells, which was
previously found by one group (43), although other groups have
found a comparable (44) or lower (45) diversity in different models.

Diversity of CDR3 regions is not just determined by variation
in length but more importantly, also by changes in amino acid
composition. We show here that, in CDR3a regions shared be-
tween CTLA-4WT Tconv and Treg cells (i.e., the same combi-
nation of TRAV13 with a particular TRAJ region), there was no
overlap of identical sequences at all, whereas CTLA-4KO Tconv
and Treg cells had several sequences in common. Sequence
homology between CDR3 regions of Tconv and Treg cells varies
from model to model and may well depend on the relative
contribution of the TCR to the total avidity of activation signals
received during thymic selection (47). One very remarkable ob-
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servation in this study came from the comparison of the en-
dogenous CDR3a from CTLA-4WT Tconv cells with CTLA-
4KO Treg cells. CTLA-4WT Treg cells did not exhibit sequence
homology of shared CDR3 regions with CTLA-4WT Tconv cells,
but CTLA-4KO Treg cells shared at least one-third of their
sequences with each of CTLA-4WT Treg and Tconv cells. Although
there are minor differences in TRAV13 germ-line sequence be-
tween CTLA-4KO Treg cells and CTLA-4WT Tconv cells, the
shared CDR3 sequences provide the tantalizing prospect of cells
with a TCR avidity normally found in Tconv cells being driven to
FoxP3 expression in the absence of CTLA-4 signaling. This effect
might help to explain the elevated number of FoxP3* Treg cells
and augmented resistance to autoimmune disease observed in
CTLA-4-deficient Tg4 mice (27).

The difference in amino acid composition of CDR3a regions
can be used to calculate properties known to affect TCR affinity.
The Geiger laboratory previously published two studies looking
at the hydropathy and charge of CDR3p from Tconv and Treg
cells in a myelin oligodendrocyte glycoprotein-specific model
(48, 49) and found a significant difference only in net charge.
In their model, FoxP3™ Treg cells showed a higher charge and
seemingly higher hydrophilicity of CDR3p, although the latter
was not significantly different because of a much lower number
of sequences analyzed than in this study. In our CDR3« analysis,
we found CTLA-4WT Treg cells to have regions of a significantly
lower hydrophilicity and PI (indicative of charge) than CTLA-
4WT Tconv cells. More strikingly, CTLA-4KO Tconv cells showed
an even greater difference in PI and hydrophilicity compared
with their WT counterparts. It is difficult to link these differences
directly to either a higher or lower TCR affinity, because it also
depends on other factors, such as the amino acid composition of
the CDR3, the charge properties of the antigen-MHC target,
and the interaction of the CDR1 and CDR2 regions with MHC
II; however, these results certainly indicate that differences in
binding properties will occur in the absence of CTLA-4. We have
shown the effect of CDR3a deviations on TCR avidity by studying
the clustering of CD4SP thymocytes with peptide-loaded BMDCs.
Differences are small, because either the avidity is the combined
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plots for hydrophilicity and PI. Each unique CDR3a found more than one
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result of TCRs using the transgenic o- and f-chains and TCRs
using the rearranged endogenous a-chain or greater differences
would not allow thymic selection. From these results and the
effect on CD69 up-regulation, it seems that, in the absence of
CTLA-4, CD4" T cells with lower TCR avidity are selected in
the thymus. This result is consistent with a model of total avidity
for the selection of thymocytes. The absence of negative signal-
ing through CTLA-4 necessitates a lower TCR signal to reach
the total level of activation required for successful thymic se-
lection. The effect of costimulatory signals, including CTLA-4,
on thymic selection may be particularly relevant in the Tg4
mouse model because of the unusually low affinity and instability
of the binding of MBP Ac1-9 to I-A", which limits the activation
signals received through the TCR (54).

Finally, this study may explain why FoxP3™ Treg cells in our
model are functional suppressors, despite the absence of CTLA-4.
By restricting the TCR specificity to a thymically expressed antigen,
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we allowed developing thymocytes to compensate for the absence
of CTLA-4 by lowering their TCR avidity, thereby reaching the
same level of total activation signals as in the presence of CTLA-4.

In summary, we here show that CTLA-4 is expressed in the
thymus, where it works together with other signals to set the
required level of TCR avidity and determine the development of
both Tconv and Treg cells.

Materials and Methods

Mice. Tg4 CTLA-4WT and CTLA-4KO mice as well as their Rag-deficient
counterparts were described previously (6, 27). These mice and B10.PL mice
were bred under specific pathogen-free conditions. Experiments were car-
ried out under a United Kingdom Home Office Project License and subject to
assessment by the University of Bristol ethical review committee.

Peptides. The acetylated N-terminal peptide of murine MBP, Ac1-9 (Ac-
ASQKRPSQR), and its higher MHC affinity analog with K-Y substitution were
custom synthesized (purity > 85%; GL Biochem).

