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Interactions between diverse sets of T-cell receptors (TCRs) and peptides pre-
sented by human leukocyte antigens (HLAs) are the foundation of the adap-
tive immune system but population-level analysis of TCR-HLA interactions is
lacking. Here we use the TCR{ repertoire of 4, 144 HLLA-genotyped subjects
to associate ~10° public TCRs (i.e., TCRs observed in multiple subjects) with
specific HLAs, providing a new window into the functional characteristics of
HLAs. We find that the vast majority of these HLLA-associated public TCRs
are specific to unique HLA allotypes, not allelic groups, and to the paired -
5 heterodimer of class II HLAs though we observe some exceptions and also

that the breadth of the TCR response is proportional to HLA zygosity. Iden-
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tification of public HLA-specific TCRs permits highly accurate imputation of
248 class I and IT HLAs from the TCRJ repertoire alone. Notably, 45 HLA-DP
and -DQ heterodimers cannot be imputed due to a lack of associated TCRs, de-
spite high representation in our training set. Gene linkage analysis indicates
these heterodimers primarily arise from trans-complementation resulting in
non-functional -/ pairs. Cell sorting, clonal expansion, and comparisons be-
tween SARS-CoV-2-exposed and -naive populations suggest that public class
I and class II HLA-associated TCRs we identify are primarily expressed on
CD8*' and CD4" memory T cells, respectively, which are responding to a mix
of common antigens. Our results recapitulate fundamental immunology, pro-
vide critical new insights into the functionality of HLAs, and demonstrate the

power and potential of population-level TCR repertoire sequencing.

Introduction

The major histocompatability complex (MHC) is a set of genes found in jawed vertebrates,
which in humans encode for HLAs (/). The primary function of HLAs is to present fragments
of proteins (i.e., peptides or antigens) on the surface of cells for T cell recognition (2). TCRs on
the surface of T cells interact with the peptides presented by HLAs (pHLA). The TCR-pHLA
interaction is a key mechanism of adaptive immunity and plays a central role in the immune
system’s response to infections, cancers, allergens and self-tissues targeted in autoimmunity
and transplantation (3-8).

HLAs are both polygenic and polymorphic, allowing for a highly specific and fine-tuned
adaptive immune response for recognition of diverse pathogens. The classical antigen-presenting
MHC proteins—class I and class II HLAs—are found on the surface of all nucleated and pro-

fessional antigen presenting cells, respectively. A large number of allelic variants have been
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identified across the six loci encoding class I (HLA-A, -B and -C) and class I (HLA-DP, -DQ
and -DR) HLAs (9). Antigens presented to T cells bind to a single polymorphic « chain of class
I HLAs (10, 11) and to the o and (3 chain of class II HLAs (/2—14). Both the o and /3 chains are
polymorphic for HLA-DP and -DQ whereas only the /3 chain is polymorphic for -DR. Further-
more, the 8 chain of HLA-DR may be encoded by four loci (DRBI, DRB3, DRB4 and DRB5);
all individuals have DRBI encoded on both chromosomes and may additionally have one of
DRB3, DRB4 or DRB5 on each chromosome.

HLA genes can be resolved by sequencing to varying degrees and several distinct naming
systems can be found in the literature. Here we adopt the 2010 WHO HLA nomenclature
(15). For each locus, the first two fields designate the allele group and specific protein (i.e.
allotype), respectively. The third and fourth fields indicate synonymous substitutions in coding
and non-coding regions, respectively. For class II HLAs, the o and [ chains are encoded,
sequenced and typed independently. In the context of molecular epidemiology, identifying
(or assuming) the resolution at which causal mechanisms (and thus, clinical associations) are
likely operating remains challenging. HLAs in the same allelic group tend to present similar
or identical peptides (/6), share functional properties such as relative expression levels (17,
18), and serve as ligands for the same KIR receptors (/9). Thus, many epidemiological and
functional studies treat HLAs of the same allelic group interchangeably. However, structural
(20), functional (27), and evolutionary evidence (22) suggest that, at least in some contexts,
very similar HLA allotypes frequently interact with very different TCRs. A fundamental goal
of this work is to establish the relationship between TCR specificity and HLA resolution and to
explore the TCR specificity of class I and class IT HLAs.

The human body maintains a diverse set of naive T cells where antigen specificity is deter-
mined by TCRs (23, 24). These T cells are selected such that their TCRs, which are generated

via V(D)J recombination, interact with pHLASs in the thymus (25-28). Interaction with class
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I and class II pHLAs directs differentiation into CD8" (cytotoxic T cell) (29, 30) and CD4+
(helper T cell) lineages (31), respectively. Antigen presentation by an HLA and subsequent
TCR recognition in the appropriate immunological context triggers clonal expansion of naive T
cells resulting in a large population of T cells expressing identical cognate TCRs (32). Clonal
expansion of T cells with the same TCR greatly increases the chance of sampling these TCRs
experimentally. As a result, subjects with matching HLAs and shared antigenic exposure have
a significantly higher likelihood of sharing subsets of TCRs compared to subjects with differing
HLAs and/or antigenic exposure history (33—36). Here we leverage this aspect of T-cell biology
to identify sets of public TCRs that are over-represented in subjects sharing HLAs. We expect
these sets to be enriched for HLA-restricted TCRs specific to common antigens and we use
them to probe the functional nature of HLAs.

