N

N

The Repertoire of Newly Developing Regulatory T Cells
in the Type 1 Diabetes—Prone NOD Mouse Is Very
Diverse
Ariel Galindo-Albarran, Sarah Castan, Jérémy C Santamaria, Olivier P Joffre,

Bart Haegeman, Paola Romagnoli, Joost P M van Meerwijk

» To cite this version:

Ariel Galindo-Albarrén, Sarah Castan, Jérémy C Santamaria, Olivier P Joffre, Bart Haegeman, et al..
The Repertoire of Newly Developing Regulatory T Cells in the Type 1 Diabetes—Prone NOD Mouse
Is Very Diverse. Diabetes, 2021, 70 (8), pp.1729 - 1737. 10.2337/db20-1072 . inserm-04670670

HAL 1d: inserm-04670670
https://inserm.hal.science/inserm-04670670v1
Submitted on 12 Aug 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://inserm.hal.science/inserm-04670670v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Diabetes Volume 70, August 2021

Ll

1729

L)

Check for
updates

The Repertoire of Newly Developing Regulatory T Cells
in the Type 1 Diabetes-Prone NOD Mouse Is Very

Diverse

Ariel Galindo-Albarran,'? Sarah Castan,* J érémy C. Santamaria,® Olivier P. Joffre,! Bart Haegeman,2

Paola Romagnoli," and Joost P.M. van Meerwijk'

Diabetes 2021;70:1729—1737 | https://doi.org/10.2337/db20-1072

Regulatory T lymphocytes expressing the forkhead/
winged helix transcription factor Foxp3 (Treg) play a
vital role in the protection of the organism from autoim-
mune disease and other immunopathologies. The anti-
gen specificity of Treg plays an important role in their
in vivo activity. We therefore assessed the diversity of
the T-cell receptors (TCRs) for antigen expressed by
Treg newly developed in the thymus of autoimmune
type 1 diabetes-prone NOD mice and compared it to the
control mouse strain C57BL/6. Our results demonstrate
that use of the TCRa and TCRp variable (V) and joining
(J) segments, length of the complementarity determin-
ing region (CDR) 3, and the diversity of the TCRa and
TCRB chains are comparable between NOD and C57BL/
6 mice. Genetic defects affecting the diversity of the
TCR expressed by newly developed Treg therefore do
not appear to be involved in the etiology of type 1 diabe-
tes in the NOD mouse.

Regulatory T lymphocytes expressing the forkhead/winged
helix transcription factor Foxp3 (Treg) play a major and
even vital role in the control of innate and adaptive immu-
nity and are also involved in tissue repair (1-3). Using a
large variety of suppressor-effector mechanisms, Treg
inhibit immunity and thus avoid autoimmune pathology,
chronic inflammation, and rejection of the semiallogeneic
fetus (2). The vital character of immune regulation by
Treg is best illustrated by the rapidly lethal autoimmune
and inflammatory syndromes that develop in humans and
mice carrying loss-of-function mutations in the locus
encoding the master regulator of Treg development and

function, FOXP3/Foxp3 (4,5). More subtle defects in Treg
may be involved in the etiology of autoimmune pathology
©).

Treg can differentiate from T-cell precursors during T-
cell development in the thymus and from mature conven-
tional T lymphocytes during immune responses in the
periphery (2). In the thymus, Treg development requires
high affinity interactions of the T-cell receptor (TCR) for
antigen expressed by T-cell precursors with MHC/peptide
complexes expressed mainly by medullary thymic stromal
cells (7). Because the latter cells present peptides derived
from tissue antigens, in part through the action of the
transcription factor autoimmune regulator (AIRE) (8), an
autospecific Treg repertoire thus develops (9,10). Treg
development in the thymus also requires cytokines, such
as interleukin-2 (IL-2) and IL-15 (11), as well as signals
through costimulatory receptors (12-14).

