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T cell maturation and activation depend upon T cell receptor (TCR)
interactions with a wide variety of antigenic peptides displayed
in a given major histocompatibility complex (MHC) context.
Complementarity-determining region 3 (CDR3) is the most variable
part of the TCRa and -B chains, which govern interactions with
peptide-MHC complexes. However, it remains unclear how the
CDR3 landscape is shaped by individual MHC context during thy-
mic selection of naive T cells. We established two mouse strains
carrying distinct allelic variants of H2-A and analyzed thymic and
peripheral production and TCR repertoires of naive conventional
CD4* T (Tconv) and naive regulatory CD4™ T (T,ey) cells. Compared
with tuberculosis-resistant C57BL/6 (H2-AP) mice, the tuberculosis-
susceptible H2-A' mice had fewer CD4* T cells of both subsets in
the thymus. In the periphery, this deficiency was only apparent for
Teonv and was compensated for by peripheral reconstitution for
Treg- We show that H2-Al favors selection of a narrower and more
convergent repertoire with more hydrophobic and strongly inter-
acting amino acid residues in the middle of CDR3a and CDR3,
suggesting more stringent selection against a narrower peptide-MHC-
Il context. H2-Al and H2-AP mice have prominent reciprocal dif-
ferences in CDR3« and CDR3p features, probably reflecting dis-
tinct modes of TCR fitting to MHC-II variants. These data reveal
the mechanics and extent of how MHC-II shapes the naive CD4*
T cell CDR3 landscape, which essentially defines adaptive response to
infections and self-antigens.
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he interaction of peptide-major histocompatibility complex

(p-MHC) with T cell receptors (TCRs) plays a central role in
positive and negative selection of T lymphocytes in the thymus as
well as subsequent homeostasis of naive, primed, and effector-
memory T cells in the periphery (1). Even subtle shifts in
p-MHC-TCR interactions may profoundly affect T cell re-
sponses (2-4) and in extreme cases, can result in immunological
disorders (5-7). The theoretical diversity of TCRo/p variants
initially produced b%/ recombination in the thymus exceeds 10"
for mice (8) and 10" for humans [per our current estimate (9)].
However, not all TCRs effectively interact with p-MHC; only
~5% of T cells successfully pass through positive selection in the
thymus, and TCR repertoires are further narrowed by negative
selection (reviewed in ref. 10). Selection continues in the pe-
riphery, where recent thymic emigrants acquire the functional
properties of mature naive T cells—which are only capable of
providing an antigen-specific response—after exhaustive
screening against self p-MHCs (11, 12), enforcing MHC re-
striction. Subsequently, tonic TCR signaling—induced by in-
teraction with self p-MHC—supports long-term survival of
mature naive T cells (13). Thus, the individual repertoire of
naive TCRs is strongly shaped by self p-MHC complexes, which
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determine the allowed range of affinities and angles of in-
teraction (4, 14, 15). The resulting individual diversity of a
functional TCRa/p repertoire gains about 2 x 10° TCRa/p var-
iants per 2 x 107 cells in a mouse spleen (16). For a human,
individual naive TCRo/p diversity may reach 10® variants (17).
Binding of TCRa and -f chains to the p-MHC-II complex is
largely determined by their complementarity-determining re-
gions (CDRs). CDR1 and CDR2, encoded by a set of germline T
cell receptor variable o (TRAV) and T cell receptor variable
(TRBV) genes, primarily make contact with a-helical domains of
MHC-II, while CDR3, which originates from the hypervariable
combination of variable, diversity and joining (V-(D)-J) seg-
ments, predominantly contacts antigenic peptides docked within
the MHC-II grove (18). It is firmly established that the usage of
TCRa and TCR V genes depends upon MHC allelic variations
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(19-21). However, there is still a substantial gap in our un-
derstanding of how allelic variability in the MHC Class II locus
shapes the intrinsic properties of naive TCRa and TCRf CDR3
repertoires. It is also unclear whether these effects differ sub-
stantially for conventional CD4* T (Tcony) and regulatory CD4*
T (Tyeg) cells, for which the thymic and peripheral selection
process is thought to differ profoundly (22, 23). Nonsynonymous
amino acid substitutions within the binding groove of an MHC-II
molecule would be predicted to profoundly affect CDR3 reper-
toires. Such substitutions may alter the surface of an MHC-II
molecule involved in interaction with the TCR, the conformation
of antigenic peptides, and the whole repertoire of presented
peptides, thus affecting TCR binding and T cell activation
(24, 25).

Previously, we demonstrated that the rare MHC-II allelic
variant H2-A’ is associated with increased susceptibility to tu-
berculosis infection (26). Both chains of H2-A! have a number of
potentially important substitutions located in a-helices that form
the peptide binding groove. To investigate this association, we
established a panel of H2-congenic recombinant mouse strains
bearing different segments of the H2 region from tuberculosis-
susceptible I/St (H2') mice on the genetlc background of the
tuberculosis-resistant C57BL/6 (B6, H2") strain. One of the
strains from this B6.I-H2 panel, B6.1-9.3, differs from the B6
parent by the H2-A allele of the classical H2 gene complex, which
bears genetic material of I/St origin within the 30.90- to 34.34-Mb
interval of chromosome 17. Both B6 and B6.1-9.3 are H2-
E-negative strains; thus, the H2-A molecule is the only classical
MHC-II product potentially influencing CD4™ T cell repertoires
in B6 and B6.1-9.3 mice. B6.1-9.3 and B6 mice also differ by an
unusual allelic polymorphism in the nonclassical MHC-II H2-Oa
and H2-Ob genes of the H2' haplotype (26, 27), which are in-
volved in peptide loading onto MHC-II (28, 29). These features
make the B6 and B6.1-9.3 pair an attractive tool for studying the
influence of MHC-II allelic variations on T cell differentiation
and maturation in general and TCR repertoires in particular.