The T-cell repertoire is a rich source of information for understanding adaptive immunity
(37, 38). The vast majority of TCRs are heterodimers composed of an « and 3 chain; our data
consists of T-cell repertoires of TCR/3! sequences. While a given TCR/3 chain may pair with
many « chains, the memory T cell compartment appears to be dominated by /3 chains that pair
with a single « chain (39). Thus, the TCRf sequence is typically sufficient for characterizing
the specificity of antigen-experienced T cells. Here we use high-throughput genetic sequencing
(40, 41) of the T-cell repertoires of 4, 144 subjects with HLA genotypes measured from direct-
sequencing to identify ~10° public TCRs that are statistically associated with HLA allotypes.
While observing any given TCR in a repertoire may be rare, the TCR repertoire of an individual
expressing a given HLA will almost always contain many TCRs that we associate with that
HLA. The TCRs we associate to HLAs provide a new window into understanding the interaction
between TCR and HLAs. The public nature of these TCRs and their robust HLA associations

permit highly accurate imputation of class I and II HLA allotypes solely from TCR repertoires

'Throughout the manuscript, we refer to TCR3 simply as TCR.
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allowing us to probe functional characteristics of HLAs with respect to their TCR interactions.

Results

Identification of HLA -associated TCRs

Our data consist of the sequenced T-cell repertoires of 4, 144 subjects with HLAs genotyped
via next generation sequencing (NGS) (42) (see Fig. S1 for demographic distributions). The
median number of unique T cells sequenced from each individual is ~227,000 and 90% of
subjects have counts between ~74, 000 and ~610, 000. The majority of our samples are taken
from healthy adults residing in the United States; ~5% and ~20% are Lyme and Covid positive,
respectively. For a given HLA, we separate subjects into cases and controls defined as those with
and without the HLA, respectively. Subjects expressing an HLA that is in the same p-group” as
the HLA of interest are excluded from the control group, as such HLAs have identical amino
acid sequences in the peptide binding region and thus may share TCR specificity. HLA-DP and
-DQ are treated as heterodimers, with cases and controls defined by - pairs. The « chain of
HLA-DR is invariant and thus we treat these HLLAs as monomers, similar to class I HLAs. We
randomly select a fixed 80% and 20% of the samples for training and validation, respectively.
We identify sets of public HLA-associated TCRs using a statistical approach that enforces
the assumption that each TCR is associated with at most one HLA allotype (we will test this
assumption below). This assumption enables us to disentangle the effects of linkage disequi-
librium (LD) among HLA loci (43) that would otherwise result in a high burden of spurious
HLA-TCR associations (Fig. S2A). We use exact matching of the TCR/ V-gene, J-gene and
CDRS3 to identify sequences that are over-reppresented in subjects with a given HLA allotype.
Thus, our association of TCRs with HLAs is agnostic to the specific amino acid sequence, it

solely relies on it being observed in multiple repertoires.

Zhttp://hla.alleles.org/alleles/p_groups.html
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The identification procedure works as follows (see Methods for precise details): for each
HLA allotype, we first create a set of candidate HLA-associated TCRs using one-sided Fisher’s
Exact Tests (FETs) to identify TCRs over-represented in cases using a pre-specified fiducial
p-value threshold, p*. For each unique candidate TCR, we fit an L1-regularized Logistic Re-
gression (L1LR) model which predicts the presence of that TCR in subjects given their HLAs
(represented as a binary vector of indicator variables). We tune the L1 hyperparameter \ to be
the smallest value for which exactly one HLA parameter is non-zero. In other words, we deter-
mine which single HLA allotype best predicts the observed distribution of a given TCR in the
repertoires of our training sample. We test all TCRs with p-values < p* and retain only TCRs
which associate most strongly with the HLA of interest. As our interest here is primarily in the
characteristics of sets of HLA-associated TCRs, we set p* to a permissive value of p* = 10~*
and use the hold-out repertoires for validation. Note that due to exclusion of p-group matched
HLAs a small number of TCRs are assigned to multiple HLAs due to variations in the training
data (Fig. S2B).

We associate ~10° TCRs to specific HLAs, for a median of 2,400 TCRs per HLA with
~ T70% of HLAs having a total number of associated TCRs in the range of 1,600 — 5, 000. To
maintain consistency with other work associating TCRs with disease (33, 35, 36), we refer to

these HLA-associated TCRs as enhanced sequences (ES).

TCR Specificity
Most Enhanced Sequences are specific to HLA allotypes

To validate the HLA allotype specificity of the ESs, we compare their abundance in HLA cases
as compared to controls in our holdout set (see Fig. 1A-B). Overall, we find clear separation
of cases and controls in the holdout data across all functional HLAs (Fig. S3-S9), highlighting

the specificity of these ES at the HLA allotype level and to the heterodimer for class 1T HLAs.
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However, there are notable exceptions.