Defects in Treg development are thought to be involved
in the etiology of autoimmune pathology (6). Thus, the
very aggressive and rapidly lethal autoimmune syndrome
developing in AIRE-deficient NOD mice appears, at least
in part, due to defective selection of the Treg repertoire
early in life (15). Also mice deficient in IL-2 or its receptor
rapidly succumb to autoimmune pathology, but the respec-
tive roles of defective intrathymic development and
peripheral survival and function of Treg remain to be
assessed (11). NOD mice deficient in CD28, in which sub-
stantially fewer Treg develop in the thymus, also develop
more aggressive type 1 diabetes (T1D) (16).

It has been suggested that the TCR repertoire expressed
by Treg developing in the thymus of T1D-prone NOD
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mice is less diverse than that developing in the thymus of
C57BL/6 (B6) mice, which are frequently used as a T1D-
resistant reference (17-19). The results were based on
analysis of CD25-expressing CD4 " CD8™ thymocytes, pre-
sumably developing Treg. However, our laboratory recently
demonstrated that in adult mice, actually only a fraction
of thymic Treg are cells that had recently developed, the
rest being cells that had recirculated from the periphery
back to the thymus (20). Moreover, we recently demon-
strated that the NOD thymus contains a particularly high
proportion of recirculating Treg (21). Also, CD25 is not
only expressed by Treg but also by immature precursors
(22). To assess the potential involvement, in the etiology
of T1D in the NOD mouse, of genetic defects affecting the
diversity of the TCR expressed by newly developed Treg,
we therefore readdressed this issue using mutant NOD
and B6 mice in which newly developed Treg can be distin-
guished from recirculating cells and in which Treg can be
isolated based on Foxp3 expression.

In Rag2-Gfp mice, the Rag2 promoter drives expression of
green fluorescent protein (GFP) (23). Transcription of the
GFP encoding sequence thus terminates at positive selection
at the CD4/CD8 double-positive stage of T-cell development,
and the accumulated GFP degrades with a half-life of 56 h
(24,25). In the thymus, newly developed Treg retain suffi-
cient green fluorescence to distinguish them from recirculat-
ing cells that had entirely lost fluorescence (20). In Foxp3-
Thyl® mice, the allelic cell-surface reporter Thyl.l is
expressed under control of the Foxp3 promoter, allowing
detection of Foxp3-expressing Treg without fixation/per-
meabilization procedures, thus allowing for isolation of
mRNA required for TCR repertoire analysis by high-
throughput mRNA sequencing. Using Rag2-Gfp Foxp3-
Thyl® mice, we here firmly demonstrate that the TCR
repertoire expressed by Treg newly developed in the
thymus of the T1D-prone NOD mouse is as diverse as
that developing in the resistant mouse strain B6.

RESEARCH DESIGN AND METHODS

Mice

B6 mice expressing the Foxp3-Thyl® mutation and a Rag2-
Gfp transgene were previously described (26). The two
mutations were introduced into the NOD genetic back-
ground by speed-backcrossing (27). After all Idd-loci were
of the NOD allotype (6 generations), the mice were
crossed to NOD mice for another 10 generations. Wild-
type (WT) NOD.CD45.2 and B6.CD45.1 congenic mice
were bred in our colony.

Flow Cytometry

Thymocytes from female 8-week-old WT NOD and B6
mice were incubated with anti-FcRIII/EcRII antibody
(2.4G2) and then labeled with EF450-labeled anti-CD8f3
(H35-17.2), phycoerythrin (PE)-labeled anti-CCR7 (4B12;
both from eBioscience), allophycocyanin-Cy7-labeled anti-
CD4 (GK1.5), PE-Cy7-labeled CD25 (PC61; both from BD
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Biosciences), and BV605-labeled anti-CD73 (TY/11.8, Bio-
legend). The labeled cells were stained with a TCR-V(3
screening FITC-labeled antibody panel (BD Biosciences).
Cells were then stained with EF660-labeled anti-Foxp3
(FJK-16s; eBioscience) according to the manufacturer’s
instructions. The labeled cells were analyzed using a For-
tessa flow cytometer (BD Biosciences), and data were ana-
lyzed using FlowJo software (Tree Star).