Here, we report that mice of the B6.1-9.3 (H2-4') strain differ
from their congenic B6 (H2-A") counterparts by a profound
deficiency of both Tcony and Treg cells in the thymus. The Treg
population in H2-A’ animals was restored in the periphery, but
Teony cells remained deficient. Using deep TCR repertoire pro-
filing, we evaluated the impact of the MHC-II polymorphism on
the formation of TCRa and TCRp CDR3 repertoires in naive
conventional CD4* T (nTcon,) and naive regulatory CD4* T
(nT\eg) cells. We found that the H2-4' MHC context produces a
restricted TCR repertoire with a higher level of sequence con-
vergence and increased MHC-restricted publicity. A relatively
higher number of homologous CDR3 variants formed a denser
network of larger TCR clusters. Furthermore, we show that this
MHCHII locus polymorphism dramatically altered key charac-
teristics of both CDR3a and CDR3p repertoires. The potential
strength of both CDR3a and CDR3p interactions with p-MHC-
IT complexes increases in the H2-4’ context—presumably com-
pensating for the hampered CD4" T cell selection—and this
feature was much more prominent for the nT,, cells. Taken
together, our results demonstrate that the structure and com-
position of the TCR CDR3a and CDR3p repertoires may be
prominently shaped by allelic polymorphisms in the MHC-II
gene complex, with notable differences between Tcony and Treg
cells that should essentially influence individual susceptibility to
infectious and autoimmune diseases and cancer.

Results

Selection of CD4* T Lymphocytes Is Altered in H2-A/ Context. The
I/St-derived H2 segment present in B6.1-9.3 mice contains not
just the two genes encoding the H2-A dimer but also, a few
additional proximal genes—including the nonclassical MHC-II
genes H2-Ma, H2-Mbl, H2-Mb2, H2-Oa, and H2-Ob (26). We
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therefore added the parental I/St strain to our analysis as a
control that allows separation of bona fide H2-A4'-controlled
phenotypes from possible effects of allelic variants in other genes
located in the proximal part of the relevant chromosomal region.
Furthermore, unlike B6 and B6.1-9.3 congenic mice, I/St mice
express the second MHC-II molecule, H2-E, which also partic-
ipates in CD4™* cell selection.

Flow cytometry analysis of single-positive (SP) CD4* and
CD8" cell populations recovered from the thymi of B6.1-9.3 (H2-
A’) mice demonstrated a profound reduction in the proportion of
CD4" cells compared with parental mouse strains B6 (H2-4")
and I/St (H2-4' and H2-E'), producing an unusually inverted
CD4/CD8 ratio (Fig. 14). The total cellularlty of B6 and B6 1-9.3
thymi was similar (207 + 5.4 x 10° and 219 + 33 x 10° re-
spectively; P > 0.05) but was 31gn1f1cantly higher compared w1th
parental I/St mice (144 + 12 x 10°% P < 0.005). Both positive and
negative selection may contribute to an unusual CD4/CDS ratio
in the thymi of B6.1-9.3 mice. We first assessed possible alter-
ations in positive selection by measuring the expression of acti-
vation markers CD69 and CDS5 in double-positive (DP)
thymocytes, both of which are known to be up-regulated in re-
sponse to p-MHC-TCR interactions during positive selection.
As shown in Fig. 1B, the proportion of CD5*CD69* DP thy-
mocytes was lower in B6.1-9.3 mice compared with both parental
strains. The recovery of the CD4" subset in B6 x B6.1-9.3 F1
hybrids confirmed that impaired thymic selection of CD4*
T cells was %overned by the H2-A’ allele; codominant expression
of the H2-A" allele restored the CD4* subset and normalized the
population of CD5*CD69" DP cells in thymi (Fig. 1 4 and B).
Together, these results clearly indicate that pos1t1ve thymic se-
lection of CD4™ T lymphocytes is hampered in the context of
H2-A' compared with selection on H2-A" or H2-E' MHC-II
molecules.

In the periphery, CD4* deficiency was also observed in the
spleens and lymph nodes of B6.1-9.3 mice, leading to a dramatic
decrease in the CD4/CD8 ratio compared with the parental
strains (Fig. 1 C and D). F1 hybrids showed a distribution closer
to that of B6 mice (spleen 0.85 + 0.15/1.35 + 0.3). Expression of
H2-Al on the surface of B cells in B6.1-9.3 mice was not impaired
(SI Appendix, Fig. S1) and therefore, could not explain this de-
fect in CD4* T cell selection. Variability in the CD4/CDS ratio
in peripheral lymphoid tissues has been described for various
mouse strains, and a predominance of CD4* over CD8" T cells
is common for most inbred mice (SI Appendix, Table S1). Ac-
cordingly, both experimental inbred mouse strains and H2-
congenic recombinant mice, which have different haplotypes
and only a single MHC-II molecule (H2-A), have a CD4/CD8
ratio >1. B6.1-9.3 represents an example of an inverted CD4/
CDS ratio that is <1. The fact that a typical CD4/CDS ratio >1
persists in parental I/St mice that also bear H2 alleles argues
against the influence of genes proximal to H2-4 on this CD4/
CDS8 inversion and instead, suggests the compensatory contri-
bution of an H2-E-selected CD4" pool to the total CD4"
population, as has been previously reported in a genetic study
(30). Thus, total homeostatic proliferation in the periphery was
unable to compensate for impaired thymic selection of naive
CD4* T cells in B6.1-9.3 mice. Profound changes in CD4/CDS8
ratios indicate intrinsic differences in TCR selection in the
context of distinct H2-A allelic variants.

Treg but Not T,,, Populations Are Reconstituted in the Spleens of
B6.1-9.3 Mice. TCR-p-MHC-II interactions determine activation
thresholds during selection of Tcoqy and Treg cells in the thymus.
Importantly, the allowed affinities and the process of selection
itself differ for these two populations (22, 31, 32). To assess how
these differences might influence the TCR repertoires for nTeony
and nT,, cells developlng in B6 and B6.1-9.3 mice, we generated
the B6.1-9.3.Foxp3°™™ mouse strain (hereafter referred to as H2-Al
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Fig. 1.

B6.1-9.3 mice display an inverted CD4/CD8 ratio in the thymus and periphery. The percentage of CD4* and CD8* T cells in the (A) thymus, (C) spleen,

and (D) peripheral lymph nodes as assessed by flow cytometry. Ratios are summarized as bar graphs in Right. (B) Thymocytes undergoing selection processes
are defined as quadruple-positive CD4*CD8*CD5*CD69* cells. (C and D) Results for gated CD3* T cells are shown. Representative data from one of three to five
similar independent experiments are displayed, with total statistics for 6 to 12 mice per group provided in Right as mean + SD (unpaired t test). ns, not

significant; *P < 0.05; **P < 0.01; ***P < 0.001.

mice) and compared it with the B6.Foxp3°*™ strain (hereafter

referred to as H2-AP mice) described previously (33). Both strains
produce fluorescently labeled T, cell populations. Evaluation of
CD4/CDS8 ratios in lymphoid organs of H2-AJ and H2-A°
Foxp3°*F reporter mice confirmed defective CD4* selection in
the H2-A4’ genetic context (Fig. 2 4 and B).