We identify one HLA class I allotype pair (Fig. 1A-1B) and 11 class II pairs (Table 1) that
appear to completely share TCRs despite differing in their two-field designation. We refer to
these as “degenerate” HLLAs. For each of these degenerate pairs, ESs specific to one HLA are
equally distributed among individuals expressing either HLA (Fig. 1C-D). Ten of the twelve
degenerate HLAs we identify have amino acid differences in a single position not in the peptide
presentation and TCR binding domain and thus are in the same p-group.

To further validate our assumption that most of these TCRs are specific to HLA allotypes,
not allelic groups (with the exception of noted degenerate pairs), we use the L1LR method to
assign TCRs to either the allelic group (1-field) or the allotype (2-field). We restrict our analysis
to class I HLA groups observed in > 200 subjects with the most common allotype representing
< T70% of subjects. Among the six allelic groups tested, we find five have a negligible fraction
(~1%) of ES associated to the group (A*30, A*33, A*68, B*15, B*35, C*07), indicating that
the majority of HLA-associated TCRs we identify are allotype specific.

We find one HLA group where a subset of TCRs in the ES set appear to be specific to
multiple allotypes in the group: B*44. We find that 10% of TCRs originally identified as
B*44:03-specific are assigned to the B*44 group (Fig. 1E-1G; similar conclusions are reached
when starting with the less prevalent B*44 allotypes). This set of B*44-specific TCRs segregate
all B*44 positive from negative individuals in the holdout (Fig. 1F), while the remaining ~90%
of TCRs originally identified as B*44:03-specific separate B*44:03-expressing individuals from
those who express B*44:02 or 44:05 (Fig. 1G). These three B*44 allotypes differ in only two
amino acids (residue 140 and/or 180), and B*44:02 and 44:03 are known to share a large fraction
of their peptide repertoire and some of their TCR repertoire (44).

Degenerate HLAs that completely share their TCR repertoire typically differ in one amino

acid outside the binding domain. Similarly, B*44 has two polymorphic positions outside the
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binding domain and displays a high degree of sharing. On the other hand, groups in which we
observe no TCR sharing tend to have one or more amino acid differences in the binding domain.
Thus, the degree of sharing we observe appears to be correlated to the number differing residues
and the position at which the differences occur. Taken together, these results show that many
TCRs (indeed, the vast majority of those identified here) are specific to distinct HLA allotypes,
regardless of shared peptide repertoire or binding domain similarity. Thus, many characteristics
of TCR-pHLA interactions differ among highly related HLA allotypes. As expected, no such
specificity was observed among HLA allotypes that differ only in synonymous substitutions (ie,

at 3- and 4- digit resolution; Fig. S9).
Most TCRs are specific to class II heterodimers, not subunits

Functional class II HLAs are stable heterodimers with both the o and 3 chain contacting the
peptide. As such, we expect class II HLA-associated TCRs to be specific to the heterodimer
and not the protein subunits (i.e. the o or 3 chains individually). To directly test this hypothesis,
we use the L1LR method to determine if a TCR is more strongly enriched among individuals
expressing both the o and 3 chains or individuals expressing only one or the other subunit.
Across 37 heterodimers, we find that ~146000 (70%), ~20500 (10%) and ~43000 (20%) of
ESs are most strongly associated with the heterodimer, alpha and beta subunits, respectively.
We note that not all 37 heterodimers exhibit single-chain specificity (see below). Thus, the
vast majority of class II associated TCRs appear to be specific to the combined o — 3 chains.
This finding is bolstered by the fact that the ES sets we derive discriminate HLA-DP and -
DQ heterodimers and not individual subunits (Fig. 2; see also Fig. S6-7, which show ES
distributions for all heterodimers).

We find that only a subset of ESs and HLAs exhibit exceptions to heterodimeric speci-

ficity. For example, the majority of TCRs associated with a DQB1*05:01 heterodimers are
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shared across all DQB1*#05:01 heterodimers, indicating many of these TCRs are associated
with with the subunit itself (Fig. 2). DQB1*05:01 is the clearest example of TCR specificity to
a subunit. However, we observe such subunit specificity across multiple subunits: DPB1*01:01,
DQB1*02:01 (DQB1*02:02)°, DQB1*03:01, DQB1*05:01, DQB1*06:03, DQA1*03:01 (DQA1*03:03)
and DQA1*05:01 (DQA1%05:05). TCRs specificity to [ chain subunits and to the HLA-DQ
locus appears to be more common, though we observe single-chain specificity in both the o and
[ chains of HLA-DQ and a 3 chain of HLA-DP. We note that our identification is likely not
exhaustive as many heterodimers lack enough diversity in one or both subunits to statistically

associate TCRs independent of the heterodimer.