TCR Sequencing

Pooled thymocytes from 8-week-old female Foxp3-Thyl®
Rag2-Gfp NOD and B6 mice (n = 8-10) were complement
depleted of CD8" cells using an anti-CD8a hybridoma
(31M) supernatant. Remaining cells were stained with
PE-labeled anti-CD4 (GK1.5), EF450-labeled anti-CD8R
(H35-17.2; both from eBioscience), and allophycocyanin-
labeled anti-Thyl.l (OX7; BD Biosciences). cpat
CD8 Thyl.1*GFP™ Treg (n = 10°) were sorted using the
FACSAria II cell sorter (BD Biosciences). TCR sequencing
(TCRseq) was performed as previously described, with
minor modifications (28,29). mRNA was extracted by
NucleoSpin RNA XS (Macherey-Nagel) according to the
manufacturer’s instructions and was quality controlled
(RNA integrity number >8) using the Agilent 2100
BioAnalyzer.

cDNA was prepared as follows: mRNA was reverse
transcribed using primers aligning to the sequences
encoding the constant regions of TCRa (CTCAGCGTCAT-
GAGCAGGTTAAAT; CAGGAGGATTCGGAGTCCCATAA;
TTTTACAACATTCTCCAAGA; TTCTGAATCACCTTTAATGA;
ATGAGATAATTTCTACACCT; TTTGGCTTGAAGAAGGAGCG;
TTCAAAGCTTTTCTCAGTCA; and TGGTCTCTTTGAAG-
ATATCT) and TCRB (GGTAGCCTTTTGTTTGTTTG;
CCCCTGGCCAAGCACACGAG; TGCCATTCACCCACCA-
GCTC; GCTATAATTGCTCTCCTTGT; TTGCGAGGATT-
GTGCCAGAA; CTTGTCCTCCTCTGAAAGCC; and GCCT-
CTGCACTGATGTTCTG). Then, 5' adapters containing
unique molecular identifiers (UMI) were added using a tem-
plate-switch reaction (TACACGACGCTCTTCCGATCUNNN-
NUNNNNUNNNNUCTTrGrGrGrGrG).

Libraries were prepared as follows: The first PCR
reaction was performed with 5' primer TACACGA-
CGCTCTTCCGATC and 3' primers AAGTCGGTGAACAGG-
CAGAG for Tcra and TGATGGCTCAAACAAGGAGACC for
Terb (2 min at 95°C, 10 cycles of 20 s at 95°C, 15 s at
59°C, and 45 s at 70°C, and final incubation for 3.5 min
at 70°C). The amplicons were then purified using Agen-
court AMPure XP beads. The second seminested PCR was
performed with 5' primer TACACGACGCTCTTCCGATC
and 3' primers AGCAGGTTCTGGGTTCTGGA for Tcra and
GGGTGGAGTCACATTTCTCAGAT for Terb (2 min at
95°C, 20 cycles of 20 s at 95°C, 15 s at 59°C, and 45 s at
70°C, and final incubation of 3.5 min at 70°C). The third
PCR was performed using 5' primer AATGATACGGCGAC-
CACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC-
GATC and 3' primers CAAGCAGAAGACGGCATACGAGAT-
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XXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-
TAGCAGGTTCTGGGTTCTGGA for Tcra and CAAGCAGAA-
GACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGAC-
GTGTGCTC TTCCGATCTGGGTGGAGTCACATTTCTCAGAT
for Terb (in which XXXXXXXX is a sequencing index) (2 min
at 95°C; one cyde of 20 s at 95°C, 15 s at 59°C, and 45 s at
70°C; five cycles of 20 s at 95°C, 15 s at 75°C, and 45 s at
70°C; and a final incubation of 3.5 min at 70°C). For the
fourth PCR, the 5' primer AATGATACGGCGACCACCGA and
3' primer CAAGCAGAAGACGGCATACGA were used (2 min
at 95°C; five cydles of 20 s at 95°C, 15 s at 60°C, and 45 s
at 70°C; and a final incubation of 3.5 min at 70°C). The
quality of each library was verified using the Agilent 2100
BioAnalyzer (mean peak size 640 base pairs). The samples
were indexed and sequenced with 300 base pairs paired-end
on a MiSeq sequencer (Illumina). Thus, three Tcra and three
Tcrb libraries per mouse strain were generated.

