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In a rat heart allograft model, preventing T cell costimulation with CD40Ig leads to indefinite allograft sur-
vival, which is mediated by the induction of CD8*CD45RC!° regulatory T cells (CD8*CD40Ig Tregs) interact-
ing with plasmacytoid dendritic cells (pDCs). The role of TCR-MHC-peptide interaction in regulating Treg
activity remains a topic of debate. Here, we identified a donor MHC class II-derived peptide (Du51) that
is recognized by TCR-biased CD8*CD40Ig Tregs and activating CD8'CD40Ig Tregs in both its phenotype
and suppression of antidonor alloreactive T cell responses. We generated a labeled tetramer (MHC-I RT1.
A2/Du51) to localize and quantify Du51-specific T cells within rat cardiac allografts and spleen. RT1.A?/
DuS51-specific CD8*CD40Ig Tregs were the most suppressive subset of the total Treg population, were essen-
tial for in vivo tolerance induction, and expressed a biased, restricted VB11-TCR repertoire in the spleen and
the graft. Finally, we demonstrated that treatment of transplant recipients with the Du51 peptide resulted in
indefinite prolongation of allograft survival. These results show that CD8*CD40Ig Tregs recognize a dom-
inant donor antigen, resulting in TCR repertoire alterations in the graft and periphery. Furthermore, this
allopeptide has strong therapeutic activity and highlights the importance of TCR-peptide-MHC interaction

for Treg generation and function.

Introduction

Allogeneic human-to-human transplantation remains the best
treatment to replace organs that have failed following disease.
The incompatibility between the MHC molecules of the recipi-
ent and donor cells is the main barrier to long-term success of
organ transplantation. The induction of tolerance to the allograft
has become a major objective, and certain tolerance strategies are
beginning to be applied clinically (1). Different populations of
Tregs have been described as being capable of inducing tolerance
to allogeneic organs. Most of these Tregs are CD4" Tregs, while
CD8" Tregs are less well defined (2).

We have previously described that costimulation blockade of
CD40-CD40L interaction, one of the most efficient strategies
to prolong organ allograft survival (3), induces CD8*CD45RC"®
Tregs (called CD8*CD40Ig Tregs) with potent suppressive capacity
(2, 4-6). We showed that donor-specific CD8*CD40Ig Tregs, but
not natural CD8*CD45RCl° Tregs, transferred tolerance to naive
transplant recipients. In addition, these cells acted in an unusual
way, as allograft survival was dependent on their secretion of IFN-y
to enhance indoleamine 2,3-dioxygenase (IDO) expression by DCs
and graft ECs (5). We also recently showed that the suppressive
activity of CD8*CD40Ig Tregs mainly occurred in the presence
of plasmacytoid DCs (pDCs) and that fibrinogen-like protein 2
(FGL2) was involved in the suppression (6).
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The requirement for TCR interaction in shaping of the Treg
population is an active and ongoing debate (2, 7). Some studies
suggest that TCR specificity and diversity are critical for in vivo
function and potency of CD8" Tregs (2, 7-13). Different models
for CD4* Tregs have shown that antigen-specific Tregs are more
potent suppressors than unrestricted Tregs (2, 14). It is also
known that TCR diversity is critical for CD4* Treg thymic selec-
tion and differentiation, and the TCR’s impact on Treg generation
and function has been recently described (15). High-throughput
sequencing has shown that naive Tregs with high TCR diversity
expand more efficiently and are more adaptable and more efficient
at suppressing graft versus host disease (GVHD) upon adoptive
transfer than TCR-restricted Tregs (13, 16). Using an immunos-
cope, we previously demonstrated that CD8*CD40Ig Tregs accu-
mulated a repertoire biased toward the V11 element (5), suggest-
ing the possibility of clonal expansion. To date, little is known
about the recognition features of this Treg population or about
CD8* Treg populations in general.

In the present study, we investigated whether the TCR fine spec-
ificity of CD8'CD40Ig Tregs influences Treg function and allog-
raft survival. Here, we have demonstrated for the first time, to our
knowledge, in transplantation that induced CD8'CD40Ig Tregs rec-
ognize a dominant peptide derived from a polymorphic region of
donor MHC class II molecules. This peptide expanded CD8* Tregs
in the presence of pDCs, at least ex vivo, and induced tolerance in
naive transplanted recipients without additional treatment. In addi-
tion, we generated a specific tetramer and demonstrated both ex
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vivo and in vivo the dominant tolerance exerted by antigen-specific
CD8*CD40Ig Tregs. Finally, we demonstrated that this peptide
was recognized by Tregs expressing VB11- and VB18-specific TCRs.
These TCRs comprised a private but restricted V11 repertoire in
the spleen and graft, but a private and diverse V18 repertoire in
the spleen and a more restricted V18 repertoire in the graft that
ensured efficient suppression of alloreactive immune responses.

Results

CD8*CD40Ig Treg activation in vitro. In order to identify TCR rec-
ognition of allogeneic MHC-peptide complexes by CD8*CD40Ig
Tregs and the subsequent activation of the function of these Tregs,
we had to select a specific marker of activation allowing flow
cytometric analysis after exposure to antigenic stimulation. There-
fore, we screened molecules expressed at different time points by
CD8*CD40Ig Tregs upon stimulation with polyclonal anti-CD3
and anti-CD28 antibodies. Expression of molecules on freshly iso-
lated CD8'CD40Ig Tregs has been previously assessed by quanti-
tative RT-PCR (qQRT-PCR) (5) and demonstrated that among these
molecules, CD25 and IFN-y were markers distinguishing CD8*
CD40Ig Tregs from other cell populations. On days 0, 1, 2, 3, and
6, we used flow cytometry to analyze Treg expression of CD71,
CD25, and IFN-y (Figure 1).

We confirmed, on day 0, that CD8*CD40Ig Tregs expressed low
levels of CD71 (0.83 + 0.1%), CD25 (12.74 + 6.1%), and IEN-y (5.57
+ 3.3%). After polyclonal stimulation, CD71, CD25, and IFN-y
expression increased markedly from the first day and remained
stable over time with, respectively, 82 + 4.5%, 98.1 + 1.9%, and 91.7
+ 7% positive cells on day 6.

In conclusion, we identified 3 markers of interest of CD8'CD40Ig
Tregs with low basal expression and significant upregulation upon
stimulation. Since CD2S was the most and earliest upregulated
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Figure 1

Screening of CD8* Treg activation markers by flow cytometry. (A)
CD8+*CD45RC'* Tregs were isolated from the spleens of CD40lg-
treated rats by cell sorting and analyzed for their expression of T cell
activation markers on day 0 and after 1 to 6 days of polyclonal stimula-
tion with anti-CD3/CD28 antibodies. Gray-filled histograms represent
the isotype control staining. (B) Data are summarized and plotted as
the means + SEM.n = 3.

marker and since it was a marker previously described by us and
others (5, 12), we selected this marker to assess CD8*CD40Ig Treg
activation in the remaining aspects of this study.

CD8*CD40Ig Tregs recognized 2 donor MHC class II-derived pep-
tides. In the rat MHC-mismatched heart allograft model, donors
(RT1Y) and recipients (RT1%) are mismatched for all MHC mole-
cules. We therefore aligned donor and recipient MHC I and IT aa
sequences and designed 82 overlapping 16-mer peptides match-
ing the polymorphic domains of donor MHC I and II molecules
(refs. 17-19 and Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI71533DS1).
Peptides were first grouped into pools of 6 to 8 peptides
(30 ug/ml of each peptide) and tested in an in vitro assay in which
immature or mature syngeneic recipient pDCs and sorted CD8*
CD40Ig Tregs from CD40Ig-treated long-term allograft-bearing
recipients were cocultured for 3 or 6 days. With immature pDCs,
we observed no significant activation of CD8*CD40Ig Tregs on
day 3 or day 6 with any of the allogeneic pools of peptides (data
not shown). After stimulation with mature pDCs and pools of
allogeneic peptides, we observed on day 3 a slight upregulation
of CD2S5 expression in a small population of CD8*CD40Ig Tregs,
and on day 6, a significant upregulation of CD25 expression fol-
lowing allogeneic stimulation (Supplemental Figure 2). These
results suggest that some allogeneic peptides were efficiently
recognized by CD8*CD40Ig Tregs and that this recognition led
to increased CD25 expression. It also demonstrated that pDCs
must be matured in our assay.