In Situ Inmunofluorescent Staining. Thymi from Tg4 CTLA-4AWT and B10.PL
mice (6-7 wk) were embedded in OCT Compound (Tissue-Tek) and frozen
over liquid nitrogen immediately after removal; 6-um-thick sections were
fixed in ice-cold acetone, permeabilized with 0.1% Triton X-100 (Sigma) in
PBS, and then blocked with 4% (wt/vol) BSA in PBS. Sections were first in-
cubated with polyclonal rabbit anticytokeratin-5 (Covance Research Prod-
ucts) at 1 pg/mL in MAXBind buffer (Active Motif). This antibody was
detected with donkey anti-rabbit Cyanine 3 (Jackson ImmunoReseach)
used at 1 pg/mL Sections were simultaneously incubated with Alexa-
Fluor488-conjugated hamster anti-CTLA-4 (clone 1B8; AbD Serotec) and
AlexaFluor647-conjugated rat anti-CD80 (clone GL-1; Biolegend), both at 5
pg/mL Sections were mounted with ProLong Gold antifade reagent (Invi-
trogen). Images were acquired on an SP5 confocal imaging system attached to
a DMI 6000 inverted microscope (Leica) with a 20x objective lens using 488-,
561-, and 633-nm laser lines. Images were captured in Leica Application Suite
and exported to Volocity 5 (Perkin-Elmer) for analysis, and Photoshop CS4
(Adobe) was used to present images.

Flow Cytometry. Cell sorting was performed using a FACSVantage or Influx
cell sorter (BD). Flow cytometric analysis was performed using an LSR Il flow
cytometer (BD). CTLA-4 expression on thymocytes was determined using anti-
CD69-FITC, anti-CTLA-4 (clone UC10-4B9) -PE, anti-FoxP3 (FJK-16S) -efluor
450, anti-CD8-APC, and anti-CD4-AlexaFluor700 antibodies, with fixable via-
bility dye efluor 780 (eBioscience) used to exclude dead cells. Anti-CD69-FITC,
anti-CD4-AlexaFluor700, and viability dye efluor 780 were used for naive
T-cell activation studies. Results were analyzed using FlowJo analysis soft-
ware (Tree Star).

T-Cell Isolation. CD4*CD62L* T cells were isolated from splenocytes using
a naive T-cell isolation kit (Miltenyi Biotec). CD4*CD25* Treg cells from the
spleen were isolated using the CD4*CD25* Treg isolation kit (Miltenyi). CD4SP
thymocytes for clustering were isolated using a CD4* T-cell isolation kit Il with
added anti-CD8a microbeads at the second stage of labeling (Miltenyi Biotec).
CD4SPCD25~ and CD4SPCD25* thymocytes for TCRa analysis were FACS-sorted.
Freshly isolated thymocytes were stained with anti-CD8-FITC, anti-CD4-APC,
and CD25-PE before sorting, with propidium iodide used to exclude dead cells.

Intracellular Cytokine Staining. CD4*CD62L" splenocytes were stimulated with
1 pg/mL MBP Ac1-9 for 7 d in the presence of irradiated B10.PL splenocytes
as APC. Cells were treated with PMA and ionomycin (Sigma-Aldrich) at a final
concentration of 5 or 500 ng/mL, respectively, for 4 h in the presence of
GolgiStop (BD). Cells were surface-stained with anti-CD4-AlexaFluor700 fol-
lowed by intracellular staining with a combination of anti-IL-2—efluor 450,
anti-IL-4-PE, anti-IL-10-APC, anti-IL-17-PE-Cy7, and anti-IFN-y—FITC using fix-
ation and permeabilization buffers (eBioscience). Fixable viability dye efluor
780 (eBioscience) was used to exclude dead cells.

T cell-DC clustering. BMDCs were generated from the bone marrow of B10.PL
mice by in vitro culture for 10-12 d in RPMI medium containing 20 ng/mL
recombinant murine granulocyte-macrophage colony-stimulating factor
(rmGM-CSF) (Biolegend or Miltenyi Biotec). Before coculture, some BMDCs
were preloaded with 0.1 pg/mL high-affinity MBP Ac1-9 4Y peptide for 3 h
at 37 °C. CD4SP thymocytes were labeled with 1 pM CFSE (Invitrogen) or 2.5
pM CPD ef670 (eBioscience), whereas BMDCs were labeled with 5 M CPD
ef450 (eBioscience). 5.10° thymocytes were cocultured with 1.10° BMDCs in
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Table 1.
CTLA-4KO Treg cells

Treg CTLA-4KO

Treg CTLA-AWT

Comparison of CDR3a amino acid composition for common TRAV13.TRAJ combinations used by both CTLA-4WT and