We next assessed whether the generation and/or maintenance
Of Tyeg and Teony CD4™ subsets differs in H2-A® and H2-Al mice

by counting the content and proportion of CD4™ T cells in the
spleen and thymus. The proportion of Foxp3™ T, cells among
SP CD4™" thymocytes in H2-AJ and H2-A® mice appeared to be
similar (Fig. 2C). However, due to reduced total CD4™ content,
the size of the T,., population in thymi of H2-A mice was sig-
nificantly smaller (Fig. 2D). At the same time, in the spleens of
H2-A! mice, the total T, (Fig. 2E) and nT,., (Fig. 2F) pop-
ulations recovered to an extent that they matched the counts
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Fig.2. CD4* T cell populations in lymphoid organs of H2-Al and H2-AP mice. CD4/CD8 T cell ratios in (A) spleens and lymph nodes (LN) and (B) thymi for H2-AP
(n = 6) and H2-A (n = 6) mice. (C) The percentage of nT,eq cells in the population of thymic SP CD4* T cells is equal in H2-Al and H2-A® mice. The total number
of NTyq cells in H2-AP (n = 6) and H2-AJ (n = 6) mice differs for the SP CD4* thymic population (D) but not for the spleen (E). (F) The splenic content of nTeq
cells is equal in H2-Al and H2-AP mice, whereas (G) the size of the NTeony Cell population is significantly smaller in H2-Al. The percentage of (H) nT,eq and (/)
total Treq cells is higher in H2-Al compared with H2-AP spleens. (J) Proliferation of splenic CD4* T cells from sorted Treg cells gated for Foxp3 expression. All data
are representative of at least two experiments (n = 6 females per group, unpaired t test, P = 0.006 for Tcon, and P = 0.003 for T,eg). ns, not significant.
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detected in H2-A® mice, while the nTeopny population remained
significantly reduced (Fig. 2G). Thus, in the spleens of H2-A’
mice, the proportion of nT,., (Fig. 2H) and primed (Fig. 2I) T,
cells was increased compared with H2-A® mice.

Since the reduction in the T, population that we observed in
the thymi of H2-A! mice was restored in the spleen, we ques-
tioned whether this was due to increased proliferation of Treg
cells in order to achieve homeostatic replenishment. We esti-
mated the proliferation rate of splenic CD4™ T cells using a Ki67
expression staining. This analysis revealed an increased pro-
liferation rate for both Tcony and Ty, splenic subsets in H2-A/
compared with H2-A mice (Fig. 2J). However, Ty, cells re-
stored their peripheral niche more efficiently, which is consistent
with other observation (34).

TCR Repertoires of H2-Al Mice Are Distinct from H2-A® and
Characterized by Decreased Diversity and High Publicity and
Convergence. The initial diversity of preimmune repertoires of
naive T cells is generated by the recombination machinery as well
as thymic and peripheral selection (10). To explore the influence
of MHC-II allelic variation on the TCR landscape, we analyzed
repertoires of nT,n, and nT,, cells isolated from splenic cell

populations of homozygous H2-Al and H2-A® mice. We sorted
5,600 to 65,000 nT;ee and 100,000 nTcep, cells per mouse, with
the controlled purity of cell fractions >98%. TCRa and -p
complementary DNA (cDNA) libraries were obtained using
rapid amplification of 5-cDNA ends (5-RACE) with unique
molecular identifiers (UMIs) and TCR repertoires extracted
using MIGEC (35) and MiXCR (36) software. Out of each
sample, we extracted CDR3 repertoires for at least 2,000 nTycg
TCRa, 8,000 nT¢yny TCRa, 5,000 nT,.; TCRP, and 14,000 nTqny
TCRp unique UMI-labeled cDNA molecules (SI Appendix,
Table S24).

For comparison of general repertoire similarity, we performed
clustering analysis based on the number of amino acid CDR3
clonotypes shared between the 800 most frequent clonotypes of
each pair of samples. This analysis clearly clustered the func-
tional (in-frame, without stop codons) TCRa and TCRp reper-
toires of nTeony CD4* subsets separately for H2-A! and H2-AP
mice (Fig. 34), suggesting that the distinct p-MHC-II context
essentially shapes the structure of the TCR repertoires at the
stage of thymic selection. This was not the case for nonfunctional
TCR repertoires resulting from unsuccessful recombination
events. Such TCRs have not been expressed and thus, preserve
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es were computed using unpaired t test. (B) Assessment of clonality, where
notype number. (C) Analysis of repertoire diversity using the Chao1 index for

NTeony Cells. We collected 14,000 UMIs per sample for CDR3. (D) Convergence measurement as a ratio of unique nucleotide number encoding the same amino
acid. (E) Sharing of TCR repertoires between normalized samples, based on the number of identical CDR3p amino acid sequences in the top 1,000 clonotypes.
(F) The Gini index for the top 2,500 CDR3p amino acid clonotypes in the NTony repertoires of H2-AP and H2-Aj mice reflects inequality in clonotype size.
P values were computed using Mann-Whitney U test. (G) Connectivity of repertoires in H2-Al and H2-AP mice. The average number of edges per node of
homologous TCR clusters grows along with repertoire depth. (H) The top five clonotype clusters from the repertoires of a single H2-A and H2-Al mouse. TCR
networks were built from amino acid CDR3p sequences of the 2,500 most abundant clonotypes.
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the repertoire features produced by the recombination machin-
ery before thymic selection (37, 38). Clustering analysis did not
separate the nonfunctional CDR3 repertoires of H2-A’ and H2-A"
mice, indicating that segregation of the functional repertoires was a
result of distinct selection.

We assessed the normalized Shannon-Wiener and Chaol di-
versity indices at the amino acid level (39) after normalization of
samples by down-sampling to equal counts of unique UMI-
labeled cDNA molecules. These two statistical metrics assess
different aspects of the TCR repertoire; normalized Shan-
non-Weiner reflects the evenness of the clonotype frequency
distribution, whereas Chao1 provides the lower boundary of total
clonotype diversity as estimated based on the relative counts of
low-frequency clonotypes. As could be expected, the drastic re-
duction in the count of naive CD4" cells concomitant with ele-
vated proliferation was reflected in the decreased diversity and
increased clonality of naive TCR repertoires. In comparison with
H2—A'b mice, the amino acid TCRp repertoires of nT.yy,y cells in
H2-A! showed significantly lower Chaol and higher Gini index,
which are related to unequal distribution of clonotype size
(Fig. 3 B, C, and G). We observed a similar tendency in the
TCRp repertoires of nTyg, but the number of clonotypes that we
obtained was too small for these data to be statistically repre-
sentative (SI Appendix, Fig. S2 A-C).