Processing of TCRseq data

The reads were preprocessed with the toolkit pRESTO
(30) as follows: FilterSeq was used to select reads with a
quality >20. The sequences corresponding to the TCRa
constant region (AGCAGGTTCTGGGTTCTGGA) or TCRfB
constant region (GGGTGGAGTCACATTTCTCAGAT) and
indicating location of the UMI (CTTGGGGG) were
searched for using MaskPrimers and PairSeq algorithms
and indexed to the head of the paired reads. BuildConsen-
sus was used to construct consensus-sequences of the
reads with the same UMI. Next, the forward and reverse
reads were aligned to assemble the Tcra and the Terb
sequences (AssemblePairs), and the UMI groups contain-
ing at least two reads were selected. The sequenced frag-
ments from each selected UMI were aligned to the Tcra or
Terb genomic region using the toolkit MiXCR (31) with
the tools “align” and “assemble.” The aligned fragments
were exported as “clonotype-tables” using the tool
exportClones.

VDJtools (32) and customized R scripts were used to
process these clonotype tables, and graphs were gener-
ated. The V-J use plots were generated using the PlotFan-
cyVJUsage command. The CDR3 lengths were calculated
based on the information in the clonotype table. The
numbers of “P” and “N” nucleotides were extracted from
the clonotype tables using the command exportClones
VGeneWithP. Rarefaction plots and diversity statistics
were calculated and graphed using the R package
iNEXTm. We used three different diversity measures:
Chaol estimate, Shannon diversity, and Simpson diver-
sity. All three provide an estimate of the number of clono-
types in the repertoire but differ in the extent to which
they discount rare clonotypes. The more rare and there-
fore difficult to detect clonotypes are discounted, the
more precisely the diversity measure can be estimated. By
jointly considering these three diversity measures, we
cover the full diversity information contained in the sam-
ple data (33). All custom scripts used are available at
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https://github.com/arielgalindoalbarran/NOD_TCR_repe-
rtoire.git.

Data and Resource Availability

TCRseq data generated during the current study are avail-
able in the Gene Expression Omnibus database (https://
www.ncbi.nlm.nih.gov/gds) under accession number GSE1-
59001. The other data sets are available from the corre-
sponding author upon reasonable request. The mutant
mice used in the current study are available from the corre-
sponding author upon reasonable request.

RESULTS

Only a Limited Proportion of Treg in the Thymus of
Adult NOD Mice Are Newly Developed Cells

We and others previously showed that the pool of Treg in
the thymus is constituted of newly developed and of fully
mature cells. The latter Treg are mostly cells that had
recirculated from the periphery back to the thymus. We
therefore analyzed NOD mice carrying a Rag2-Gfp trans-
gene and the Foxp3-Thyl® mutation in which we distin-
guished newly developed GFP™ from recirculating GFP~,
surface Thyl.1" Treg (20). Using flow cytometry, we
found that 32 + 11% of thymic CD4"CD8 Foxp3™ Treg
were GFP" in 8-week-old NOD females (Fig. 1A). This
extends our previous finding that in the thymus of adult
B6 mice, only a minority of Treg are newly developed cells
(20,21). In this study we focused our attention on these
newly developed Treg.