We next tested the stimulatory capacity of the 82 individual allo-
peptides in the presence of naive, matured syngeneic pDCs and
CD8'CD40Ig Tregs purified from long-term survivors in a 6-day
culture (Figure 2A). We observed that 2 peptides induced a highly
significant upregulation of CD2S expression at the cell surface
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Figure 2

Analysis of CD8+CD45RC'° Treg activation in response to donor-derived peptide stimulation. (A) CD8* Tregs were cocultured for 6 days with
syngeneic CpG-matured pDCs in the presence of peptides. For each experiment, the percentage of CD25+ Tregs after 6 days of coculture
with pDCs alone was given a value of 1. The mean value of 1 is equal to 32.85 + 1.98%. Results are expressed as the ratio + SEM between
the percentage of CD25+ cells after peptide stimulation and the percentage of CD25+ cells in the control condition without peptide. *P < 0.05,
**P < 0.01, and ***P < 0.001 versus control condition (value 1.0). n = 4—18 for each peptide. (B) Analysis of Treg activation in response to Du51
shorter peptide derivatives. On the left, 18 Du51 derivatives are detailed and classified by aa sequence length, from 9 aa to 15 aa. The box
highlights mismatched aa between the donor and recipient. On the right, Treg activation in response to Du51 derivatives was analyzed by
CD25 expression. CD8* Tregs were cocultured for 6 days with syngeneic CpG-matured pDCs in the presence of each peptide. Bars represent
the ratio between the percentage of CD25+ cells after peptide stimulation and the percentage of CD25* cells in the control condition without

peptide. *P < 0.05, **P < 0.01, and ***P < 0.001 versus Du51 condition. n = 3—14 for each peptide.

of CD8*CD40Ig Tregs: peptide 31 (called Bu31, 1.67-fold + 0.09-
fold vs. no peptide, P < 0.001), whose sequence overlaps with the
peptide 32 sequence (P < 0.05), and peptide 51 (called Du51, 2.07-
fold + 0.18-fold vs. no peptide, P < 0.001). Du5S1 induced a stronger
upregulation of CD25 expression than did Bu31, suggesting that
DuS51 is the dominant peptide recognized by CD8*CD40Ig Tregs,
while Bu31 is subdominant. These results demonstrate that anti-
gen-specific CD8'CD40Ig Tregs mainly recognized 2 peptides, Bu31
(YLRYDSDVGEYRAVTE) and Du51 (NREEYARFDSDVGEYR),
derived respectively from the 1 chain of donor MHC class II
RT1.B" and RT1.D" molecules.

CD8*CD401g Tregs recognized an unusually long allogeneic 15-mer
peptide. To determine the sequence of the natural dominant donor
peptide recognized by antigen-specific CD8'CD40Ig Tregs, we
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used a library of degenerated peptides, ranging from 9-mer pep-
tides with 1 aa lagging to 15-mer peptides with 2 or more aa lag-
ging, derived from the dominant 16-mer DuS1 (labeled 51-1 to
51-18) (Figure 2B). This library’s design was based on previous
results and published reports (20-23) and was tested in the same
in vitro assay described above. Interestingly, random peptide
libraries have established that rat MHC class I RT1-A? molecules
showed a strong preference for 9- to 15-mer peptides bearing an
arginine (R) at the C terminus (23).

None of the derivative 9-mer peptides 51-1 to 51-8 were able to
induce activation of CD8*CD40Ig Tregs in a manner equivalent
to that observed with the 16-mer DuS1. However, we were able to
induce a much stronger and substantial CD25 upregulation with a
15-mer derivative peptide (peptide 51-18) (2.04-fold + 0.3-fold ver-
Volume 124~ Number 6
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Figure 3

CD8+ Treg phenotype following ex vivo allopeptide stimulation. (A) Tregs and syngeneic CpG-matured pDCs were cultured for 6 days alone, with
a control peptide, or with peptide Du51. Expression on CD8* Tregs of the indicated markers was analyzed in the culture supernatant by ELISA
(A) or by flow cytometry (B) after in vitro stimulation. Graphs represent the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. n = 4-7.

sus no peptide) missing the N-terminal asparagine (N). Contrary to
other derivatives, CD25 upregulation induced by peptide 51-18 was
not significantly different from that induced by DuS1 (Figure 2B).

Altogether, these results show that a dominant MHC class
II-derived 15-mer natural peptide (REEYARFDSDVGEYR) was
presented to the CD8*CD40Ig Tregs and that such presentation
induced activation of the specific cells.

DuS1-activated CD8*CD401g Tregs displayed a modified phenotype and
efficiently suppressed antigen-specific activated T cells. The phenotype
of DuS1-activated CD8'CD40Ig Tregs was analyzed 6 days after
stimulation (Figure 3, A and B). We previously demonstrated that
CD8*CD40Ig Tregs acted through secretion of high levels of IFN-y,
which in turn induced IDO expression by DCs and graft ECs,
and this action was necessary for tolerance induction in vivo (5).
According to these results, we observed that stimulation of CD8*
Tregs by the peptide in the presence of pDCs led to significantly
increased expression of IFN-y, most likely by activated CD8*CD40Ig
Tregs (Figure 3A). In the same culture supernatants, we observed
decreased IL-12 production, likely of pDC origin, but no modifica-
tion of IL-10 or TGF-f} expression that could be produced by both
CD8*CDA40Ig Tregs and pDCs. We also observed an upregulation
of CD71, CD28, and MHC class II, but no modification of Foxp3,
expression after 6 days of peptide stimulation (Figure 3B).

We previously demonstrated that CD8*CD40Ig Tregs, in the
presence of allogeneic pDCs or syngeneic pDCs and a lysate of
donor cells, could suppress the proliferation of syngeneic effec-
tor CD4*CD25" T cells, showing that CD8"CD40Ig Tregs acted
through the direct and indirect pathway of allorecognition and
that they are more efficient suppressor cells than naive CD8*
CD4SRCl° Tregs (6). Here, we investigated whether DuS1-stim-
ulated CD8'CD40Ig Tregs could efficiently suppress effector
T cell proliferation after a 6-day coculture and thus maintain
their suppressive activity compared with CD8*CD40Ig Tregs
stimulated with a nonactivating control peptide. We performed
a mixed lymphocyte reaction (MLR) assay by stimulating CD8*
CD40Ig Tregs for 6 days in the presence of syngeneic pDCs
2500
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and DuS1 or nonactivating peptide. Peptide-stimulated CD8*
CD40Ig Tregs were then sorted using a FACSAria cell sorter and
added in a direct MLR assay of sorted allogeneic pDCs and syn-
geneic CFSE-labeled CD4*CD25" effector T cells (Supplemental
Figure 7). We hypothesized that expanded CD8*CD40Ig Tregs
would exert bystander regulation of the proliferation of effec-
tor CD4'CD25- T cells stimulated by the direct allorecognition
pathway (24, 25). To evaluate this, we measured the relative pro-
portion of dividing CD4*CD25- T cells on day 6 of coculture
(Supplemental Figure 3). In the absence of Tregs, we observed
a relative proportion of 80.5% of dividing CD4*CD25- effector
T cells on day 6, indicating that responding effector T cells had
highly proliferated. The addition of DuS1-stimulated Tregs
resulted in a significant decrease in the relative proportion of
dividing CD4*CD25- effector T cells, showing significant inhibi-
tion of the division of responding effector T cells compared with
that seen in Tregs stimulated by a nonactivating peptide. Thus,
DuS1 antigen-specific CD8*CD40Ig Tregs maintained an effi-
cient suppressive activity after in vitro activation, and Tregs that
remained unstimulated for 6 days lost their suppressive activity
and started to die from neglect.

Identification of Du51-specific CD8*CD4SRCY Tregs using MHC class
I tetramer revealed their envichment in CD40Ig-treated recipients. An
important challenge in transplantation remains the identification
of antigen-specific Tregs, as they represent a more potent suppres-
sive population, and very few natural epitopes have been identified
thus far. In addition, to date, in the rat and transplantation set-
tings, no tools have been available to directly visualize and detect
antigen-specific CD8* Treg populations. To that end, we generated
the MHC class I tetramer RT1.A*/DuS1, which was labeled with PE
and allophycocyanin (APC), and stained specific populations in
the spleen and graft (Figure 4, A and B).