TCR breadth is proportional to zygosity

HLA homozygosity has been epidemiologically linked to poor clinical prognosis in the con-
text of both chronic HIV infection (45) and cancer checkpoint-inhibitor immunotherapy (46),
possibly due to the reduced size of the HLA-restricted peptide repertoire available for T-cell
recognition. This reduced size of the antigen repertoire, coupled with higher relative surface
concentration of pHLAs associated with the homozygous protein, may directly impact the TCR
repertoire by increasing the probability of clonal expansion of T cells expressing cognate TCRs.

Consistent with this hypothesis, we find that the distribution of ES counts is elevated among
homozygous individuals (Fig. 3A-3B; see Fig. S10 for an example at each loci). Across all
HLAs, the distribution of ESs is (on average) about one standard deviation higher among ho-
mozygous than heterozygous individuals (Fig. 1C). Notably, the ES distribution is an additional
standard deviation higher among individuals homozygous at both the « and 3 locus for HLA-
DP or -DQ (”double homozygous”, Fig. 3C).

While these results are consistent with increased relative antigen abundance increasing

3Degenerate subunit pairs are indicated by one of the degenerate subunits shown in parenthesis.
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clonal expansion of associated T cells, an alternative hypothesis is that the decreased antigenic
diversity in homozygous subjects results in less crowding out by other HLAs. This hypothesis
implies an increased breadth across multiple loci within a given class for homozygous subjects.
We test this hypothesis by examining whether a homozygous subject at one locus has higher
breadth at another class-matched loci. For example, if TCRs crowd each other, we would expect
that a subject homozygous for HLA-A may also have higher breadth in HLA-B and/or HLA-C
due to lower diversity at the class I loci. We do not find evidence of such an effect (see Fig.
S11) and thus conclude that crowding out by TCRs may not be the primary driver of increased
breadth unless it is restricted to a particular locus.

Taken together, these results suggest homozygosity at a particular locus increases the breadth
of the T-cell response against peptides presented by that HLA, possibly through increased sur-

face expression and antigen presentation.

Imputing HLLA genotype from TCR repertoires

The clear separation of ES counts in HLA cases versus controls implies that HLA allotypes
can be easily imputed from HLA-associated TCRs alone. To this end, we fit a simple logistic
regression model for each HLA allotype observed in at least 30 training samples (representing
~1% expression frequency), predicting whether an individual expresses that HLA as a function
of observed ES and total-unique-rearrangement (log) counts (see Fig. 4A-4B for representative
examples, Figs. S3-S8 for all HLAs tested).

Over all the imputation accuracy is extremely high with area under the receiver operating
characteristic curve (AUC-ROC) scores of > 0.9 for all but 3 of the 120 HLA-A,-B, and -DR al-
lotypes modeled. This accuracy highlights the specificity of HLA ESs, indicating HLAs at these
loci can be accurately imputed from immunosequencing alone. Among class I HLAs, HLA-C

allotypes are a notable outlier with relatively low classification performance even among mod-
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els with a significant number of positive training examples (Fig. 4D). We hypothesize that this
reduced performance is due in part to the ~10x-lower surface expression of HLA-C compared
to allotypes expressed by other class I genes (47).

Model performance among HLA-DP and -DQ heterodimers is substantially more variable
than performance at the other loci. We find that 8 of the 30 HLA-DP and 37 of 81 of HLA-
DQ fail to achieve AUC-ROC scores of > (0.9 even among heterodimers expressed in a high
number of individuals in our training population (Fig. 4E). Notably, HLA-DQ and -DP are
the only loci we study with polymorphic « chains, suggesting that heterodimer incompatibility
may explain the lack of associated TCRs and the corresponding inability to impute expression
of these heterodimers (see below).

We confirm the generalizability of HLA imputation across genetic and geographic (and
thus, possible antigenic) backgrounds by assessing accuracy of HLAs imputed by our model
compared to sequence-based HLA typing among an independent cohort of 136 individuals from
Kanazawa Japan. For this analysis we use a set of 135 HLAs across all six loci that yield models
with cross-validation precision > 0.9, recall > 0.8 and > 30 positive training cases. Applying
this set of models to the Japanese cohort results in an average of 8.5 imputations per individual
as compared to 11.0 per individual in our holdout cohort. This difference in the number of
imputed HLAs reflects the shift in genetic background of the Japanese cohort as compared to
the training data (see Fig. S1 for self-reported ethnicity in training data). Nevertheless, we
observe high model accuracy, with an overall F1 score* aggregated across all imputations in the
Japanese cohort that is comparable to that observed in the original holdout cohort (0.92540.006

and 0.940 £ 0.002°, respectively).

4F1 score is the harmonic mean of precision and recall and useful metric of classification accuracy when there
is large class imbalance such as the one we have for HLA imputation.
SErrors represent 1 standard deviation and are bootstrapped.
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Poor-performing class II models are trans-complemented, non-functional
HLAs

HLAs are inherited as a haplotype, such that one full set is inherited on a single chromosome
from each parent (48). The « and 3 chains of HLA-DP and -DQ® pair after synthesis, yielding
a phenotype of up to four unique heterodimers in each individual: two formed in cis, where
both subunits are encoded on the same chromosome, and two in trans, where the subunits are
encoded on opposite chromosomes. Given the high degree of polymorphism observed in HLA-
DP and -DQ subunits, it is perhaps unsurprising that some pairs of « and 3 chains do not form
stable heterodimers (49-51). Based on structural and sequence analysis of HLA-DQ, Tollefsen
et al. propose specific group pairings that likely form stable heterodimers (though they note a
small number of exceptions to the pairing rules).