V and J Segment Use in TCR« and TCRp Chains
Expressed by Newly Developed NOD and B6 Treg Is
Very Similar and Comparably Diverse

To assess the diversity of TCR expressed by newly devel-
oped Treg, we first analyzed their TRBV (i.e.,, TCR-Vp)
repertoire by flow cytometry. The commercially available
anti-TCR-VB antibody panels are FITC labeled, which is
incompatible with the GFP-based identification of newly
developed Treg in Rag2-Gfp transgenic mice. We therefore
identified newly developed nuclear Foxp3™ Treg in WT
mice using their CCR7"8"CD73 /" phenotype that we
recently described (21) (Supplementary Fig. 1). Using
antibodies to 15 distinct TRBV, we found that the TRBV
repertoires expressed by newly developed NOD and B6
Treg were distinct (Supplementary Fig. 24), but similarly
diverse, even if the very small difference in the diversities
(3.5%) was statistically significant (Fig. 1B).

To study the TRAV repertoire expressed by newly
developed Treg, we sorted CD4"CD8 Thyl.1"GFP" thy-
mocytes from Foxp3-Thyl® Rag2-Gfp NOD and B6 mice,
isolated mRNA, and then performed high-throughput
TCRseq of Tcra mRNA. We used unique UMIs to identify
sequences derived from individual mRNAs. Whereas we
observed substantial differences between the TRAV-reper-
toires of NOD and B6 Treg, they were similarly diverse
(Fig. 2A and Supplementary Table 1). Using TCRseq, we
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Figure 1—The TCR-V repertoires expressed by Treg newly developed in NOD vs. B6 thymi are similarly diverse. A: Thymocytes from 8-
week-old Rag2-Gfp Foxp3-Thy1% mutant NOD females were analyzed by flow cytometry using antibodies to the indicated markers labeled
with indicated fluorochromes. Gating strategy used to sort and quantify newly developed (i.e., GFP*) Treg (left panels). Proportions of
newly developed (GFP™) and recirculating (GFP~) cells among thymic Treg (right panels) (n = 14, four independent experiments). B: Thy-
mocytes from 8-week-old WT B6 and NOD females were analyzed by flow cytometry using antibodies to CD4, CD8, CD73, CCR7, Foxp3,
and a panel of antibodies to indicated TCR-VB. Depicted are the mean distributions of TCR-VB use among newly developed
CD4*CD8 CCR7""CD73~"°"Foxp3™ Treg in indicated mouse strains (see Supplementary Fig. 1 for CCR7/CD73 gates). The indicated
diversity measure D is the Shannon diversity (i.e., the exponential of the Shannon entropy, see Research Designs and Methods section),
represented as mean + SD (n = 6 mice per strain). *P < 0.05 (Mann-Whitney test). In Supplementary Fig. 2A, data for individual TCR-V

are depicted.

also confirmed the similar diversities of the TRBV reper-
toires expressed by newly developed NOD and B6 Treg
(Fig. 2B and Supplementary Table 2). The diversities (i.e.,
D-values, Shannon diversity) of the TRBV repertoires as
determined by TCRseq were higher than those deter-
mined by flow cytometry analyses (compared with Fig. 2B
vs. Fig. 1B), because whereas existing antibodies do not
cover the entire range of TRBV segments, TCRseq detects
all of them. Comparison of the TRBV repertoires as deter-
mined by flow cytometry versus TCRseq revealed, as
expected, although imperfect similarity
(Supplementary Fig. 3). Differences are probably because
of the two techniques analyze individual cells and
mRNAs, respectively, and each TRBV has its own pro-
moter region, potentially leading to distinct levels of
mRNAs in individual cells.