Next, we assessed the relative convergence of TCRp reper-
toires, as measured by the normalized abundance of CDR3 nu-
cleotide sequences encoding the same amino acid sequence,
which results in the appearance of identical frequently produced
TCR clonotypes within and between animals (40). Remarkably,
the CDR3p repertoire of nTeoy,y cells in H2-AJ mice was char-
acterized by a prominently higher degree of convergent re-
combination events (¢ test, P < 0.005) (Fig. 3D) in comparison
with H2-AP, while the CDR3a repertoire in H2-A’ contained less
converged and rather diverse TCR variants (Fig. 3D). We then
estimated the extent of TCR clonotype sharing (i.e., publicity) at
the amino acid level within and between H2-A’ and H2-A°
mouse groups. The cohort of H2-A’ mice shared a significantly
higher proportion of CDR3p clonotypes than the H2-A" mice:
on average, 54 vs. 14 shared amino acid clonotypes from the
1,000 most frequent clonotypes of each repertoire (Fig. 3E).
Finally, network analysis of TCRp homology clusters based on
amino acid similarity showed denser network connectivity of
TCRp repertoires in H2-A’ mice (Fig. 3 F-H). Together, these
observations clearly indicate that the H2-4’ genetic context fa-
vors selection of a narrower naive TCRp repertoire, character-
ized by high publicity, constrained diversity, and increased
convergence.

Prominent and Distinct Impact of H2-A' on CDR3x and CDR3p
Characteristics. As described in ref. 41, we assessed average
characteristics of the CDR3 repertoire, such as length, number
of added nucleotides, and the physicochemical properties of
amino acids located in the middle of CDR3 (SI Appendix, Fig.
S3), which are usually in tight contact with p-MHC-II. In-
terestingly, the TCRp repertoire of H2-A' mice was skewed to-
ward longer CDR3 loops in both nT¢qy and nTr.e CD4* subsets
(at average, weighted per-clonotype frequencies) (Fig. 44). This
increase in length was associated with a higher number of non-
germline added nucleotides (SI Appendix, Fig. S3A4). Re-
markably, we observed an opposite tendency in the TCRa
repertoire, with decreased CDR3 length (Fig. 44). Additionally,
nT,e, cells in H2-A! and H2-A® mice possessed significantly
shorter CDR3s in both a- and p-chains compared with nT¢ony
cells. This is consistent with previous findings from other studies
(42) as well as our current findings for human nT,., cells. The
H2-A’ repertoire was also characterized by a lower average
number of bulky amino acid residues based on the “volume”
parameter of VDJtools (including W, R, K, Y, and F) in the
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middle of CDR3p but a higher number of such amino acids in
CDR3a (Fig. 4B). We hypothesize that such reciprocal shifting
of CDR3a and CDR3p characteristics might reflect distinct TCR
fitting with p-MHC complex in H2-AJ mice.

Based on statistical mechanical computations of pairwise in-
teractions between amino acids (43, 44), a set of generally
strongly interacting amino acid residues has been selected. In
essence, those include hydrophobic and aromatic residues that
can mediate diverse types of interaction (45) and contribute
greatly to TCR—-p-MHC binding affinity (46). We estimated
relative strength of CDR3 interaction with diverse (i.e., not
necessarily bearing cognate antigen) p-MHC complexes based
on the average number of such strongly interacting amino acid
residues (F, I, L, M, V, W, and Y) within the central part of the
CDR3 using the “strength” parameter of VDJtools. Previously,
this parameter has been shown to distinguish TCR repertoires of
Tyeg cells and CD4™" Teony cells in mice (39, 47), in keeping with
the higher TCR affinity allowed during thymic selection of Trg
population (31, 32). It has been hypothesized that T, cells that
possess high-affinity TCRs can compete with conventional CD4*
cells in the periphery for targets on antigen-presenting cells (23),
preventing spontaneous proliferation of T,y cells. High CDR3
strength also distinguishes human nT,, and effector Ty, cells vs.
other helper subsets, CD§*CXCR3* vs. CD8*CXCR3™ naive
T cells (48). Furthermore, CDR3 strength and hydrophobicity
are low in experienced memory B cells (49). To some extent,
high CDR3 strength and hydrophobicity can be interpreted as T
or B cell potential to broad, cross-reactive, and self-reactive in-
teractions (44, 50).

In agreement with previous studies and our current data for
human nT,, cells, we found that the average number of strongly
interacting amino acids among the five residues in the middle of
CDR3 was higher in nT,., compared with nT,,,, repertoires in
both mouse strains, and for both CDR3a and CDR3p (Fig. 4C).
An increased average number of strongly interacting amino acids
in the nT,., CDR3s suggests the preferential selection of TCRs
with high affinity to self-antigens for generation of thymic T,
population (22, 31, 32, 51). We also noted that the relative
stren%th was significantly higher for H2-A’ mice compared with
H2-A” mice in the CDR3a and -f repertoires of both nT,., and
T,y cells. Furthermore, this effect was significantly more prom-
inent in the nT,., subset. As a result, the difference between nT,eq
and nT .,y cells was substantially higher in H2-A) mice (Fig. 4D),
which might potentially result in generally increased capacity of Ty.q
cells to suppress activated T cells in H2-AJ mice.

Using cluster connectivity analysis, we searched for the specific
characteristics of CDR3p amino acid sequence variants enriched
in the repertoire of nT,., cells selected on different MHC-II
molecules. We separately pooled all clonotypes for H2-A® and
H2-A’ mice and searched for similar amino acid TCR clonotypes
within mouse strains. These similar TCRs may be represented as
a network of CDRp sequences having one amino acid mismatch
between nodes. Considering only sequences that have more
neighbors in one strain rather than in another, we found clonotypes
that might carry an imprint of selection on a certain MHC-II allele.
Notably, we detected distinct dominant CDR3p motifs (Fig. 4E). A
CDR3p motif identical to that found in H2-A' context was pre-
viously reported among public TCR clonotypes responding to re-
spiratory syncytial virus infection (52). It is also interesting that the
same CDR3p motif was previously found among cross-reactive
TCRs recognizing both MHC-I and -II (53).