Cells were first stained with a mixture of PE- and APC-conju-
gated RT1.A*/Du51 tetramers, together with the control tetramer
RT1.A*/MTF-E, which was labeled with BV421 (Supplemental
Figure 4). This dual fluorochrome strategy, previously described
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Figure 4

Enrichment of Du51-specific Tregs in long-term CD40Ig-treated recipients. T cell-enriched spleen (A) and total graft (B) from long-surviving
recipients or from naive animals were incubated with RT1.A3/Du51 tetramers labeled with PE- and APC-conjugated streptavidin. Top panels
show representative plots. Bottom panels show results for the percentage of Tet* cells among each population (left), the absolute number of cells
(middle), and the percentage of total organ cells (right) + SEM. *P < 0.05; **P < 0.01.n = 4-6.

for antigen-specific CD8* effector T cells, allows the discrimi-
nation of signal and noise staining, as specific CD8" Tregs will
bind equally to each version of RT1.A*/Du51 tetramer, whereas
random elements will not (26). Among double-positive stained
events, nonpeptide-specific cells can be visualized and excluded,
since they bind to a control tetramer bearing the same heavy-chain
RT1.A% but with an irrelevant associated peptide (Supplemental
Figure 4C). Cells were secondarily stained with CD8-PeCy7 and
CD45RC-FITC to identify either CD8*CD4SRC" Tregs or CD8*
CD45RCM T cells. With such a strategy, we were able to identify
DuS51-specific cells among CD8'CD40Ig Tregs (2.19 + 0.6% in the
spleen and 1.16 + 0.25% in the graft) (Figure 4, A and B). In the

The Journal of Clinical Investigation

http://www.jci.org

naive splenic CD8*CD45RCP Treg population, we found the pre-
cursor frequency to be 0.73 + 0.2% (Figure 4A and Supplemental
Figure 4C), demonstrating that even 120 days after transplanta-
tion and CD40Ig treatment, the frequency was still increased by
approximately 3-fold and that a pool of donor-specific Tregs was
identified in naive animals (Figure 4A and Supplemental Figure
4C). This difference was true when looking at the percentage and
absolute number of tetramer-positive (Tet") CD8*CD40Ig Tregs
or naive CD8"CD4SRCP T cells in the spleen (0.624 + 0.128 vs.
0.173 + 0.071, respectively, for percentage and 623,800 + 127,700
vs. 172,600 + 70,500 for absolute numbers in the spleen, P < 0.05).
There were also significantly more DuS1-specific cells among
Volume 124 2501
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CD8*CD40Ig Tregs than among CD8*CD45RCh T cells from
naive or CD40Ig-treated animals in terms of the percentage of
positive cells in each population and the percentage or absolute
number in the total spleen and the percentage in the graft (Fig-
ure 4, A and B). We observed no differences in percentages and
absolute numbers between CD8*CD45RC!® and CD8*CD45SRCM
T cells from the spleens of naive animals (Figure 4A and Supple-
mental Figure 4). Interestingly, Tet" cells were localized both in
the graft and the spleen within the CD8" subset of CD8*CD45-
RClo Tregs (Figure 4, A and B).

Altogether, these results demonstrate that we were able to gen-
erate a functional RT1A?/DuS1 tetramer to detect alloantigen-
specific CD8" Tregs, a population that was significantly increased
upon transplantation and CD40Ig treatment.

Superior suppressive capacity of DuS1-specific CD8*CD4S5RC Tregs
mediated by direct and indirect pathways of allorecognition and require-
ment for in vivo tolerance induction. We demonstrated the suppressive
capacity of DuS1-stimulated CD8'CD40Ig Tregs (Supplemental
Figure 3). In this experiment, we wanted to study the suppressive
capacity of freshly sorted RT1A%/DuS1 tetramer-specific CD8"
CD40Ig Tregs (Figure 5A). Naive CD8*CD45SRCl Tregs, total
CD8*CD40Ig Tregs, RT1A*/Du51 Tet- CD8*CD40Ig Tregs, and
RT1A*/Du51 Tet* CD8'CD40Ig Tregs were sorted and incubated
for 6 days with allogeneic (direct pathway) or alloantigen-loaded
syngeneic pDCs (indirect pathway) and naive CFSE-labeled synge-
neic CD4*CD25" T cells. In this assay, RT1A*/DuS1 tetramer-spe-
cific CD8*CD40Ig Tregs were activated by tetramer binding (data
not shown and ref. 27). As previously described, total CD8*CD40Ig
Tregs more efficiently suppressed the proliferation of effector
CD4'CD25 T cells induced by both direct and indirect pathways
of alloantigen presentation than did naive CD8*CD45RCl Tregs
(Figure SA). Interestingly, we observed a significant difference
between the suppressive potential of Tet* versus Tet- CD8*CD40Ig
Tregs mediated by the direct pathway of allorecognition, with the
Tet* CD8*CD40Ig Tregs being the most potent suppressive cell
subset, as shown by the decreased relative proportion of dividing
CD4*CD25" T cells (Figure SA). Although not significant, but with
2502
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a statistical trend (P = 0.0571), we obtained the same difference
regarding the indirect alloantigen presentation pathway (Figure
SA). Moreover, the suppression of CD4*CD25-responding T cell
proliferation was more effectively achieved by DuS1-specific Tregs
when induced by an indirect rather than a direct alloantigen pre-
sentation pathway. Interestingly, nonspecific Tet- CD8*CD40Ig
Tregs tended to be less suppressive than total CD8*CD40Ig Tregs,
highlighting the important contribution of DuS1-specific CD8*
Tregs in the overall suppressive capacity of the total CD40Ig Treg
pool. These results suggest that Du51 antigen-specific CD8*
Tregs are the most efficient Treg subpopulation of the total CD8*
CD40Ig Treg pool.

To study the in vivo relevance of the differential ex vivo sup-
pressive effect observed for Du51-specific CD8*CD40Ig Tregs, we
performed adoptive cell transfer experiments. Total CD8*CD40Ig
or RT1A?/Du51 Tet- CD8*CD40Ig Tregs were sorted and adop-
tively transferred into naive grafted irradiated recipients (Figure
5B). Unlike total CD8*CD40Ig Tregs, Tet CD8*CD40Ig Tregs,
which were depleted in DuS51 antigen-specific cells, were unable to
inhibit allograft rejection, demonstrating the crucial role of anti-
gen-specific CD8*CD40Ig Tregs in the tolerogenic activity of the
total CD8*CD40Ig Treg pool and in preventing allograft rejection
and promoting infectious tolerance.

Site-specific accumulation of VB-biased CD8*CD45RCP T cells. In naive
T cells, the length distribution of the TCRf chain CDR3 hypervari-
able region is Gaussian. Alteration of this Gaussian distribution
is the hallmark of activation and selection of T cells in response
to antigen. Using immunoscope analysis, we previously showed
that CD8'CD40Ig Tregs expressed a specific altered V11 reper-
toire (and a normal Gaussian-type distribution for all other Vf§
families), with the same dominant CDR3f length in all animals
(9 aa) (S5). These previous results suggested the possibility of an
oligoclonal expansion of CD8*CD40Ig T cells. We first confirmed
the preferential expression of the VP11 chain by flow cytometry
using an anti-mouse VP11 Ab that cross-reacts with rat (P < 0.01
compared with naive CD8*CD45RC" Tregs) (Supplemental Figure
S5, A and B). We also investigated the repertoire of graft-infiltrated
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Summary of the VB11 and V18 repertoires of total or antigen-specific Tregs from spleen and graft from naive and CD40Ig-treated rats

120 days after transplantation

Spleen
Vp18
Naive Du51 Tet+ Naive
CD40Ig-treated
Rats analyzed 5 4 5
TCRs sequenced 326 285 358
Predominant 8 (30.4%) 7 (19.5%) 9 (28.4%)
CDR3p length, aa 8 (22.2%) 10 (23.1%)
9 (21.6%)
Predominant Jp 2.1(21.9%) 2.1(26.5%) 2.1 (19.1%)
region 2.6 (26.1%) 2.6 (27.0%) 2.6 (19.8%)
Different 86.8% 64.9% 90.5%
clonotypes (283) (185) (324)
Clonotype/TCR 1: 59/62 1: 43/55 1: 55/68
sequences 2:68/69 2:50/70 2:66/72
per animal 3:57/75 3:41/81 3:71/73
4:49/58 4:54/79 4:70/70
5:57/62 5:65/75
Repertoire diversity “Private” “Private” “Private”
Broad in Broad in Broad in
allanimals 3 animals, more all animals
Limited in
1 animal

T cells (GITCs) from CD40Ig-treated recipients and observed an
altered VP11 family with a peak of the same CDR3f length (9 aa)
in all animals identical to that observed in splenocytes (ref. 5 and
data not shown). Furthermore, GITCs displayed several other
altered VP families (VPB1, 7, 15, 17, and 18) with the same predom-
inant CDR3f length for each Vf family and for all animals (i.e.,
CDR3p length of 7 aa for the V18 family). As compared with
naive animals, the accumulation of V11 family transcripts was
increased 11-fold in splenic CD8'CD40Ig T cells (5) and 40-fold
in the GITCs, while the second-most represented family (VB18) in
GITCs showed an 11-fold increase and a CDR3f length of 7 aa for
each animal (data not shown).