The V-J combination used in a TCR is a critical param-

substantial

eter in its specificity. We therefore assessed the distinct
V-J combinations used in TCR expressed by newly devel-
oped Treg in NOD and B6 mice. We found some substan-
tial differences in V-J associations used in TCRa and
TCRPB expressed by newly developed NOD versus B6 Treg

(Supplementary Tables 3 and 4), but the diversities of
these associations appeared very large and comparable
(Fig. 2C and D). Rearrangements of the Tcra locus
continue until positive selection occurs, thus with time,
using more upstream V and more downstream J
segments (24). To assess the “stringency” of positive
selection, we therefore assessed the position-weighted use
of V and J segments and found no statistically significant
differences between the NOD and B6 Tcra sequences (Fig.
2C and Supplementary Fig. 4).

The Composition of the CDR3 of TCRs Expressed by
Newly Developed NOD and B6 Treg Is Similar

During the course of the distinct thymic selection events,
the CDR3s of TCRa and TCR@B chains gradually shorten
(34-37). To assess whether newly developed Treg have
undergone more or less stringent selection In NOD versus
B6 mice, we therefore next used the TCRseq data to
assess the CDR3 lengths of the TCRa and TCRB chains.
The average CDR3 lengths of the TCRa and TCR chains
were identical between NOD and B6 mice (Fig. 2E and F,
left panels). Also the CDR3 length distributions were
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Figure 2—Similar V and J segment use and CDRS3 lengths of TCRa and TCRp expressed by Treg newly developed in NOD vs. B6 thymi
CD4"CD8 Thy1.1*GFP™. Treg newly developed in the thymus of 8-week-old Rag2-Gfp Foxp3-Thy1? mutant B6 and NOD female mice
were sorted by FACS and analyzed by UMI-based TCRseq. TRAV (A), TRBV (B), TRAV/TRAJ (C), and TRBV/TRBJ (D) use. Mean values of
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practically identical for Treg newly developed in NOD and
B6 mice, even if we observed some very small but statisti-
cally significant differences (Fig. 2E and F, right panels).
Non-germline-encoded CDR3 amino acids appear to
reduce the affinity of the TCR’s interactions with MHC
molecules (38). These amino acids are mostly encoded by
N and P nucleotides. To assess this parameter, we
extracted from the TCRseq data the average numbers and
distributions of N and of P nucleotides in the CDR3
regions of the TCRa and TCRf chains expressed by newly
developed Treg. We found that they were practically iden-
tical in NOD and B6 mice, even if we observed some very
small but statistically significant differences (Fig. 2G-J).

The Diversity of TCRa and TCRp Chains Expressed by
Newly Developed NOD and B6 Treg Is Similar

We next assessed the total diversity of the TCRa and
TCRB clonotypes (as characterized by V segment use,
CDR3 sequence, and J segment use) expressed by newly
developed Treg in NOD and B6 thymi. Rarefaction plots
showed similar diversities of TCRa and TCRB clonotypes
expressed by NOD and B6 Treg (Figz 3A and
Supplementary Fig. 54). Chaol, Shannon, and Simpson
indexes confirmed the similar diversities of TCRa and
TCRB clonotypes in NOD and B6 samples (Fig. 3B and
Supplementary Fig. 5B).

Previous reports indicated that compared with thymic
Treg in B6 mice, those in NOD mice expressed a limited
diversity of TCRa chains containing TRAV12 and TRAV9
(TRAV2 and TRAV17, respectively, according to the
nomenclature of the international ImMunoGeneTics
information system, www.imgt.org) (17,18) We therefore
also separately analyzed the diversity of TCRa clonotypes
using these TRAV. As shown in Fig. 3C and D and
Supplementary Fig. 5C, we observed similar diversities in
NOD and B6 samples.