TCR repertoire analysis of all samples using high-dimensional
features enabled us to clearly separate CDR3a and CDR3p reper-
toires by both functionality and genetic background (Fig. 4F and SI
Appendix, Fig. S4). This demonstrates the prominent differences in
the TCR CDR3 repertoire landscapes of both nTy., and nTcony
subsets between H2-Al and H2-AP mice.
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Fig. 4. Characteristics of CDR3x and CDR3 loops in naive TCR repertoires. Average count of (A) CDR3 length and (B) volume based on the presence of bulky
amino acid side chains for CDR3a and CDR3p in nT¢o,, and nT,q cells from H2-AP or H2-Al. Right shows schematic illustrations of the differences in CDR3a and
CDR3p length and volume parameters in mouse strains. (C) Predicted strength of interaction for bulk CDR3a and CDR3p repertoires of nTeg and nTcon, cells in
H2-Al and H2-AP mice. n = 4 mice in each group. Right shows schematic illustrations of the differences in the CDR3x and CDR3p interaction strength in the two
strains. (D) The difference in strength values (AS) of CDR3p for nT,eq and nT,n, subsets in H2-AP vs. H2-Al. P values were computed using Benjamin Hochberg-
corrected t test, based on false discovery rate <0.05. (E) Representative logo plots visualizing amino acid motifs of TCR CDR3p that were significantly enriched
as a result of similar recombination events in nT.q cells. (F) Cumulative contribution of 22 parameters (e.g., physicochemical properties, Kidera Factors,
diversity, NDN size (NDN, added nucleotides flanking the D gene segment), and CDR3 length) in principal component analysis for the TCR repertoires of nT,c4
and nTcony. Shown here are two-dimensional principal component analysis projections of 2,000 CDR3« and 5,000 CDR3p UMIs that were randomly selected for
each sample. PC1, principal component 1; PC2, principal component 2. All parameters were scaled to a similar range using Z-score normalization.
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Skewed Usage of TCR V Segments and Impact of CDR1 and CDR2 on
p-MHC-II-TCR Interaction. The germline-encoded CDR1/CDR2
regions of the TCRa and TCR variable domains are believed to
contribute mainly to the basic interaction of TCR with MHC-II,
modulating the binding angle of the hypervariable region relative
to p-MHC (15, 54). Previously, it has been reported that TRBV
and TRAV segment usage is strongly associated with the
expressed allelic variant of MHC-II (19, 55, 56). The observation
that point substitutions in conserved stretches of amino acids in
MHCHII alter TRBV and TRAYV segment usage in CD4 cells but
do not affect the CD4* numerical count (25) provides further,
direct evidence for preselection of TCR repertoires in MHC
recognition.

In our experiments, H2-AJ and H2-A® mice could be separated
into clusters of V segment usage depending on MHC context (S/
Appendix, Fig. S2D). Specifically, the TRAV12.2, TRAV4.3, and
TRAVI12.1 gene segments were used significantly more often
by nTeony CD4™ subsets in H2-AJ mice compared with H2-A°
(SI Appendix, Fig. S2D), whereas the usage of several TRAV
segments (TRAV14D.1, TRAV14.3, TRAV7.4) dropped dras-
tically in H2-Al mice. The observed changes in V segment usage
should reflect distinct preferences in selection of those gene
segments in H2-A! mice. In other words, distinct V gene seg-
ments would be expected to provide optimal affinity for the H2-
A’ haplotype of MHC-II, increasing the probability of passing
both positive and negative selection.
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Fig. 5. V segment usage in TCR repertoires of nTcon, cell subsets in H2-AP and H2-AJ mice. (A) Correlation of unweighted cumulative (CDR1 + CDR2) strength
to ratio of average usage frequency of pooled TRBV or TRAV segments from the nTcon, repertoire of H2-AP vs. H2-Al mice. (B) Correlation between the ratio of
weighted CDR3 strength (H2-AP vs. H2-Al) and ratio of average usage frequency for TRAV or TRBV segments between the nT o, repertoires of H2-A® vs. H2-Al

mice. Green and orange colors denote TRBV segments preferentially used in H2-A and H2-Al repertoire, respectively.
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Taking into account that TCR CDR1 and CDR2 sequences
are identical in both mouse strains, we calculated the cumulative
interaction strength based on the average number of strongly
interacting amino acids constituting these regions. The cumula-
tive interaction strength of CDR1 and CDR2 for each TRAV
segment correlated with the fold change of its usage frequency in
H2-AP 0T,y cells relative to H2-AJ (Fig. 54). Preferential selec-
tion of defined TRAV segments (e.g, TRAV12.2, TRAVI2.,
TRAV4.3, and TRAV6.5) on H2-A' molecule required low num-
bers of strongly interacting amino acid residues in the middle of
CDR1 and CDR2, while H2-AP favored the selection of TRAV
segments bearing CDR1 and CDR2 with high cumulative interac-
tion strength (e.g., TRAV19, TRAV14.3, TRAV7.4) (Fig. 54).

Certain TRBV segments were also enriched in H2-A’ and H2-A"
contexts but were not clearly related to the strength of corre-
sponding CDR1 and CDR?2 regions (Fig. 54), suggesting preferable
TCR-MHC interactions mediated by particular complementary
structures. Interestingly, the TRBV segments enriched in either
H2-A' or H2-A® context carried CDR3p variants with lower in-
teraction strength, on average (Fig. 5B). This may indicate that
some optimal modes of preencoded CDR1 and CDR2 binding to
corresponding MHC are sufficient for these TRBV segment
variants, such that strongly interacting CDR3p motifs are not
required for successful thymic selection. In the nT,., population,
we observed similar shifts in TRBV usage (SI Appendix, Fig. S5).
However, in contrast to nTcoqy cells, only TRAV6.6 was specif-
ically enriched in H2-A’ nT,, repertoire, which could reflect the
influence of distinct thresholds in the course of nT;c; and nTcony
cells selection. A similar trend was observed for TRAV segments,
where segments with weakly interacting CDR3a loops were
generally preferentially selected for any allelic variants of MHC-
II (Fig. 5B).