In the context of the present study, the proposed existence of incompatible (and thus non-
functional) o and /3 chains implies two testable hypotheses: (1) that co-inheritance of incom-
patible pairs on the same chromosome will be under strong negative selection (57); and (2) that
incompatible pairs are unable to elicit a T-cell response and thus will not be associated with any
public TCRs.

The first hypothesis implies that co-expression of incompatible pairs almost always results
from trans-complementation; as such, incompatible pairs will be in linkage equilibrium. Con-
versely, cis-complementation should necessarily result in functional pairs thus all pairs forming
from subunits in linkage disequilibrium should be functional. For two subunits o and (3, with
respective expression frequencies f,, and f and co-expression frequency f, 3, linkage equilib-
rium results in an expected co-expression frequency of approximately Erg[fa+s] = 2fafs (52).

Overall, we find that a majority (75 of 119) HLA-DP and -DQ «+0 pairs appear to be in linkage

%We note that HLA-DR heterodimers are not subject to such pairing because the « chain is nearly invariable
and thus these heterodimers behave similarly to class I HLAs.
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equilibrium (Fig. 5A; only subunits comprising heterodimers observed in at least 30 individuals
are considered). Notably, all of the pairs that Tollefsen et al. propose to be incompatible are in
equilibrium (Fig. 5B).

Given the tight linkage between genes encoding subunits, any pair expressed in cis in at
least one individual is likely to be in LD in a large cohort. Consistent with this hypothesis,
every individual heterozygous at both the o and [ locus has at least two of four o/ pairs
in LD; conversely, no individual should have more than two «/f pairs in equilibrium. We
confirm that no subject in our cohort has more than two heterodimers formed from subunits
in linkage equilibrium, as expected. Taken together, we conclude that LD is a strong proxy
for cis-complementarity, and that, given strong selection pressure, incompatible pairs are only
expressed in trans.

If incompatible pairs are truly non-functional (with respect to antigen presentation and T-cell
recognition), then there should not be any TCRs that are specific to such pairs. As an example,
we are unable to identify distinguishing TCRs for DQA1*01:02+DQB1*03:01, which both
violates the Tollefsen pairing rules and is in linkage equilibrium (Fig. 5C). Moreover, all of our
high-frequency, poor-performing HLA-DP and -DQ imputation models are for heterodimers
forming from subunits that are in linkage equilibrium, and thus are almost certainly expressed
in trans (Fig. 5D; see also Fig. 3C). Moreover, almost all pairs that violate the Tollefsen pairing
rules have lower-than-expected imputation performance (Fig. 5SD).

Notably, while heterodimer incompatibility implies both linkage equilibrium and poor model
performance, not all heterodimers forming from subunits in linkage equilibrium result in poor
performing models. Thus, trans-complementation may yield heterodimers which can drive a
T-cell response resulting in identifiable TCRs and a high-accuracy imputation model (Fig. 5D).

Using these results on model performance and gene linkage, we can extend the Tollefsen

pairing rules: DPA1*02 appears to form unstable heterodimers when paired with DPB1*02 and
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DPB1*04; DPA1*01 is apparently unrestricted, forming stable heterodimers with subunits from

all DPB1 groups in our sample.

HLA associated sequences are memory T cells responding to common anti-
gens

The T-cell repertoire consists of a mixture of naive and memory T cells. In principle, HLA-
restricted antigen presentation will bias both thymic selection and clonal expansion, and thus
HLA-specific signatures may exist in both compartments. However, our statistical approach
to identifying HLA-specific public TCRs likely favors identification of TCRs from memory
T-cells.

We investigate characteristics of HLA associated sequences by comparing the distribution
of ESs observed in the memory and naive compartments sequenced from 45 individuals who
were not included in the original study. For each subject, we sequence five separate repertoires:
the memory and naive compartments of CD8" and CD4™" T cells, respectively, and the unsorted
repertoire. As sequence-based typing was unavailable for these individuals, we treat the imputed
HLAs from the the unsorted repertoire as ground truth (limiting to 90 models with > 0.95
precision and recall). For each repertoire and each possible HLA, we compute the weighted
breadth of the HLA-specific ESs observed in the repertoire. Across all 45 unsorted repertoires,
the weighted breadth of both class I and class II ESs is substantially higher for the HLAs an
individual expresses compared to those they do not express (Fig. 6A; compare HLA-positive to
-negative).