The Composition and Diversity of TCR« and TCRp
Chains Expressed by Recirculating Treg in NOD and
B6 Thymi Are Similar

These data indicate that the diversities of TCRs expressed
by Treg newly developed in the NOD and B6 thymi are
similar. This conclusion disagrees, in part, with earlier
reports (17,18). One of the several potentially underlying
reasons is that, in contrast to the earlier studies, we stud-
ied newly developed cells. A difference in the diversities
of the very numerous recirculating cells in the pools of
Treg in NOD versus B6 thymi (i.e., GFP™ cells in Fig. 14)
might provide a partial explanation. To assess this
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possibility, we performed TCRseq analyses on recirculat-
ing CD4"CD8 Thyl.1"GFP~ thymocytes from Foxp3-
Thyl® Rag2-Gfp NOD and B6 mice. Recirculating NOD
versus B6 Treg expressed similarly (though not identi-
cally) diverse TRAV and TRBV repertoires (Supplementary
Fig. 6A and B) and V-J associations (Supplementary Fig.
6C and D), and they had similar distributions and average
values for CDR3 lengths and numbers of N and P nucleo-
tides (Supplementary Fig. 6E-J). They also expressed sim-
ilarly diverse TCRa and TCRP repertoires (Supplementary
Fig. 7A and B). Finally, the TRAV2 and TRAV17 reper-
toires expressed by recirculating Treg were also similarly
diverse in NOD versus B6 thymi (Supplementary Fig. 7C
and D).

DISCUSSION

The data we present here indicate that the CDR3 charac-
teristics and the diversities of the TCRa and TCRp reper-
toires expressed by Treg newly developed in the thymus
of the T1D-prone NOD mouse are very similar to those
found in the autoimmune disease-resistant mouse strain
B6. This conclusion is principally based on our deep
TCRseq analysis of Tcra- and Tcrb-derived mRNAs that
allowed for an unbiased analysis of thousands of cells.

Importantly, TCRseq analysis requires numbers of cells
that are very difficult to obtain from single mice. We
therefore pooled 8-10 mice per sample analyzed. Whereas
pooling several mice would have reinforced the statistical
significance of differences found, it eliminates potential
interindividual differences that may be biologically signifi-
cant. It would therefore be of substantial interest to mea-
sure the interindividual variation of the diversities and
the private and public TCR repertoires expressed by
newly developed cells. To address such questions, the
TCRseq procedure will need to be further substantially
refined.

Despite the generally high levels of similarity, we
observed some small differences between the TCR reper-
toires expressed by Treg newly developed in the thymi of
NOD versus B6 mice. Thus, whereas they were similarly
diverse, the TRBV and TRAV usages were distinct. This
result was most probably due to the different alleles of
MHC class II molecules expressed by the two mouse
strains, I-A%” for NOD and I-A® for B6 and, for TRBV, to
the distinct MMTV-encoded superantigens encoded in
their genomes (39). We also observed some minor but
statistically significant differences in CDR3[ length distri-
bution between TCRs expressed by newly developing Treg

the three samples are shown. These graphs summarize the data listed in Supplementary Tables 1-4. In C and D, V and J segments are
ordered as in the genome (arrows). Measures of position-dependent use of TRAV and TRAJ are shown in Supplementary Fig. 4. The indi-
cated diversity measure D is the Shannon diversity (i.e., the exponential of the Shannon entropy), represented as mean + SD. CDR3« (E)
and CDR3B (F) lengths in amino acids (AA). CDRS3s starts with conserved Cys and Ala and end with conserved Phe. Number of (non—germ-
line-encoded) N nucleotides (G and H) and (palindromic) P nucleotides (/ and J) in the CDR3a (G and /) and CDR3 (H and J). The left pan-
els in E-J indicate mean + SD, and the right panels indicate distribution (mean + SD) (n = 3 pools of 8-10 thymi per strain). *P < 0.05 by