We can therefore conclude the following. First, distinct structural
features of H2-A influence selection preferences for particular
complementary TRAV and TRBV segments. Second, for TRAV
segments, these differences are associated with the relative abun-
dance of strongly interacting amino acid residues in CDR1 and
CDR?2 loops. Finally, in the context of highly complementary in-
teractions between V segments and MHC, the average number of
strongly interacting amino acids within the CDR3 region recipro-
cally decreases, potentially reflecting cumulative fitting to the op-
timal selection window of interaction strength required to pass
thymic selection.

Nonclassical MHC-Il Molecule H2-0 Does Not Have Essential Impact on
Selecting TCR Repertoire. We have previously observed that H2-O'
has several nonconservative substitutions in the H2-Oa and
H2-Ob genes in the H2 haplotype compared with H2-O" (26)
that could make the H2-O' chaperone dysfunctional (27). To
elucidate whether this nonclassical MHC-II molecule contributes
to CD4 selection and TCR repertoire shaping, we analyzed
repertoires of naive CD4 subsets in H2-A® ©°~/~ mice, which lack
the H2-O molecule (27) (SI Appendix, Table S2B). H2-AP ©°~/~
thymus and spleen had a CD4/CDS ratio similar to H2-A® (SI
Appendix, Fig. S6 A-C). This further supports the notion that the
inverted CD4/CDS8 ratio in H2-A’ mice results from impaired
CD4™ T cell selection on the H2-A' molecule. We assessed physi-
cochemical pro;}))erties of TCR CDR3 regions of naive CD4™ T cell
subsets in H2-A" ©°~~, H2-A®, and H2-A/. In contrast to H2-AJ mice,
both H2-A" 7~ and H2-A" nT,,,, cells had similar numbers of
strongly interacting amino acid residues within the central part of
CDR3 in both TCRa and TCR chains (SI Appendix, Fig. S6D). In
keeping with the results described above, H2-AJ but not H2-A “*~~
mice tended to have more bulky amino acids in the center of CDR3a
and smaller ones in CDR3p. H2-A” ©°~~ nT,,,, cells clearly have
CDR3o amino acid side-chain size equal to the congenic H2-AP
strain (S Appendix, Fig. S6E). Taken together, these results indicate
that differences in the repertoire landscape of nTeo, in H2-AJ mice
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arise from TCR selection on structurally different classical MHC-II
molecules but not from allelic variants of H2-O.

Discussion

The preimmune, naive TCR repertoire landscape formed by
thymic and peripheral selection (12) essentially determines an
organism’s capacity to protect against diverse pathogenic (55, 57)
and cancerous antigens (58, 59) and to achieve a balanced net-
work of regulatory interactions between immune cells (23).
Convincing data show that the interplay of the TCR repertoire
with certain MHC-II allelic variants can predispose individuals
to autoimmune diseases (7). The individual MHC context de-
termines the selection of CD4* T cells and shapes the TCR
repertoire, influencing both V and J segment usage (19, 25) and
frequencies of particular TCR CDR3 variants (60).

Here, we have focused on identifying how selection in par-
ticular MHC-II contexts determines the structure of the TCR
repertoire of nTcyn, and nT,., cells. We used mouse strains
expressing different allelic variants of a single classical MHC-II
while preserving the natural complexity of the TCR repertoires
and obtained several intriguing findings. Confirming previous
observations (19, 20, 25), we found prominent differences in
usage of V gene segments correlating with the role of CDR1 and
CDR?2 in p-MHC interaction. Our data on the preferable se-
lection of TCRs bearing defined TRAV and TRBV gene seg-
ments by each MHC allele support the germline-encoded model
of TCR engagement with p-MHC (18, 61). Furthermore, the
CDR3 repertoires of nTcy,y and nT,, subsets in H2-A’ mice
(B6.1-9.3.Foxp3°P) strikingly differed from H2-A® mice
(B6.Foxp3°**) in terms of CDR3« and CDR3f amino acid
composition and length.

Polymorphisms near or in the peptide binding groove in MHC-II
alter the peptide repertoire and the overall TCR-p-MHC in-
teraction interface (55, 62, 63) and consequently, cause perturba-
tions of the TCR repertoire that successfully passes the first thymic
selection. At present, no crystallographic data have been obtained
for the p-H2-A’ complex, but molecular modeling of H2-A’ with
CLIP peptide has suggested changes in the structure and size of
binding pockets P1, P4, P6, P7, and P9 (26). Furthermore, the
volume reduction of the H2-A' P1 pocket, which is implicated in
binding to H2-M (DM in humans) (64, 65), might contribute to
exchange efficiency of invariant peptide (e.g, CLIP) for self-
peptides in MHC-II. The root-mean-square deviation (RMSD)
analysis of the molecular dynamics trajectories (SI Appendix, Fig.
S7) supports the hypothesis of lower binding capacity of H2-A’ for
CLIP than H2-A®. The ability of H2-A to form a stable complex
with peptides can be affected by the lack of one of the highly
conserved H bonds between the peptide backbone and A74, which
replaces the highly conserved E74 in the p-chain. These modeling
results suggest that diversity of endogenous peptides loaded and
stably presented on H2-A' may be limited, thus hampering the
positive selection of diverse CDR3 repertoire. Further comparative
studies of endogenous peptide repertoires presented by H2-A/ vs.
H2-AP are required to verify this hypothesis. The most noticeable
structural changes in the a-helixes of H2-A! are the unique sub-
stitution Q61K, located in the o-chain, and the very rare sub-
stitution R70Q in the p-chain, both of which alter the polarity of
interactions between chains. The position ®Q61 has been reported
to be a contact point between the H2-Aa chain and TCRp CDRI,
CDR2, and CDR3 (66), with targeted substitution significantly re-
ducing the TCR activation threshold (67). Overall, all of these al-
terations can lead to formation of p-H2-A' complexes that could
affect interaction with TCR and influence the selection of CD4*
T cells.