Within the sorted compartments, a striking pattern emerges: in the naive compartments,
there is little difference in the breadth of ES specific for an individual’s expressed HLAs com-
pared to background (Fig. 6C,E), while in the memory compartments, ESs specific to the in-

dividuals’ expressed HLAs have far higher breadth (Fig. 6B,D). Moreover, within the memory
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compartment, CD8" cells are closely linked to high relative breadth of class I HLA ESs, while
CD4™ cells are closely linked to high relative breadth of class I HLA ESs. This result provides
further confirmation that ESs are correctly mapped to HLAs despite the challenges of HLA LD.

The centrality of the memory compartment in driving our HLA imputation signal raises
several additional hypotheses. The first is that clonal expansion increases the likelihood of
detection for ESs. This increased likelihood implies that, while ESs are frequently observed
in individuals without the associated HLA, they will tend to be at higher repertoire frequency
among individuals who do express the HLA. Indeed, we observe a notable increase in the dis-
tribution of clonal frequency among cases compared controls (Fig. 7A).

The second hypothesis is that clonal expansion results from antigen exposure, which will
also result in polyclonal expansion of T cells that express distinct TCRs that all respond to the
same antigen. An extreme form of polyclonal expansion is convergent recombination, in which
multiple, distinct TCR DNA sequences encode identical amino acid sequences. Consistent with
this hypothesis, the per-ES convergent recombination rates are higher when ESs are observed in
cases as compared to controls (Fig. 7B; conditional on the ES being present in the repertoire).

The publicity of HLA ESs combined with their apparent antigen-specific clonal expansion
suggests that these sequences are responding to antigens which are common in the human pop-
ulation (53). We test this hypothesis in the context of SARS-CoV-2 exposure. Because of its
novel nature, SARS-CoV-2 is especially well-suited for this task as we are able to confidently
assign Covid-19 negativity to samples collected before 2020. In our training sample for deriv-
ing HLA restricted sequences, 694 of the 4, 144 subjects (~ 20%) are Covid-19 positive based
on PCR labels; the remaining samples are collected before 2020 and thus Covid-19 negative.
Because SARS-Cov-2 exposure is relatively high in our training sample, we expect that some
of the HLA-specific ESs we identity are SARS-CoV-2 specific.

We identify 6866 SARS-CoV-2-specific ESs using an independent set of 1523 SARS-CoV-2
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PCR-positive samples (with no overlap between the HLA training sample) and 4386 controls
(1008 controls overlap with the typed HLA samples). A high proportion (80% of the most
confident SARS-CoV-2 specific ESs) are identical to HLA-specific ESs (Fig. 7C, blue line). In
contrast, if we define an alternative set of HLA-ESs using only 3,450 repertoires which were
sampled prior to 2020, we find very little overlap (Fig. 7C, orange line). The limited overlap
we do observe may be due to cross-reactivity to homologous epitopes from other coronaviruses
and/or false positive sequences in the SARS-CoV-2/HLA ES set.

Using a threshold of p* = p < 107, the intersection of these ES sets yields a set of 1,880
TCRs that are associated with a particular HLA in the context of SARS-CoV-2 infection. Thus,
these ESs are almost certainly specific to commonly targeted SARS-CoV-2 T-cell epitopes. To
confirm this specificity, we impute HLAs for the SARS-CoV-2 training data’ and then compute
the fraction of HLA-associated SARS-CoV-2 ES observed in their repertoire. For “HLA +” and
“HLA -” subjects we only count sequences if the subject has or does not have the HLA which the
SARS-CoV-2 ES is associated with, respectively. Notably, both class-I and class-II associated
TCRs are far more commonly observed in individuals with the restricting HLA and known
SARS-CoV-2 infection, thus confirming the HLA- and pathogen-specificity of these TCRs and
further demonstrating that while TCRs may be cross-reactive to many distinct antigens, the
likelihood of cross-reactivity in vivo is low (54).

We conclude that, taken together, these results demonstrate that the majority of HLA-
specific ESs are the result of clonal expansion of T cells responding to common antigens, thus

establishing an immunological foundation for HLA imputation from TCR repertoires.

"These data do not have sequencing based HLA typing.
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Discussion

The T-cell repertoire of any individual consists of ~10® unique TCRs out of an estimated ~10'6
possibilities (55, 56), of which only 10° — 10° TCRs may be practically sampled from any single
repertoire using current techniques. Given the enormous diversity of possible TCRs, naively,
little overlap in the TCR repertoire of different subjects may be expected. However, several
factors significantly increase the likelihood of observing public TCRs: (1) the probability dis-
tribution of TCRs generated via V(D)J recombination is non-uniform and spans ~25 orders of
magnitude (57), such that higher generation probability TCRs are more commonly observed in
the naive repertoire; (2) antigen-experienced T cells clonally expand and are thus more likely
to be observed in a repertoire; and (3) the immune response is focused on only a few immuno-
genic epitopes per HLA out of the many possible derived from any given antigenic exposure, an
effect called immunodominance (58). As a consequence, the likelihood of observing the same
TCRs in the repertoires of multiple subjects with shared antigenic exposure and appropriate
restricting HLA 1is significantly higher than naively expected. Studies have shown that pub-
lic TCRs can be identified that permit sensitive and specific diagnosis of individuals with past
SARS-CoV-2 infection (35) and Lyme disease (36) as well as to determine who is seropositive
for Cytomegalovirus (33). Given that these antigens are HLA-restricted, it is perhaps unsur-
prising that these public TCRs are also specific to the HLA context in which the antigens are
presented (33, 34). Here we leverage this public fingerprint of TCRs to identify HLA associated
sequences, allowing us to impute HLA types with extremely high accuracy and opening a new
window into functional characteristics of HLAs.