The fact that CD8*CD40Ig Tregs expressed a selected TCR VP11
gene family repertoire suggests an induced immune response,
giving support to their memory phenotype and, furthermore, a
biased TCR response to common antigens. The preferential accu-
mulation of this TCR VB11 family repertoire and of other TCR VP
families in the graft as compared with that in the spleen suggests a
preferential migration of biased and expanded CD8'CD40Ig Tregs
into the graft (6).

TCR repertoire sequencing reflected differential recruitment of CD8*
CDA401Ig Tregs to the tolerated organ versus spleen and a private restricted
repertoire of DuS1 antigen—specific VB11*CD8*CD40Ig Tregs. To analyze
the characteristics of the repertoire of VB11* and V18" spleen and
graft Tregs, cDNA obtained from naive, total CD40Ig-induced
CD8*CD45RCl° Tregs, or RT1A*/Du51 tetramer-specific CD8*
CD40Ig Tregs from 4 to 7 animals per group was amplified using
VB- and C-specific primers. PCR products were sequenced and
TCR aa sequences were analyzed and summarized in Table 1.
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Graft
Vg1 Vp11 Vp18
Bulk Du51 Tet+ Bulk Bulk
CD40Ig-treated CD40Ig-treated CD40Ig-treated  CD40Ig-treated
6 4 7 6

646 281 510 482
9 (26.4%) 9 (27.4%) 9 (28.2%) 7 (24.3%)
10 (22.4%) 10 (28.2%) 10 (24.7%) 9 (28.5%)

21(165%) 2.1 (14.5%) 2.1 (16.2%) 2.1 (14.6%)

2.6 (18.5%) 2.6 (24.2%) 2.6 (13.5%) 2.6 (18.1%)
62.8% 441% 50.8% 29.9%
(406) (124) (259) (144)
1:30/119 1: 36/76 1:14/44 1:13/88
2:93/103 2:45/54 2:6/76 2:6/54
3:87/99 3:10/67 3:28/69 3:15/80
4:99/113 4:33/84 4:58/87 4:22/94
5:28/116 5:31/77 5:22/89
6:70/96 6:71/80 6:69/77
7:51/77
“Private” “Private” “Private” “Private”
Broad in Limited in Broad in Limited in
3 animals, 3 animals 3 animals, 5 animals
limited in limited in
3 animals 4 animals

To assess the general TCR aa repertoire characteristics of each
of the groups, we first considered the dominant features of the
TCR aa clonotypes pooled across all animals in each group. The
VP11 TCR clonotypes pooled across all animals in each group
revealed predominant CDR3f lengths of 9 and 10 aa for CD8*
Tregs from naive spleens and CD40Ig-treated spleens and grafts
(Table 1 and Supplemental Figure 6). Previous observations (5)
and immunoscopic analysis (data not shown) of V311 TCRs from
naive/CD40Ig-treated spleens indicated a predominant CDR3f
length of 9 aa. We therefore examined the CDR3 length distribu-
tions among the unique TCR clonotypes (Figure 6A and Figure
7A) and TCR repertoires (i.e., accounting for the number of copies
of each clonotype; Figure 6B) for individual animals. The CDR3
length distributions for the TCR repertoires revealed substantial
variation between treated animals and confirmed a predominant
CDR3p length of 9 aa in many of the animals. In contrast, there
was a difference in the predominant V18 CDRf lengths between
naive spleens and treated grafts, with the CDR3 lengths of 8 aa
prevalent among the V318 TCR clonotypes pooled across all naive
spleens and CDR3 lengths of 7 and 9 aa more common in the
treated grafts (Table 1 and Supplemental Figure 6). However, as
with the VB11-TCR repertoires, we observed substantial variation
between treated animals in the CDR3 lengths dominating individ-
ual VB18 repertoires (Figure 7B).

Although the V11 and V18 chains of CD8* Tregs recombined
with a variety of Jp genes (Figure 6C and Figure 7C), we found
preferential usage of both the J32.1 and JB2.6 TCR clonotypes
pooled across all animals in each bulk naive spleen, CD40Ig-
treated spleen, and in each CD40Ig-treated graft group (Table 1
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and Supplemental Figure 6). However, the JBs dominating indi-
vidual TCR repertoires varied substantially between animals
(Figure 6D and Figure 7D).

Another important feature of TCR repertoires is their clono-
typic diversity. To statistically compare the diversity of the bulk
VP11 and VP18 repertoires between the spleens of naive animals
and the spleens and grafts of treated animals, we evaluated the
number of different TCR aa clonotypes (Figure 6E and Figure 7E)
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and Simpson’s diversity index (Figure 6F and Figure 7F), with the
latter reflecting the evenness of the clone size distribution across
clonotypes. For both the VB11 and VB18 repertoires, we observed a
significantly lower number of TCR clonotypes in the treated grafts
compared with that in the naive spleens (Figure 6E and Figure
7E). Albeit not significant, there was also a trend toward reduced
diversity of the VP11 repertoires from the bulk spleens of treated
animals compared with those from naive animals (Figure 6, E and
Number 6

Volume 124 June 2014



A 100 B
@ 80
a
P
2 60
s}
©
i
o 40
’_
o
< 20
0
123 45 123 458686 12 3 4
Bulk naive Bulk-treated Du51 tet*-
spleen graft treated
spleen
C 100 I i I I D
« 80 I I I
8
= =
B 60 i 0 UE
5 I N l 2
© | | I
o 40
(@]
’“‘_9- 20 = ! =
o s |
HE - uf=|=
0
123 465 123 458686 12 3 4
Bulk naive Bulk-treated Du51 tet*-
spleen graft treated
spleen
E 501 *x F
8 -8 .
s %0
Is) o _..'._
c
S 309
Q L]
k]
5" -
E l.
g 10 .
]
0 T v .
Bulk naive Bulk-treated Du51 tet*-
spleen graft treated
spleen
Figure 7

research article

100 Length
| 14
o 80 = 13
S 12
5 o 1
2 60 = 10
CE (-]
O 40 [
= =7
R s
20 5
4
0 o3
123 45 123 4586 12 3 4 .2
Bulk naive Bulk-treated Du51 tet*-
spleen graft treated
spleen
100 l — Jp
I I I I 26
o 80 O 25
£ I 2 o 24
k= = 023
g s0 I = [ - | 22
g H I m 21
o 40 | = 0o 16
L i 015
o 0|14
208 | Ol EE HEER =i
= =|"E—EF:
0 i1
123 45 123 458686 12 3 4
Bulk naive Bulk-treated Du51 tet*-
spleen graft treated
spleen
1.24 *
=
°
£ 1.0 —eegoe— . —_g0—
. [ ]
=
w L]
o 0.8
= °
o .
o0 0.6
=
o
g 04_
E
m L
0.2 T T T
Bulk naive Bulk-treated  Du51 tet*-
spleen graft treated
spleen

Features and diversity of V318 TCR aa repertoires. Comparison of the features (A—-D) and diversity (E and F) of V318 TCR aa repertoires obtained
from CD8+*CD45RCP Tregs from naive spleens, GITCs from CD40Ig-treated grafts, and Du51 Tett CD8+CD40lg Tregs from spleens. Shown are the
percentages of the TCRp aa clonotypes (A and C) and the TCR{ repertoires (i.e., including clonal dominance) (B and D) for each naive and CD40Ig-
treated animal using a particular CDR3 length (A and B) and J§3 gene (C and D). The number of TCR aa clonotypes (E) and Simpson’s diversity
indices (F) were estimated for a sample size of 44 TCR sequences per individual repertoire. The diversity of the TCR repertoires in CD40lg-treated
animals was compared with that of naive animals using a Kruskal-Wallis test and Dunn’s multiple comparison post tests. *P < 0.05; **P < 0.01.

F). Substantially greater variation in TCR repertoire diversity in
treated animals compared with that in naive animals was also evi-
dent. In particular, the large variation in Simpson’s diversity index
between treated animals, indicating the prevalence of one or a few
TCR clonotypes in some animals, was consistent with the interin-
dividual variation we observed in CDR3 length and Jp gene usage.