Based on our results, we speculate that mutual adjustment of
the length of the TCRa and TCRp CDR3 loops is mediated by
the distinct docking mode of TCR—p-MHC interaction during
thymic selection, such that shortening of the first CDR3 loop is
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compensated for by elongation of the second one. One of the
notable physicochemical characteristics of CDR3 is the number
of strongly interacting (i.e., mainly hydrophobic and aromatic)
amino acid residues (43) in the middle of TCRa and TCRp
CDRa3. These parts of the TCR interact most closely with presented
peptides (41). As shown previously, high strength is characteristic of
T CDR3 repertoires, reflecting their permissible higher affinity to
self p-MHC during thymic selection (22, 31, 32). We observed a
remarkable increase in the average representation of strongly
interacting residues in both TCRa and TCRp CDR3 repertoires in
H2-A! mice. The effect was more prominent in T, cells (Fig. 4D),
which perhaps, reflects the competitive nature of thymic T, gen-
eration (51). This feature of the TCRs in the nT,., population of
H2-A! mice and its numerical advantage over T,y in the periphery
might potentially contribute to susceptibility to tuberculosis via
suppression of an efficient and timely Th1 response (68, 69)

H2-A4 genetic context was associated with profound deficiency
of CD4™ cells in the thymus and spleen (Fig. 2). At the same
time, we found that the TCR repertoire of H2-A' mice was
characterized by narrowed diversity, increased publicity across
animals of the same strain, and higher convergence—that is,
increased average number of nucleotide CDR3 sequence vari-
ants per amino acid sequence variant (Fig. 3 and SI Appendix,
Fig. S2). Cumulatively, these data led us to conclude that the H2-
A’ context, due either to the features of the H2-A’ surface or to
the restricted pool of H2-A'-presented peptides (see below),
imposes more rigorous selection of an essentially narrowed pool
of TCR variants compared with H2-A®, which also results in
numerical deficiency of naive CD4™* cells produced.

The number and diversity of naive T cells are considered to be
crucial for efficient and specific response to a broad range of
pathogens (70). Therefore, the increased “gaps” in the narrowed
repertoire of CD4" naive T cells in the H2-4' context could
contribute to susceptibility to particular infections, including
tuberculosis. However, the diversity of antigenic molecules cov-
ered by a TCR repertoire can also be increased through higher
cross-reactivity. In other words, an efficient immune response
against a wide range of pathogens can be provided either by high
diversity of the TCR repertoire and/or by broad TCR cross-
reactivity (71-75). Accounting for specific or degenerate TCR
recognition is a complex process that depends on the interaction
strength of TCR with p-MHC (76). The specific feature of the
H2-A! repertoire is an increased number of strongly interacting
amino acid residues in the middle of both CDR3a and CDR3p in
0T ony and nT,, repertoires (Fig. 4C). Most strongly interacting
amino acid residues belong to hydrophobic residues, which form
high-affinity binding contacts within protein—protein interfaces
(77). TCR cross-reactivity correlates with the frequency of
strongly interacting residues in CDR3p (50), and we therefore
cannot exclude the possibility that restricted diversity of the TCR
repertoire in H2-A’ mice might be offset by potentially enhanced
cross-reactivity. This could allow adaptive immunity to recognize
comparable diversity of antigens with a narrower repertoire of
TCRes, at the cost of potential nonspecific immune response and
inflammation. More generally, such a feature of a narrowed
repertoire may reflect the natural balance of diversity and cross-
reactivity in terms of MHC context selection. It comes in line
with the study shown that skewing properties of TCR CDR3
toward increased hydrophobicity was detected in the cases of
altered T cell selection (50, 78).

The H2-A’ genome also contains nonclassical MHC-II genes
of the H2 haplotype, encoding H2-M and H2-O. These genes
are highly conserved across organisms and participate in peptide
loading onto the classical MHC-II molecule. Together, H2-O
and H2-M modulate the exchange of CLIP peptide with self-
peptides, thus influencing peptide repertoire editing (79, 80).
Nevertheless, the exact functional role of H2-O in TCR shaping
is still elusive (28, 29). H2-O expression is mainly associated with
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increased CLIP-MHC-II expression on the cell surface (28), and
according to recent mass spectrometry data, lack of H2-O ex-
pression may alter the diversity of the presented peptide reper-
toire (81) Evidence suggests that the activity of the H2-O allelic
variant is reduced, leading to enhanced H2-M function, as is
observed in H2-Ob knockout mice (27). However, it has been
demonstrated here and in another study (82) that the number of
CD4* T cells in H2-A® mice lacking H2-O was not diminished,
and according to our data, H2-O does not have any prominent
effect on generation and features of TCR repertoires of nTcopny
cells. Thus, we can conclude that polymorphlsm of H2-Al, but
not H2-O!, determines the striking differences in the selectlon of
CD4* T cells. .

The association of the H2-4' allele with significantly reduced
CD4™ cell numbers in the thymus and spleen might be linked to
certain differences in the binding groove of H2-A’ that result in
less efficient positive selection of naive CD4* T cells. However,
the low count of CD4% cells may not necessarily lead to poor
infection control in organisms. The composition and diversity of
MHC-bound peptides have a strong effect on positive selection.
Previous studies of genetically modified mice, including H2-M-
or Ii (CLIP)-deficient mice, have demonstrated that limited
multiplicity of low-abundance self-peptides and loose binding of
peptides to MHC-II (83-85) result in reduced CD4* T cell
counts. We speculate that the spectrum of peptides that are ef-
ficiently presented in H2-Al might be more limited compared
with H2-A®. The requlrement for immunodominant epitope
presentation was shown in the elegant experiments by Nepal
et al. (86), which also demonstrated that low CD4* cell counts in
the periphery are not critical for controlling Mycobacterium tu-
berculosis (Mtb) dissemination, but proper H2-M function de-
termines the efficiency of the immune response against Mtb
infection. Thus, the inability of H2-A! to bind and present some
range of peptides might be related to Mtb susceptibility.

To summarize, in this work we show that distinct MHC-II
contexts may prominently shape the features of the selected
landscape for both nTcyn, and nT.; CDR3 repertoires. This
influence is measurable not only as a distinct frequency of TRAV
and TRBV gene segment usage but also at the level of CDR3a
and CDR3p repertoire features. The reciprocal changes in
CDR3a and CDR3p repertoire characteristics could reflect the
distinct preferences of TCR-p-MHC accommodation. At the
same time, the increased number of hydrophobic and strongly
interacting amino acid residues in the middle of CDR3a and
CDR3p may indicate the necessity of increased average strength
of TCR-p-MHC interaction for successful positive selection.
This is supported by the narrowed diversity of the more focused
naive repertoire produced in the H2-4’ context and the de-
creased counts of naive CD4* T cells. Thus, we demonstrate that
TCR repertoire profiling can provide a “digital” view of T cell
selection. Further progress in our understanding of these pro-
cesses—and ultimately, in our ability to predict the antigen-
specific properties of individual TCR repertoire landscapes—
should have direct implications for the development of vaccines
and T cell-based immunotherapies for cancer and autoimmune
disorders.