A key finding of this work is that TCRs are typically specific to HLA allotypes (two field
resolution) and to class II heterodimers encoded by both the o and S chains, although there

are some notable exceptions of TCRs that are specific to HLA groups (one field resolution) or
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to either the o or 5 chain of HLA-DP and -DQ. Moreover, while most HLAs elicit a strong
and diverse public TCR response, others elicit little or no response, consistent with these HLAs
deriving from incompatible « and 8 chains and providing further support for the widespread
prevalence of non-functional class II heterodimeric pairs. Furthermore, we find that the breadth
of an HLA-specific TCR response is larger among individuals expressing two (or more) copies
of the HLA, suggesting a dose-dependent effect of antigenic exposure on the diversity of ex-
panded T-cell clones. These insights highlight the exquisite specificity of public TCRs and
demonstrate the potential of population-level TCR analysis for probing the function of the im-
mune system.

We show that class I and class II HLA-associated TCRs are found on CD8" and CD4™"
memory T cells, respectively, which is consistent with their publicity resulting from clonal
expansion in response to antigenic-exposure. The public nature of these TCRs suggests that
they are likely specific to peptides derived from common pathogens, vaccines and conserved
endogenous-antigens. Consistent with this hypothesis, ~20% of subjects in our training sam-
ple are covid positive and we identify a consequently large fraction of SARS-CoV-2-specific
TCRs as HLA associated. Notably, this overlap provides probable pathogenic and HLA assign-
ments to these TCRs, as demonstrated by the profound enrichment of these TCRs only among
SARS-CoV-2-positive individuals expressing the appropriate restricting HLA. Thus, while only
a subset of HLA-associated TCRs are observed in any given individual, the particular TCR sub-
set observed reflects that individual’s history of exposure to many common antigens.

Our results imply that the vast majority of HLA-associated TCRs identified in this study
likely derive from common antigens, making HLLA-association a critical step in decoding the
human T-cell repertoire. Moreover, the high imputation accuracy of our HLA models allows
us to statistically HLA type all repertoires ever sequenced, thereby expanding the effective

size of HLA-typed and TCR-sequenced cohorts by several orders of magnitude and further
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facilitating decoding efforts. The TCR repertoire is a Rosetta Stone of the human immune
system, providing a rich source of information for characterizing both the genetic background
and exposure history of individuals at a population scale. Mapping TCRs to HLAs and disease
exposures and imputing HLA and disease exposure from TCRs represent important steps toward

decoding the immunological history of individuals using immunosequencing.
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Fig 1: TCR specificity and apparent TCR sharing between some HLLA allotypes. ESs for
A*02:01 discriminate cases and controls in (A) train and (B) holdout samples. (C) A*23:01 ES
counts observed in each sample as a function of sequencing depth. A*23:01 negative, A*23:17
positive subjects have counts consistent with A*23:01 positive subjects and vice-versa in (D).
A*23:01 and A*23:17 appear to share the same TCR specificity. (E) B*44:02 ES counts ob-
served in each sample as a function of sequencing depth. ESs discriminate B*44:02 positive
subjects from B*44:02 negative subjects. However, B*44:03 and B*44:05 positive subjects
(green dots) have elevated counts as compared to controls (blue dots). (F) ES counts plotted
against sequencing depth for the subset of ESs which associate more strongly with the B*44
group as compared to B¥44:02 allotype (identified using the L1LR association method). The
subset of ESs in (F) elevate all B*44 positive subjects equally suggesting the TCRs in this ES
subset are specific to the three allotypes in the group. (G) ES counts plotted against sequenc-
ing depth for the subset of ESs which associate only to B*44:02, i.e., this set excludes the
ESs shown in (F). ESs plotted in (G) clearly separate B*44:02 positive subjects from B*44:02
negative subjects, including other allotypes in the B*44 group.
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Fig 2: Some TCRs appear to be specific to the class II HLA subunit rather than het-
erodimer. (A) DQA1*01:05+DQB1*05:01 ES counts observed in each sample as a function
of sequencing depth. The ESs separate DQA1*01:05+DQB1*05:01 positive subjects from
DQA1*01:05+DQB1*05:01 negative subjects. However, subjects who have the DQB subunit
appear elevated above the control population of subjects with neither subunit. (B) ES count
plotted against sequencing depth for the subset of ESs which associate most strongly with
DQA1*01:05+DQB1*05:01 heterodimer via the L1LR method. A majority of TCRs which
make up the ES set for DQA1*01:05+DQB1*05:01 appear to be specific to the heterodimer. (C)
ES count plotted against sequencing depth for the subset of ESs which associate most strongly
to subunit DQB1*05:01 via the L1LR method. A small fraction of TCRs which make up the
ES set for DQA1#01:05+4DQB1*05:01 appear to be specific only to the  chain subunit. (D)
Same as (C) but color-coding subjects with DQB1*05:01 by their various « chain pairings. This
subset of TCRs appear to be specific to all possible heterodimeric combinations which include
DQB1*05:01, thus suggesting specificity solely to the 8 chain subunit. Results are shown for
train sample and are consistent with holdout sample.
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Fig 3: Breadth of T cell response is proportional to HLLA zygosity. Number of (A) A*02:01,
(B) B*07:02, (C) C*04:01, (D) DPA1*01:03+DPB1*02:01, (E) DQA1*01:02+DQB1*06:02
and (F) DRB1*07:01 ESs observed in each sample as a function of the sequencing depth. HLA
negative, heterozygous positive and homozygous positive subjects are shown in blue, orange
and green, respectively. For HLA-DP and DQ, double homozygous subjects are shown in red.
The breadth of the ES response appears to be correlated with homozygosity across all six loci.
We quantify the the increased breadth resulting from homozygosity by fitting the mean and
standard deviation of the ES counts in heterozygous cases for each HLA as a function of se-
quencing depth and then calculating the z-score for all subjects and all well-represented HLAs.
We aggregate z-score distributions per-loci for (G) class I and (H) class II HLAs. Results are