In order to more precisely analyze the repertoire of CD40Ig-
induced antigen-specific Tregs, we studied the VB11 and VP18

The Journal of Clinical Investigation

http://www.jci.org

repertoires of RT1A2/Du51 tetramer-specific CD8*CD40Ig Tregs
(Supplemental Tables 2 and 3). We observed considerable varia-
tion between individual animals in the preferential CDR3f length
(Figure 6B and Figure 7B) and J gene (Figure 6D and Figure 7D)
usage of the VP11 repertoire. Interestingly, we found a significantly
reduced number of clonotypes and overall diversity of the V11,
but not the VP18, repertoires from the DuS1-specific splenic Tregs
compared with those from the highly diverse naive Tregs from
Number 6 2505
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Tolerance induction after in vivo peptide Du51 infusion. (A) Recipients were either untreated (n = 9), treated with 5 i.v injections of 0.5
mg peptide (n = 4), or treated with short-term continuous peptide infusion by an i.p mini-osmotic pump delivering either 0.5 mg/day alone
(n = 8) or combined with a depleting anti-CD8 mAb (OX8) (n = 6) or an anti-MHC class | mAb (OX18) (n = 5), 1 mg/day in the LEW.1W/LEW.1A
(n =5) or BN/LEW.1A (n = 4) strain combination. **P < 0.01, 0.5 mg/day Du51 versus untreated animals and 0.5 mg/day of control peptide.
*P < 0.05, 0.5 mg/day Du51 plus OX8 versus 0.5 mg/day Du51. ***P < 0.001, 1 mg/day Du51 versus untreated animals. **P < 0.01, 1 mg/day
Du51 versus 1 mg/day Du51 in BN/1A. *P < 0.05 1 mg/day Du51 versus 0.5 mg/day Du51. (B) Anatomopatologic analysis of graft for signs
of chronic rejection lesions comparing native heart with that of Du51-treated (20.83 ug/hour) long-term surviving recipients. A, adventitia;
M, media. (C) IgG, IgG1, IgG2a, or IgG2b alloantibody production was evaluated in naive (n = 3), syngeneic (n = 3), untreated (n = 3), CD40Ig-
treated (n = 3), long-term (n = 2), and Du51-treated animals with graft rejection (n = 4) less than 30 days after rejection or more than 120
days after transplantation. Graph represents MFI + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (D) Splenocytes were recovered
after rejection or on day 120 and analyzed by flow cytometry for the absolute number of each subpopulation from naive (n = 12), long-term
(n = 2), and Du51-treated recipients with graft rejection (n = 5). (E) Spleens from naive (n = 4), long-term Du51-treated (n = 2), and Du51-
treated recipients with graft rejection (n = 4) were incubated with RT1.A2/Du51 tetramers. Graphs represents the percentage of Tet+ cells
among CD8* Tregs and the absolute number of Tet* CD8* Tregs in spleen + SEM.
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naive animals (Figure 6, E and F, Figure 7, E and F, and Table 1).
The significantly lower Simpson’s diversity index for V311 Du51
Tet*-treated spleen versus VP11 bulk naive spleen suggests that one
or a few clonotypes tend to dominate several of these repertoires (as
expected for an Ag-specific population) (Figure 6F). However, the
VB18 Du51 Tet* clonotypes from treated spleens had a diversity
that was intermediate between the bulk VB18 repertoires from the
naive spleens and those from the treated grafts (Figure 7, E and
F). This observation was rather unexpected for an antigen-specific
population and suggests that the V18 clonotypes do not have a
particularly high avidity for this peptide-MHC (pMHC).

Finally, we should point out that despite the greater interin-
dividual variation in the VB11* and VB18* DuS51-specific TCR
repertoires, some clonotypes were found to be shared between
DuS1-specific TCR repertoires and were present in the bulk TCR
repertoires from treated and naive animals (Supplemental Table 1).

Altogether, these results highlight (a) the largely private nature
of both the V11 and VP18 TCR repertoires; (b) the substantial
clonotypic diversity of total TCR-biased CD8*CD40Ig Tregs in
the spleen (VB11); (c) the more limited and distinct repertoires in
the graft where the cells migrate and reside long term (V11 and
VB18); and (d) most importantly, the reduced clonotypic diversity
of DuS1-specific VB11*CD8*CD40Ig Tregs.

Tolerance induction by in vivo peptide treatment correlated with an
increased proportion of CD8'CD45RCP Tregs and total inbibition of anti-
donor antibody responses. To further determine the potential of the
immunodominant peptide identified in the in vivo generation of
CD8*CD45RCP Tregs and in allograft survival, animals were sep-
arately treated using two different protocols of peptide adminis-
tration with no other treatment. In the first one, animals received
5 ivinjections of 500 ug of peptide (Figure 8A). We observed that
injections of either control peptide or Du51 were not sufficient
to induce a significant prolongation of allograft survival (respec-
tively, 11 and 9.5 days; n = 4) (Figure 8A). In the second one, to
improve the efficacy of the treatment and because such small pep-
tides are rapidly eliminated from the recipient’s body, we tested
mini-osmotic pumps with a constant i.p. delivery of 20.8 ug/hour
of peptide for 28 days, starting on day 7 before transplantation.
Interestingly, this protocol allowed significant prolongation of
allograft survival (P < 0.01 compared with control peptide and no
treatment), with 25% of indefinite allograft survival using Du51
compared with that achieved using control peptide (Figure 8A). To
prove that tolerance induced by peptide infusion was dependent on
CD8" T cells and MHC class I presentation, we cotreated recipients
with peptide infusion and either a depleting anti-CD8 mAb (OX8)
or a blocking anti-MHC class I mAb (OX18) (Figure 8A), as previ-
ously described (S). Administration of both antibodies completely
abolished allograft survival, indicating that recognition of MHC
class I/antigen by CD8" T cells was required in the establishment
of the tolerance achieved with peptide infusion.

Interestingly, an increased dose of Du51 administered by
osmotic pump delivering 41.6 ug of peptide per hour induced
an indefinite allograft survival in 80% of the recipients of Lewis
1W (LEW.1W) donor hearts (Figure 8A). However, Brown Norway
(BN) third-party grafts were promptly rejected on day 7 after trans-
plantation (Figure 8A), demonstrating that peptide DuS51 infusion
induces donor-specific tolerance mediated by CD8* Tregs.

We analyzed grafted hearts and spleens of rejecting or long-
term surviving recipients treated with peptide Du51 for signs
of chronic rejection, presence of antidonor antibodies, propor-
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tion of total and Tet* CD8*CD45SRCP Tregs, and in vitro sup-
pression of CD4" effector T cells (Figure 8, B-E, and data not
shown). Anatomopathologic analysis of the grafts of long-term
recipients showed no signs of chronic rejection according to
a previously established score (ref. 28 and Figure 8B). In addi-
tion, we observed a trend toward an increase in the percentage
and absolute number of total CD8" T cells, in particular of
CD8*CD45RC Tregs in the spleen (Figure 8D), as well as of
Tet* Du51-specific Tregs (Figure 8E) in long-term surviving
peptide DuS1-treated recipients compared with untreated or
Du51-treated recipients that rejected their graft early. These
results suggest that antigen-specific CD8*CD45SRCl Tregs were
induced or amplified by in vivo peptide treatment, while other
subsets were not, and that these Tregs may be responsible for
tolerance induction. We confirmed that these peptide-induced
activated CD8"CD45SRC Tregs displayed suppressive activity ex
vivo, since they efficiently inhibited effector CD4* T cell pro-
liferation in the same manner as freshly purified CD8*CD40Ig
Tregs (data not shown). Finally, we observed complete inhibi-
tion of total IgG, IgG1, IgG2a, and IgG2b alloantibody produc-
tion in long-term surviving DuS1-treated recipients compared
with that seen in untreated rats or DuS1-treated recipients that
rejected their graft early, results which could correlate with the
absence of chronic rejection (ref. 28 and Figure 8C).

Discussion
Our current knowledge of how Tregs recognize peptides and the
role of this recognition is very limited and mostly based on either
transgenic mouse models using TCR gene transfer of CD4* Tregs
(8, 11) or on murine Qa-1-restricted CD8* Tregs involved in auto-
immune disease and cancer whose Qa-1 peptide repertoire has been
described in the past few years (29). However, these studies sug-
gest that antigen-specific Tregs crucially influence the outcome of
long-term transplantation and contribute to the establishment of
tolerance (30). Recent studies have characterized peptides recog-
nized by CD8" Tregs during cancer (a heme oxygenase-1-derived
peptide), autoimmunity (VB-derived peptide), or even pregnancy
(minor antigen-derived peptide), but not during transplantation
(2). Transplantation represents a particular setting for the identi-
fication of antigen recognized by Tregs, since the presence of the
graft is a continuous source of alloantigens and is most certainly
essential for the function and maintenance of regulatory popula-
tions and thus the survival of the grafted organ (31). The recogni-
tion of alloantigens in the context of regulation has been shown by
us and others to occur mainly by the indirect pathway of presenta-
tion, particularly that which is supported by pDCs (6, 30, 32).