Mann-Whitney test.
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Figure 3—Similar diversities of TCRa and TCRB clonotypes expressed by Treg newly developed in NOD vs. B6 thymi
CD4"CD8 Thy1.1*GFP™. Treg newly developed in the thymi of 8-week-old Rag2-Gfp Foxp3-Thy1? mutant B6 and NOD female mice
were sorted by FACS and analyzed by UMI-based TCRseq. A: Rarefaction plots of data pooled from the three experiments for TCRa« (left)
and TCRp (right) clonotypes (as determined by V-use, CDR3 sequence, and J use) in the indicated strains. For rarefaction plots of individ-
ual experiments, see Supplementary Fig. 5A. Shadows indicate 95% sampling Cls. B: Shannon diversities (i.e., the exponential of the
Shannon entropy, top) and Chao1 estimates (bottom) for TCR« (left) and TCRp (right) clonotypes. ns by Mann-Whitney test. Bars indicate
mean values + SD. C: Mean clonotype frequencies for TCRa using TRAV2 or TRAV17 in indicated strains. The diversity measure D indi-
cates Shannon diversity + SD. D: Rarefaction plots of pooled data for TCRa using TRAV2 or TRAV17 in indicated strains. Shadows indi-
cate 95% sampling Cls. For rarefaction plots of individual experiments, see Supplementary Fig. 5C (n = 3 pools of 8-10 thymi per strain).

in NOD versus B6 mice. Together with some minor differ-
ences in the numbers of N and P nucleotides, these obser-
vations may again be due to the distinct [-A alleles
expressed in NOD versus B6 mice and/or to potentially

slightly lower stringencies of the positive and negative
selection processes in NOD compared with B6 mice
(34-37). Analyses involving MHC-congenic mice will be
required to shed light on these different possibilities.
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Our results are in part different from previously pub-
lished data (17,18). In the latter studies, thymic Treg were
defined as CD4"CD8 CD25™ cells. This population is het-
erogeneous and contains, besides newly developed Treg,
also immature Treg precursors and recirculating Treg
(20,40). The recirculating Treg population in the thymus
grows steadily with age and is particularly prominent in
NOD mice (21). In 5- to 6-week-old NOD and B6 mice,
analyzed in the previous reports, this population repre-
sents 47 + 10% and 37 = 9% of thymic Treg, respectively
(21). However, our analysis of the TCR repertoires ex-
pressed by recirculating Treg indicated that they were sim-
ilarly diverse in NOD versus B6 mice, thus excluding this
potentially confounding factor. Interestingly, we found
that the diversity of the TCR expressed by recirculating
Treg in the thymus is very close to that of newly devel-
oped cells. Because mainly activated Treg migrate back to
the thymus (21), this observation suggests a massive acti-
vation of autospecific Treg in the periphery, consistent
with previously published data (41). Moreover, approxi-
mately half of the previously analyzed CD4"CD8 CD25*
cells are CD25" Foxp3™~ Treg precursors (22). Thus, the
newly developed Treg population actually represents a
small minority of the cells previously analyzed. Using tools
that have more recently become available, we were able to
sort a pure population of newly developed Foxp3™ Treg.
Moreover, the protocol used previously to determine the
TCR-Va encoding sequences was very different from ours.
Whereas in the former case TRAV2- and TRAV17-targeted
and non-UMI-based amplification of TRAV-cDNAs, fol-
lowed by cloning and sequencing was used, we used a non-
biased and UMlI-based protocol and high-throughput
sequencing. The combined differences between the
approaches taken previously and in the current study
somehow explain the discrepancy of the results. Whatever
the precise reason(s), our data indicate that the diversities
of the TCRa and TCRP repertoires expressed by newly
developed Treg are very similar in NOD and B6 mice. Also
when focusing our analysis on the two TRAVs analyzed
previously, we found similar diversities between the reper-
toires expressed by newly developed NOD versus B6 Treg.

We therefore conclude that the repertoire of TCRs
expressed by newly developed Treg in the NOD mouse is
of similar diversity as that expressed in the control B6
strain. Importantly, this does not exclude the possibility
that essential antigenic specificities may be lacking in the
NOD Treg repertoire. Thus, the presentation of tissue-
restricted antigens by medullary thymic stromal cells is
known to be involved in shaping the TCR repertoire
expressed by Treg (15). Genetic differences in expression
of tissue-restricted antigens, as previously reported, may,
for example, be involved in the susceptibility of the NOD
mouse to T1D (42).
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