shown for train sample and are consistent with holdout sample.
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Fig 5: Trans-complemented heterodimers may not form stable HLLAs. (A) Statistical anal-
ysis of the marginal-to-joint probability ratio of heterodimers forming from subunits in linkage
equilibrium. We identify these heterodimers as those which differ > 50 from ratio of 2 expected
for genes in linkage equilibrium. We measure an average probability ratio of 1.97 £ 0.04. Error
bars are derived from propagating poisson uncertainties. (B) Expected probability of randomly
pairing « and [ chains of DP and DQ heterodimers plotted against the observed joint proba-
bilities. Probabilities are calculated from the normalized inverse frequencies. The probability
of randomly pairing is calculated as the product of the observed marginal probabilities of the
subunits. The dashed green line is the expected correlation for random trans-complementary
pairing. We identify hetorodimers formed from subunits in linkage equilibrium (shown in or-
ange) as in (A). DQ heterodimers formed from pairing of mismatched groups as defined by (57)
are shown with black circles. These mismatched group heterodimers cluster around the dashed
green line indicating random trans-complementary pairing. (C) DQA1*01:02+DQB1*03:01 is
an example of an HLA where we are unable to identify any ESs that separate cases and controls.
(D) Model performance of HLA-DP and -DQ models including HLAs forming from subunits
in linkage equilibrium. Here we show performance derived from 5-fold cross validation (CV)
of the train sample which is consistent with holdout performance.
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Fig 6: Class I and class II associated ESs are TCRs from CD8" and CD4" memory T
cells, respectively. (A) Weighted breadth of 90 HLA associated ESs measured in 45 subjects
with imputed HLAs. The breadth is sorted by whether the subject has the HLA or not and is
then aggregated across all subjects and HLAs. To generate a comparable breadth across HLAs,
which have varying number of ESs, we measure the median breadth in controls for all 90 HLAs,
which we rescale to a mean of 1. We then normalize the breadth of any given HLA by this value.
Breadth measured in (B) CD8' memory sorted, (C) CD8" naive sorted, (D) CD4" memory
sorted and (E) CD4* naive sorted repertoires. We measure slightly elevated breadth in the CD8"
and CD4" naive sorted repertoires for class I and class II HLAs, respectively. This elevation
may be due to surface markers not perfectly discriminating naive and memory compartments or
to a weak HLA specific signal due to the HLA interactions required for maintaining homeostatic
equilibrium of naive T cells (59).
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Fig 7: Many HLA ESs are T cells responding to common pathogens. (A) Cumulative dis-
tribution of clone count per unique rearrangement as measured in cases (blue) and controls
(orange). ESs are generally more expanded when they are observed in subjects with the re-
stricting HLA. (B) Cumulative distribution of the number of unique rearrangements mapping to
an ES, i.e., convergent recombination count. ESs show more convergent recombination when
observed in cases (blue) as compared to controls (orange). (C) Intersection of SARS-CoV-2
specific ESs derived via a FET on samples with PCR labels and HLA ES sets. Blue curves are
HLA ES sets derived from samples which include Covid-19 positive subjects and orange curves
are from samples with all Covid-19 positive subjects removed. (D) Fraction of SARS-CoV-2
ESs observed in subjects relative to the total fraction possible given the ES HLLA association
determined from intersecting the SARS-CoV-2 ESs with the HLA ES sets. Here we impute
HLAs using our models. For “HLA +” we only count sequences associated with HLAs inferred
for the subject and for “HLA - we only count sequences associated with HLAs that are not
inferred for the subject.

30


https://doi.org/10.1101/2024.04.01.587617
http://creativecommons.org/licenses/by/4.0/