In this report, we demonstrate for the first time to our knowl-
edge that CD8*CD45RCP Tregs, through the indirect pathway
of presentation, can recognize one dominant allopeptide, named
Du51 (and one subdominant allopeptide), derived from the 1
domain of natural donor MHC class II molecules. These peptides
share 80%-90% homology with human HLA class II molecules
and thus could be used to detect specific CD8* Tregs in humans.
Using an MHC I-specific tetramer, we showed that Du51-specific
CD8*CD45RC Tregs were enriched in CD40Ig-treated long-term
surviving recipients, expressed a biased restricted V11 chain, dis-
played a strong suppressive activity ex vivo, and played a crucial
role in tolerance induction upon adoptive transfer. Finally, peptide
Du51 was shown to induce prolongation of allograft survival in
vivo, inducing donor-specific CD8* Tregs.
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Here, we describe that the peptide Du5S1 displayed an unusual
length of 15 aa and that shorter peptides tested failed to induce
significant recognition by CD8'CD40lIg Tregs. Most of the litera-
ture has focused on short peptides (8-10 aa) bound to MHC class I,
although it is known that 5%-10% of these are longer peptides
(more than 10 aa) that can be presented by MHC class I molecules
(33, 34). So far, such peptides have been identified for CTL mod-
els and are mostly derived from viral antigens. To the best of our
knowledge, we provide the first description of a 15-aa peptide that
can be structurally recognized by CD8" Tregs, as shown with our
RT1A%/Du51 tetramers. Recent studies suggested that these long
peptides drive a TCR recognition more focused on the peptide (35)
and that TCRs recognize MHC class I peptides of a preferential
length (36). The rat MHC class I molecule RT1.A* has been known
to accommodate particularly long peptides, with key-position res-
idues such as Gln, Met, or Leu at position 2 (P2), Phe at P3, Pro at
P4, and Arg at the C terminus (21, 22). Speir et al. demonstrated
previously in a model of maternally transmitted minor histocom-
patibility antigen (MTF-E) of 13 residues that important anchor
residues (in particular, arginine at P13) allowed binding with con-
siderably bulged conformation (37). We also observed that Du51
displayed an Arg at the C terminus end and thus could help RT1.A*
accommodation of the peptide. Interestingly, some of the peptides
that were tested by us were also tested by Ballet et al. on CD4* and
CD8" T cells isolated from untreated animals with graft rejection
(including the dominant peptide DuS51) in the same mismatched
cardiac allograft model (LEW.1W into LEW.1A) as ours (18). They
found two immunodominant peptides referred to by us as pep-
tides 47 and 55 that were derived from LEW.1W RT1.D" molecules
and were involved in acute rejection of grafts from unmodified
LEW.1A recipients. Importantly, peptide Du51 was not involved
in acute rejection in their model, and the two immunodominant
peptides identified by Ballet et al. were not recognized by our
CD8*CD40Ig Tregs, suggesting that Tregs and non-Tregs did not
recognize the same antigens.

We were able to produce an RT1.A*/DuS1 tetramer, which in
addition to being a valuable tool to track antigen-specific cells, can
also be used to determine TCR fine specificity and affinity. With
this tetramer, we identified in naive animals a pool of antigen-spe-
cific Treg precursors of ~0.73%, which was expanded by about
3-fold 120 days after transplantation and CD40Ig treatment. This
precursor frequency correlated with the observations of Leaven-
worth et al. made in a model of arthritis in mice, in which they
analyzed the occurrence of Qa-1-Hsp60,216 and Qa-1.R72A-Qdm
tetramer-specific CD8* Tregs and described a naive frequency of
approximately 1.65% and 0.46%, respectively, of positive CD8*
T cells for each (38). These observations suggest that the precursor
frequency of antigen-specific cells in a Treg population are higher
than the frequency of a given antigen-reactive non-Treg cell.

With the use of this MHC I tetramer, we compared the suppres-
sive capacity of Du51-specific and nonspecific CD8*CD40Ig Tregs
ex vivo in a coculture assay and in vivo through adoptive transfer
of Tet- CD8'CD40Ig Tregs (depleted in Tet* CD8*CD40Ig Tregs).
We demonstrated ex vivo the superior suppressive potential of
Tet* over Tet- CD8'CD40Ig Tregs, which significantly inhibited
CD4" effector T cell proliferation stimulated by both the direct
and indirect pathways of presentation, and did so most efficiently
in the indirect allorecognition setting. These results are in agree-
ment with several studies demonstrating the superior Treg sup-
pressive potential of indirect specificity in vitro (39, 40). In vivo,
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we observed a rapid allograft rejection in naive grafted irradiated
recipients transferred with Tet CD8*CD40Ig Tregs compared with
that in recipients adoptively transferred with total CD8*CD40Ig
Tregs. In a similar manner, adoptive transfer of Tet- CD8a.o.*
Tregs (depleted in tetramer Qa-1/Hsp60p,16-specific Tregs) could
not prevent the development of autoimmune arthritis in a mouse
model (38). Also, Tsang et al. showed a crucial role for CD4* Tregs
of indirect allospecificity in transplantation tolerance, demon-
strating that only adoptive transfer of TCR-transduced CD4*
Tregs of both direct and indirect specificity, and not CD4* Tregs of
direct specificity only, can inhibit cardiac allograft rejection (11).
We have also analyzed different markers potentially expressed
by antigen-specific Tregs. Foxp3 did not seem to be an interesting
marker of CD8*CD40Ig Tregs unstimulated or stimulated with
peptide, although upon several rounds of strong anti-CD3/anti-
CD28/IL-2 stimulation, we were able to detect substantial levels of
Foxp3 (data not shown). We also found increased IFN-y produc-
tion and decreased IL-12 expression after peptide-specific stimula-
tion. Our model already showed IFN-y to be a crucial cytokine (6).
Regarding the repertoire of induced CD8°CD40Ig Tregs, we
previously showed that these cells preferentially used a TCR that
recombined the VB11 chain and displayed a CDR3p of 9 aa in the
spleen, suggesting the expansion of an oligoclonal population
of Tregs (5). However, sequencing of approximately 700 CDR3f3
TCRs across 6 long-surviving animals demonstrated that total
VB11"CD8*CDA40Ig Tregs displayed a relatively diverse repertoire
in the spleen. Nevertheless, we found a a more frequently repeated
sequence in some animals. Analysis of the TCR repertoire in the
graft revealed the predominance of two TCR Vp chains: VP11 (as
in the spleen) and VB18. Unlike the spleen, sequencing revealed
biased and restricted repertoires for both chains, with some shared
clonotypes for the V318 TCR, as in the donor-specific blood trans-
fusion model of induction of long-term allograft survival (41).
However, the public sequence described by Douillard et al. was
only found once in 1 animal in our study and did not represent the
VP18 repertoire in our model. One interesting hypothesis would
be that CD8'CD40Ig Tregs bearing such biased and restricted
clonotypes are more potent suppressors and migrate early in the
graft to exert their inhibitory activity and then stay localized in the
tolerated transplant where immune regulation is required (42). In
contrast, total CD8'CD40Ig Tregs that reside in the spleen but dis-
played a nonrestricted (V18) or less-restricted (VB11) repertoire
(and, consequently, closer to the naive Tregs’ repertoire) poten-
tially identify distinct regulatory populations (that possibly do
not express the same chemokine receptors) being recruited upon
subsequent inflammation. Despite some shared clonotypes for
both VP11 and VB18 (Supplemental Table 1), we could not find
public CDR3 sequences. By more precisely analyzing the repertoire
of antigen-specific CD8*CD40Ig Tregs in the spleen, which was
achieved by focusing on tetramer DuS51* Tregs, we demonstrated
reduced clonotypic diversity of DuS1-specific V11*CD8*CD40Ig
Tregs (compared with the total CD8*CD40Ig Tregs from naive
and CD40Ig-treated spleen and similar to the graft CD8*CD40Ig
Tregs), but not of DuS1-specific VB18*CD8*CD40Ig Tregs. Thus,
the VP18 chain usage might not be optimal for recognition of this
particular antigen. However, even this analysis of the antigen-spe-
cific population did not reveal public clonotypes for this Treg pop-
ulation. TCR sequences that are shared between individuals tend
to be more efficiently produced by a process of convergent recom-
bination (43) and thus present at a higher frequency in the naive
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T cell repertoire (44-46). However, interindividually shared TCR
sequences are not necessarily dominant in the immune response
to antigen (47). This appears to be the case in our model, suggest-
ing that this process may be modified by either TCR expansion or
TCRo. chain pairing. More recent reports have revealed the impor-
tant contribution of the o chain in specific pMHC recognition
and how TCRaf diversity should be taken into consideration, as
some specific TCR Va pairings dictate and alter MHC restriction
(48, 49). In the literature, a consensus on TCR diversity of naive
CD4" Tregs was obtained, stating that more is better. Authors
demonstrated that a high TCR diversity ensures optimal Treg
expansion and function by increasing the probability of respond-
ing antigen-specific clones (13, 16, 50, 51). In our model, naive
CD8* Tregs displayed a highly diverse repertoire that was remod-
eled and biased by expansion of Du51-specific CD8" Tregs after
transplantation and CD40Ig treatment.