Tconv CTLA-AWT

Sequence No. Percent Sequence No. Percent Sequence No. Percent
TRAJ31

DSGTYLCALNSN-NRIFFGD 423 43.3 DSGTYECAMDRN-NRIFFGD 141,548 83.2 |DSGTYFCAL-NSNNRIFFGD 426,347 90.2
DSGTYLCAMDRN-NRIFFGD 411 42.1 DSGTYFCAMDRS-NNRIFFGD 5708 3.4 |DSGTYFCAW-NSNNRIFFGD 7812 1.7
DSGTYLCAMHRN-NRIFFGD 16 1.6 IDSGTYFCAMHRN-NRIFFGD 5073 3.0 IDSGTYFCAL-HSNNRIFFGD 4,198 0.9
DSGTYLCAMDRS-NRIFFGD 14 1.4 |DSGTYFCALDRN-NRIFFGD 1,284 0.8 |DSGTYLCSL-NSNNRIFFGD 3,000 0.7
TRAJ42

DSGTYLCATLNSGGSNAKLT 747 43.7 DSGTYECALAN-SGGSNAKLT 71,427 31.1 |DSGTYFCATLNSGGSNAKLT 666,470 88.4
DSGTYLCALANSGGSNAKLT 403 23.6 DSGTYFCALV-SGGSNAKLT 61,767 26.9 DSGTYLCATLNSGGSNAKLT 41,477 55
DSGTYLCA-LVSGGSNAKLT 344 20.1 DSGTYFCAIDRTSGGSNAKLT 60,512 26.3 DSGTYLWATLNSGGSNAKLT 5739 08
ITDSGTYLWA-LVSGGSNAKLT 19 1.1 IDSGTYLCALAN-SGGSNAKLT 6,208 2.7 IDSGTYFCATLNAGGSNAKLT 4,719 0.6
TRAJ45

DSGTYLCA-LYTEGADRLTF 529 57.4 |DSGTYFCA-LYTEGADRLTF 148,545 90.4 |DSGTYFCALERG-EGADRLTF 239,086 82.6
DSGTYLCA-LERGEGADRLTF 279 30.3 DSGTYLCA-LYTEGADRLTF 5,588 3.4 |DSGTYLWALERG-EGADRLTF 28,603 9.9
ITDSGTYLWA-LERGEGADRLTF 32 3.5 |DSGTYFCA-LCTEGADRLTF 1,432 0.9 |DSGTYLWALERG-QGADRLTF 2,289 0.8
DSGTYLCA-LCTEGADRLTF 6 0.7 IDSGTYECA-PYTEGADRLTF 890 0.5 |DSGTYECALERG-QGADRLTF 1,873 0.6
TRAJ22