Materials and Methods

Mice and Genotyping. Mice of inbred strains 1/StSnEgYCit (abbreviation 1/St,
H2), C57BL/6ICit (B6, H2P), H2-recombinant congenic strain B6.1-9.3.19.8
(abbreviation B6.1-9.3) (26), and (B6.1-9.3xB6) F1 hybrid were bred and
maintained under conventional, nonspecific pathogen-free (non-SPF) con-
ditions at the Animal Facilities of the Central Institute for Tuberculosis in
accordance with the guidelines from Russian Ministry of Health #755 and
under the NIH Office of Laboratory Animal Welfare Assurance #A5502-11.
Animals were killed using carbon dioxide. Transgenic mouse strain
B6.Foxp3°™® (abbreviated here as H2-AP) was provided by A. Rudensky,
Memorial Sloan Kettering Cancer Center, New York, NY (33). The protocol
of genotyping is in S/ Appendix. C57BL/6) H2-Ob™'~ mice were provided

PNAS | June 16,2020 | vol. 117 | no.24 | 13667

IMMUNOLOGY AND
INFLAMMATION


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003170117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003170117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003170117/-/DCSupplemental

by T. Golovkina, University of Chicago, Chicago, IL. Crossing B6.Foxp3°™ and

C57BL/6) H2-Ob™"~, we generated F1 hybrids that were intercrossed to ob-
tain C57BL/6 Foxp3SF® H2-Ob™~ (H2-AP ©*~7) mouse strain.

Cell Preparations and Flow Cytometry. As described in detail in S/ Appendix,
spleen, thymus, and lymph nodes of 2 to 3 month-old mice were removed.
Suspensions of thymus, spleen, and lymph node cells were obtained using
routine procedures. The following monoclonal antibodies for fluorescence-
activated cell sorting (FACS) analysis were purchased from eBiosciences,
Biolegend, BD Biosciences, or Miltenyi Biotec: CD3-FITC (clone 145-2C11),
CD3-PE-Cy5 (clone 17A2), CD4-PerCP or CD4-APC-cy7 (clone GK1.5), CD8-APC
(or PE or PE-Cy5; clone 53-6.7), B220-APC (clone RA3-6B2), CD62L-PE (clone
Mel-14), CD44-eFluor 450 (clone IM7), MHC class Il I-E (clone 14-4-4S), and
Foxp3-PE (clone FJK-16s). MHC class Il I-A-Alexa Fluor 488 (clone 10.2-16)
cross-reactive to the p-chain of H2-Al was provided by T. Golovkina. In-
tracellular staining of Foxp3 and Ki67 (clone Sp6; Thermo Scientific) was
done according to the manufacturer’s protocol for Foxp3/Transcription
Factor Staining Buffer Set (eBioscience). Data were acquired using a BD
Biosciences FACSCalibur flow cytometer and BD Biosciences FACSCARIA 1l
and analyzed using FlowJo software (Tree Star).

Cell Sorting. For cell sorting, CD4* T cells isolated from spleen of individual
H2-AP and H2-A’ mice were enriched prior to FACS sorting by microbeads
technology using negative selection with CD4™ T cell Isolation Kit Il (Miltenyi
Biotec). Purified CD4" T cells were stained with CD4, CD62L, and CD44 an-
tibodies and sorted into the two following populations: nT,e5 (CD4*Foxp3
GFP*CD62L*CD447), nTcony (CD4*Foxp3 GFP™CD62L*CD447). Each cell pop-
ulation was sorted at >98% purity. All cell populations were collected directly
into RLT buffer (Qiagen) and stored at —70 °C.

RNA Isolation and cDNA Library Preparation. Total RNA was isolated using
RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. In all
experiments described here, cDNA libraries were obtained using 5'-RACE
with UMIs (35, 41) using the Mouse TCR profiling kit (MiLaboratory LLC).
Details of the procedure can be found in SI Appendix.

Raw Sequencing Data Analysis. We performed two independent sequencing
runs. In the first run, we sequenced in parallel cDNA libraries obtained from
four H2-AP and four H2-Al mice. In the second run, we performed se-
quencing of samples obtained from three H2-AP, three H2-A), and five H2-AP
O~/ mice (87). Sequencing data were analyzed using MIiGEC (35), MiXCR,
and VDJtools software (88). Details of the analysis can be found in
SI Appendix.

Statistical Analysis. Statistical analysis was performed using Prism 5.0
(GraphPad) and programming language R. One-sided t test with unequal
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variances (Welch's test) was used for comparison of T cell population com-
position, and Mann-Whitney U test was used for comparison of repertoire
properties. Details of the analysis can be found in S/ Appendix.

Physicochemical CDR3 Properties and Correlation Analysis. CDR1 and CDR2
strength was calculated for mouse sequences according to http://imgt.org/
and the built-in VDJtools correspondence table (88). CDR3 strength was
calculated as clonotype-weighted average, for the five amino acids in the
middle of CDR3. All nonfunctional TCR sequences were excluded from
analysis. Details of the analysis can be found in S/ Appendix. The resulting
P values were adjusted using Benjamini-Hochberg (BH) method with a false
discovery rate not greater than 0.05.

Clustering Analysis. For graph construction, we take the top 2,500 most
frequent clonotypes clustered by CDR3 nucleotide sequence identity out of
each sample. Each node on the graph represents a single translated clonotype
(clonotypes with same amino acid sequence but different nucleotide se-
quences do not collapse). Nodes were connected by edges if the Levenshtein
distance between them was equal to zero or one and V segments of these
clonotypes were identical. Further, we use only the top five biggest con-
nected components out of the graph. Connectivity of repertoires was com-
pared using Gini index and Mann-Whitney U test. Visualization of graph
was made in Cytoscape.

For TCR motif detection, we separately pooled TCR clonotypes of all four
H2-AP and four H2-Al mice and performed TCR neighborhood enrichment test,
as described in ref. 89. Details of the analysis can be found in S/ Appendiix.

Principal Component Analysis. Data on the CDR3a and CDR3p repertoires were
analyzed separately but using similar pipeline. For the principal component
analysis we used physicochemical properties for the central five amino acids
within CDR3 and other CDR3 parameters. Details of the analysis can be
found in S/ Appendix. All parameters were scaled to similar range using
Z-score normalization; principal component analysis was performed and vi-
sualized using programming language R and package ggbiplot.
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