From a therapeutic point of view, the identification of natural
peptide recognized by Tregs in transplantation is an important
goal, as new strategies using amplified CD4* Tregs are currently
being tested in human transplantation (30, 52). The difficulty is
that these human CD4* Tregs amplified in a polyclonal fashion by
nonspecific stimulus such as anti-CD3/CD28 antibodies are less
efficient than antigen-specific Tregs (2, 53), display limited expan-
sion capacity, and are usually outgrown by conventional effector
T cells (54). The use of specific antigen to expand Tregs in short-
term culture would surely improve clinical settings. As a proof of
principle, we administered the dominant peptide DuS1 in naive
grafted recipients, without immunosuppressive treatment, and
observed significant prolongation of allograft survival. This is the
first time to our knowledge that this extended survival could be
obtained with allopeptide alone (i.e., without immunosuppressive
drugs) in rodents and clearly demonstrates both the efficiency of
this peptide and the implication of the indirect pathway of presen-
tation in tolerance induction. Some studies had described earlier
immunomodulatory effects of HLA-derived peptides on alloim-
mune responses (55). In particular, an HLA-B7-derived peptide,
named Allotrap, was shown to prolong skin and heart allograft
survival when associated with ciclosporin administration in mice
and rat, respectively (56, 57). Its effect was associated with modu-
lation of heme oxygenase-1 activity (58). In our model, administra-
tion of either anti-CD8 or anti-MHC-I antibodies in combination
with peptide Du51 completely abolished allograft survival. Thus,
the in vivo therapeutic effect obtained with peptide Du51 infu-
sion was directly linked to MHC class I presentation and CD8*
T cell induction. Moreover, the immunodominant peptide Du51
induced a donor-specific inhibition of alloimmune responses, as
third-party grafts were promptly rejected. In addition, the Du51
peptide-induced allograft survival was accompanied by a total
inhibition of antidonor antibodies that was probably related to
the occurrence of antigen-specific CD8" Tregs after infusion of
the allopeptide. This result is important, as it shows the potency
of peptide-induced Tregs in inhibiting acute and chronic allog-
raft rejection occurrence and offers new possibilities in human
transplantation. In addition, such expanded, highly suppressive
Tregs could provide us with more fundamental information
about new, poorly described genes overexpressed in such con-
ditions that could be used as biomarkers (6). Finally, we could
assume that the presence of this CD8"CD45RCP Treg population
in some groups of patients is associated with a better prognosis
during the course of disease (59, 60).
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In conclusion, our study indicates that MHC class II donor anti-
gens can be used to boost antigen-specific CD8* Treg generation
and/or function and that, in turn, these Tregs inhibit antidonor
immune responses, allowing the establishment of a true tolerance.
We also demonstrate that antigen-specific CD8" Treg TCRs display
a private and restricted repertoire that ensures efficient expansion
and suppression of alloreactive immune responses. Altogether, these
results highlight the importance of the TCR and its interaction with
MHC/peptide and open new possibilities in the generation of this
population that could be transferable to human settings.

Methods
Animals and cardiac transplantation models. Allotransplantations of heart were
performed between whole MHC-incompatible LEW.1W (RT1.A" as donors)
and LEW.1A (RT1.A® as recipients) male rats as previously described (5).

Adenovirus-mediated gene transfer. The adenovirus (Ad) encoding for the
extracellular portion of mouse CD40 fused to the constant domains of
human IgG1 (AdCD40Ig) and the recombinant noncoding Addl324, as
well as the procedure of intragraft delivery, have been described previously
(S). Briefly, Ad particles (2.10' infectious particles) were slowly injected at
3 points into the cardiac ventricular walls.

Peptides libraries. Overlapping peptide libraries (16-mer) with 4 aa lagging
were designed to cover the entire polymorphic sequences of MHC-I RT1.
Av (a1, -2, and -3 domains), MHC II RT1.B¢ (all domains), and MHC II
RT1.D" (0.2 and 31 domains), as previously published (17-19), and were
manufactured by GL Biochem Ltd. Lyophilized peptides were dissolved
in 0.4% sterile DMSO/sterile water and stored at -80°C. For control pep-
tides, we used allogeneic nonactivating peptides 7, 26, and 39 in vitro and
peptide 31 in vivo.

Degenerated 9- to 15-mer overlapping peptides with 1 to 2 aa lagging
were designed to cover the sequence of a positively isolated 16-mer peptide
and were synthesized by GL Biochem Ltd.

All peptides were shown to be greater than 95% homogeneous by analyt-
ical reverse-phase HPLC, and aa sequences were confirmed. Peptides were
diluted in complete RMPI-1640 at a concentration of 120 ug/ml.

Cell purification. T cells were purified as previously described and as shown
in Supplemental Figure 8 (6). Briefly, total splenocytes were depleted with
a cocktail of anti-yd T cells (V65), anti-CD45RA cells (OX33), anti-CD161
NK cells (3.2.3), and anti-CD11b/c monocytes (OX42) using magnetic
beads (Dynal). Enriched T cells were labeled with anti-CD4SRC-biotin
(0X22) and strepavidin-PE-Cy7, anti-CD8a.-PE (OX8), anti-TCRof-
Alexa 647 (R73), and anti-CD25-FITC (OX39) mAbs. CD8'CD45RCl®
T cells and CD4*CD25- T cells were sorted after gating of TCRaf* cells
with a FACSAria cell sorter (BD Biosciences). The purity of sorted cell pop-
ulations was greater than 99%.

pDCs were purified as previously described (6). Briefly, splenocytes recov-
ered after collagenase digestion were further purified by negative depletion
with anti-TCR (R73 and V65) T cells and anti-CD45RA (OX33) B cell mAbs.
Enriched cells were labeled with anti-CD45R-PE (His24), anti-CD4-APC
(0X35), anti-TCR-FITC (R73), and anti-CD45RA-FITC (OX33). pDCs,
defined as CD45R* and CD4" cells, were sorted after gating on FITC- cells.

MLR. For MLR coculture assays, pDCs from LEW.1A naive rats (1.25 x 104
cells), syngeneic CD8*CD40Ig Tregs (5 x 10* cells), and 120 pug/ml of allo-
geneic peptides were plated in triplicate in 200 ul of complete RPMI-1640
medium in round-bottom, 96-well plates for 6 days at 37°C and 5% CO,.
pDCs were matured with 0.5 uM of CpG ODN 1826.

For direct MLR suppressive assays, sorted CFSE-labeled CD4'CD25-
T cells from LEW.1A origin (5 x 104 cells) and allogeneic pDCs isolated
from donor LEW.1W animals (1.25 x 10 cells) were plated in triplicate
for 6 days in a final volume of 200 ul of completed RPMI-1640 medium
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in round-bottom, 96-well plates with FACS-sorted, freshly purified naive
CD8*CD45RCl Tregs, peptide-expanded CD8*CD40Ig Tregs (5 x 104
cells), Du51 Tet*, or Tet- CD8'CD40Ig Tregs. For indirect MLR suppressive
assays, splenocytes isolated from donor LEW.1W animals were frozen and
thawed to induce apoptosis. Apoptotic cells were then cultured overnight
with pDCs isolated from recipient LEW.1A animals (8:1 ratio) at 0.65 x 10°
pDCs/ml. Alloantigen-loaded pDCs were finally washed and plated as
described previously for the direct MLR.

For anti-CD3/anti-CD28 stimulation, round-bottom, 96-well plates
were coated with anti-CD3 (1 ug/ml; BD Biosciences) mAb for 1 hour at
37°C, 5% CO; and then washed, and 5.10* CD8*CD40Ig Treg cells were
added to each well in 200 ul of completed RPMI-1640 plus anti-CD28
(10 ug/ml) for 1, 2, 3, and 6 days.