DSGTYLCALE-PPGSWQLIFG 442 34.0 DSGTYECALEPP-GSWAQLIFG 110,367 23.6

DSGTYLCAWG-TSGSWQLIFG 354 27.2 DSGTYFCAWG-TSGSWQLIFG 96,801 20.7

DSGTYFCAME-HSSWQLIFG 230 17.7 |DSGTYECAMEHSSGSWQLIFG 87,973 1838

DSGTYFECATS-SSGSWQLIFG 30 2.3 IDSGTYFCAIGGSSGSWQLIFG 83,552 17.9

TRAJ27

DSGTYLCAIENTNTGKLTFG 80.8% 9,455 80.8 |DSGTYECALERGNTNTGKLTFG 82,296 88.0

DSGTYLCAIENPNTGKLTFG 5.8% 680 5.8 IDSGTYFCAMERGNTNTGKLTFG 2,339 25

DSGTYLCALERGNTGKLTFG 2.9% 337 2.9 |DSGTYFCALERRNTNTGKLTFG 1,296 1.4

DSGTYECAIENTNTGKLTFG 2.2% 261 2.2 |DSGTYLCALERGNTNTGKLTFG 889 1.0

TRAJ33

DSGTYLCAL—SNYQLIWGS 391 43.7 |DSGTYECAL—SNYQLIWGS 119,109 504

DSGTYLCAD—SNYQLIWGS 365 40.8 DSGTYLCAD—SNYQLIWGS 97,622 413

DSGTYECAL—SNYQLIWGS 9 1.0 DSGTYLCAH—SNYQLIWGS 2455 1.0

ITDSGTYLGAD—SNYQLIWGS 9 1.0 |DSGTYFCA—DSNYQLIWGS 1,852 0.8

TRAJ43

DSGTYLCALEHNNN-APRFGA 393 40.0 [DSGTYLCAIAYNNNN-APRFGA 74,875 40.3

ITDSGTYLCAIAYNN-APRFGA 385 39.2 |DSGTYECALEHNNNNNAPRFGA 74,385 40.0

DSGTYLCALEHNNH-APRFGA 22 2.2 |DSGTYFCALEHNNNN-APRFGA 5,967 3.2

ITDSGTYLCAIAYNH-APRFGA 12 1.2 |DSGTYLCAIAYN-H-APRFGA 2,813 1.5

TRAJ4A9

DSGTYECAV—YQNFYFG 722 49.8 DSGTYECAV—YQNFYFG 153,610 55.3

DSGTYFECAVAPYTGYQNFYFG 323 22.3 |DSGTYECAID-TGYQNFYFG 50,508 18.2

DSGTYFECAIDT-GYQNFYFG 257 17.7 |IDSGTYECAVAPYTGYQNFYFG 48,076 17.3

DSGTYLCAV—YQNFYFG 13 0.9 DSGTYLCAV—YQNFYFG 5738 2.1

Data represent the CDR3 amino acid sequences of TRAV13.TRAJ combinations commonly found in Treg cells. The four most common sequences in each
combination are compared between CTLA-4KO Treg cells, CTLA-4WT Treg cells, and where applicable, CTLA-4WT Tconv cells. Italic letters indicate sequences
shared by CTLA-4KO Treg cells and CTLA-4WT Treg cells, bold letters indicate sequences shared by CTLA-4KO Treg cells and CTLA-4WT Tconv cells, and shaded
letters represent amino acids that are part of the germ-line sequence of TRAV13.

48-well plates, harvested at set times, and fixed in PBS containing 2% (wt/vol)
FCS, 2 mM EDTA, and 2% (wt/vol) paraformaldehyde (PFA). In some cultures,
functional grade anti-mouse MHC Il (I-A/I-E) (Ebioscience) was added at 1 pg/mL
to block clustering. T cell-DC clustering was determined using flow cytometry.

cDNA Synthesis and Real-Time PCR Amplification. cDNA synthesis was per-
formed using Oligo dT (Promega) with the Super Script Il reverse transcriptase
(Invitrogen) according to the manufacturer’s instructions. cDNA was diluted
10x in water before use for real-time PCR amplification.

The optimal annealing temperature was determined for each primer set;
25 ng ¢DNA template were mixed with 500 nM appropriate primers, 2 mM
MgCl,, and 2 pL LightCycler FastStart DNA Master SYBR Green (Roche) in
a total volume of 20 pL. Amplification was performed after an initial de-
naturation step at 95 °C for 10 min using the following protocol: 40 cycles
of 55 at 95 °C, 5 s at the optimal annealing temperature, and 20 s at 72 °C
followed by data acquisition. After the final amplification, dissociation curves
were assessed in the range of 60-95 °C. Ct values were determined with the
Fitpoint algorithm of the Lightcycler software (version 3.5). The slope (effi-
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ciency) of each amplification was calculated by linear regression of four dif-
ferent Ct values taken in the linear phase of the amplification (0.2, 0.4, 0.8, and
1.6 units fluorescence).

Illumina Sequencing. Before sequencing, libraries were prepared as follows.
The PCR product was amplified for five cycles with primers specific for the
TRAV and constant region containing the solexa adapters at their 5’ ends, thus
conserving the orientation of the fragment. PCR amplification was performed
using the Phusion DNA polymerase (New England Biolabs). The library was
purified on MinElute columns (Qiagen) and quantified by spectrophotome-
ter. Quality control was performed by cloning an aliquot of the libraries into
a TOPO plasmid (Zero Blunt TOPO PCR Cloning Kit for Sequencing; Invi-
trogen), transforming into Escherichia coli TOP10, and capillary sequencing
8-10 clones per library. Preparation of the DNA colonies and sequencing on
the Genome Analyzer Il (Illumina) were performed according to the manu-
facturer's instructions. In contrast to standard procedures, the sequencing
primer was designed on the constant region (5'-TACACAGCAGGTTCTGGGTT-
CTGGATGT-3’) such that the sequences start in the TRAJ segment.
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Sequence Analysis. Sequence reads were identified by alignment to published
TRAJ sequences (www.imgt.org) using align0 (55). TRAJ assignment was
determined by the best-match score. The align0 output was analyzed to
(i) assign a TRAJ identifier to a read to determine the identity of each TRAJ;
(ii) classify the TRAV.TRAJ.TRAC recombination event as in or out of frame;
(iii) determine the abundance (sequence count) of the CDR3 region within each
TRAV.TRAJ recombination event; (iv) determine the sequence and length of
each unique CDR3 region; and (v) determine the amino acid sequence of each
unique CDR3 region. Average hydrophilicity of CDR3 sequences was calculated
using values for each amino acid as set by Hopp and Woods (56). Pl of CDR3
regions was determined using the free Pl calculator on www.endmemo.com.
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Statistical Analysis. Where indicated, data were analyzed for statistical sig-
nificance using GraphPad Prism software.
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