The proliferation of CFSE-labeled naive CD4*CD25" T cells and the
phenotype of CD8*CD45RC Tregs were analyzed by flow cytometry on a
FACSCanto II cytometer (BD Biosciences) after gating on TCR*CD4" cells
or TCR*CD8" cells among live cells (DAPI negative).

Extracellular and intracellular staining. For extracellular staining, cells were
stained with the following mAbs: anti-TCRa§ (R73, Alexa Fluor 647 con-
jugated), anti-CD8a (OX8, PE-Cy7 conjugated; eBioscience), anti-CD4
(W3.25, PE-Cy7 conjugated), anti-CD45RC (OX22, FITC conjugated),
anti-CD28 (JJ319, biotin labeled), anti-CD71 (OX26, biotin labeled), anti-
mouse VP11 (KT11, biotin labeled; AbD Serotec), anti-CD25 (OX39, biotin
labeled), and anti-MHC-II (OX6, biotin labeled).

For intracellular staining, cells were then biotin labeled for Foxp3 (eBio-
science) using a BD Cytofix/Cytoperm kit (BD Biosciences) according to
the manufacturer’s instructions.

All biotinylated mAbs were visualized using PerCP.Cy5.5 Streptavidin
(BD Biosciences). A FACSCanto II cytofluorimeter (BD Biosciences) was
used to measure fluorescence, and data were analyzed using Flow]Jo soft-
ware, version 7.6.5 (Tree Star Inc.). Cells were first gated by their morphol-
ogy, and dead cells were excluded by selecting DAPI-negative viable cells.

Cytokine assays. IFN-y and IL-10 were measured in coculture supernatants
using OptEIA ELISA from BD Biosciences, and IL-12 and TGF-f were mea-
sured using ELISA from Invitrogen and R&D Systems, respectively.

Production of biotinylated RT1-A4-peptide complexes. Briefly, heavy-chain
RT1-A% and 2 microglobuline (32m) were cloned in pET24 and produced
in E. coli BL21-DE3. Recombinant proteins were produced as inclusion
bodies, dissolved in 8 M urea, and refolded in vitro as previously described
for human HLA-A2-peptide complexes (61). RT1-A%, $2m, and Du51 pep-
tides were refolded in 0.4 M L-arginine, 0.1 M Tris (pH 8), 2 mM EDTA,
5 mM reduced glutathione, and 0.5 mM oxidated glutathione for 5 days at
4°C. The solution was then concentrated, and the buffer was changed on
a10-kDa amicon membrane (Millipore). Folded MHC-peptide complexes
were biotinylated with the BirA enzyme (Avidity) for 5 hours at 30°C and
desalted on a Hiprep 26/10 desalting column (GE Healthcare). MHC-pep-
tide complexes were then purified by anion exchange Q-sepharose chro-
matography. Biotinylation was tested by tetramerization with streptavidin
(Sigma-Aldrich) at a molar ratio of 4:1.

Tetramerization and staining. Tetramerization of RT1.A*/DuS1 was per-
formed at room temperature by the addition of streptavidin-PE (Jackson
ImmunoResearch) or streptavidin-APC (BD Biosciences) at a 4:1 molar
ratio, in 4 equal aliquots added at 15-minute intervals. Likewise, the con-
trol tetramer RT1.A*/MTF-E (ILFPSSERLISNR) was conjugated with
streptavidin-BV421 (Biolegend) and represented 1.6 + 0.7% of nonspecific
staining among Du51-specific cells. These three reagents were mixed and
added to plated cells at 10 ug/ml for 1 hour at 4°C. Cells were further
stained for CD8 and CD45RC, and fluorescence was analyzed on a FACS-
Canto IT cytometer (BD Biosciences). Cells were first gated by their mor-
phology and dead cells excluded by selecting DAPI-negative cells.
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PCR and sequencing. cDNA was obtained as previously described (5).
Briefly, total RNA was isolated and reverse transcribed using an MMLV
Reverse-Transcriptase kit (Invitrogen) according to the manufacturer’s
instructions. cDNA was PCR amplified using a Cf primer and a VB11
primer, as described previously (41). PCR products were loaded onto a 2%
agarose gel and electrophoresed. An ~300-bp band corresponding to PCR
product was purified using a Nucleospin Extract II kit (MACHERY-NA-
GEL). Purified PCR products were further ligated into pCR 2.1-TOPO
vector (TOPO TA cloning kit; Invitrogen) according to the manufacturer’s
instructions, and single bacterial colonies were used for sequencing the TCR
aa CDR3p regions.

TCR repertoire analysis. The diversity of the TCR repertoires for each indi-
vidual was evaluated using two different measures of diversity: the number
of different TCR aa clonotypes and Simpson’s diversity index (62). Simp-
son’s diversity index accounts for the clonal dominance hierarchy and pro-
vides a relative measure of diversity that ranges in value from 0 (minimal
diversity) to 1 (maximal diversity). To account for differences in the sizes
of the TCR repertoire samples, the TCR repertoire diversity measures were
estimated for each animal as the median value of 10,000 random draws
of subsamples of 44 TCR sequences (i.e., the number of VB11 sequences
obtained from the graft of treated animal 1, which was the minimum sam-
ple size across all animals) from the total TCR repertoire sample for each
individual (62). The diversity measures were calculated using MATLAB
(The MathWorks).

Peptide treatment in vivo. Peptides (16-mer) were dissolved in 0.4%
DMSO-PBS before injection. For the first protocol, single doses of
peptide (500 ug/injection) were injected i.v. at different time points
before and after transplantation on days -6, -3, 0, +3, and +7 into grafted
LEW.1A recipients. In the second protocol, mini-osmotic pumps (ALZET)
were implanted i.p. into recipients, and 16-mer peptides were delivered
continuously at either 20.83 or 41.66 ug/hour for 14 days. A first pump
was implanted on day -7 before transplantation and was replaced by
a second one on day +7, allowing delivery of 14 or 28 mg of peptide
per animal for 28 consecutive days. A depleting anti-CD8c. mAb (OX8,
1gG1, 3 mg/kg) or an anti-MHC class Ia and Ib mAb (OX18, 3 mg/kg)
were injected i.p. twice a week from day -7 until rejection. Allografts
were monitored daily by palpation, and allograft rejection was defined
as complete cessation of a palpable heart beat.

Adoptive cell transfer. Cell transfers were performed by i.v. injection of
purified and sorted total or Du51 Tet- CD8*CD40Ig Tregs into LEW.1A
recipients sublethally irradiated (4.5-Gy whole-body irradiation) on the day
before transplantation.

Morphometric analysis of cardiac grafts. The upper third of the graft was
fixed in paraformaldehyde and embedded in paraffin. Five-micrometer
coronal sections were stained with H&E-saffron. Tissues were analyzed by
a pathologist (K. Renaudin) blinded to the groups, and chronic rejection
was evaluated as previously described (63).

Donor-specific alloantibody detection. Alloantibodies were analyzed by cyto-
fluorimetry as described elsewhere (28). Briefly, after digestion by collage-
nase D and red blood cell lysis, allogeneic spleen cells were incubated with
diluted (1/8) heat-inactivated serum and then with FITC-conjugated goat
anti-rat IgG antibodies (H+L chain specific) (The Jackson Laboratories), a
mouse anti-rat IgG1 mAb (MCA 194; Serotec), IgG2a (MCA 278; Serotec), or
1gG2b (MCA 195; Serotec). Antibody binding was revealed using FITC-cou-
pled F(ab)'2 goat anti-mouse IgG (The Jackson Laboratories). Cells were
analyzed using a FACS Canto II cytofluorimeter (BD Biosciences), and the
results were expressed as the mean channel fluorescence for each serum.

Statistics. For the peptide activation test, a nonparametric Wilcoxon
signed-rank test was performed, comparing column median to a hypo-
thetical value of 1.0. Statistical significance for TCR V11 expression,
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phenotype of activated cells, cytokine expression, proliferation assay, and
tetramer staining was evaluated by a 2-tailed Mann-Whitney U test. Graft
survival was analyzed by a Kaplan-Meier log-rank test. Two-way ANOVA
and Bonferroni’s post tests were used for donor-specific antibody analy-
sis and splenocyte phenotypic characterization. Analyses were made with
GraphPad Prism software, version 5.04 (GraphPad Software). For diversity
analysis, Kruskal-Wallis and Dunn’s multiple comparison post tests were
performed using GraphPad Prism, version 6.0c. A P value less than 0.05
was considered significant.

Study approval. All animal experiments were approved by the ethics com-
mittee for animal care and use of the French Pays de la Loire region.
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