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HLA associations, T cell receptor (TCR) repertoire bias, and sex bias
have independently been shown for many diseases. While some
immunological differences between the sexes have been de-
scribed, they do not fully explain bias in men toward many
infections/cancers, and toward women in autoimmunity. Next-
generation TCR variable beta chain (TCRBV) immunosequencing of
824 individuals was evaluated in a multiparametric analysis
including HLA-A -B/MHC class I background, TCRBV usage, sex,
age, ethnicity, and TCRBV selection/expansion dynamics. We found
that HLA-associated shaping of TCRBV usage differed between the
sexes. Furthermore, certain TCRBVs were selected and expanded in
unison. Correlations between these TCRBV relationships and bio-
chemical similarities in HLA-binding positions were different in CD8
T cells of patients with autoimmune diseases (multiple sclerosis and
rheumatoid arthritis) compared with healthy controls. Within
patients, men showed higher TCRBV relationship Spearman’s rhos
in relation to HLA-binding position similarities compared with
women. In line with this, CD8 T cells of men with autoimmune
diseases also showed higher degrees of TCRBV perturbation com-
pared with women. Concerted selection and expansion of CD8
T cells in patients with autoimmune diseases, but especially in
men, appears to be less dependent on high HLA-binding similarity
than in CD4 T cells. These findings are consistent with studies
attributing autoimmunity to processes of epitope spreading and
expansion of low-avidity T cell clones and may have further impli-
cations for the interpretation of pathogenic mechanisms of infec-
tious and autoimmune diseases with known HLA associations.
Reanalysis of some HLA association studies, separating the data
by sex, could be informative.

T cell receptor repertoire | immunological sex bias | autoimmunity |
multiple sclerosis | rheumatoid arthritis

The T cell receptor (TCR) repertoire is highly diverse (1) and
can generate up to 1015 theoretical TCR sequences (2, 3)

with the effective size of the CD8 TCR repertoire in vivo being
made up of 105 to 108 sequences (2, 4–6). The repertoire starts
developing prenatally (7) and is subject to continuous adaptation
during the course of a lifetime due to antigen exposure and other
environmental influences (8, 9). While its complementary de-
termining region 3 (CDR3) is hypervariable and binds to the
MHC-presented antigen (10), the binding sites of the TCR to the
MHC are germline encoded within the CDR1 and CDR2 of
the TCR variable chains (11, 12). Many studies over the last de-
cades have shown that evolutionarily conserved anchor amino acids
in these CDRs determine how single TCR constructs bind to their
respective MHC (13). Concerning the TCR variable beta chains
(TCRBVs), 31 individual genes are known to encode a functional,
nonpseudogenic, nonsegregated TCR, each with an individual
CDR1 and CDR2 (14, 15). The HLA background is genetically
predetermined and invariable (16), leading to the accepted notion
that the HLA shapes the TCR repertoire during their continuous
interaction (17–20). Very recently, it was shown that mutations in

TCR binding amino acids of MHC molecules specifically influ-
ence the binding to and usage of TCR variable alpha (TCRAV)
and TCRBV chains (19), and that the presence of specific TCR
rearrangements is an indication of the HLA background of the
host and also of previous exposure to pathogens (20). Dysregu-
lation in the TCR–antigen–MHC complex can lead to autoim-
munity (21) in the case of uncontrolled immune cell expansion or
cross-reactivity between foreign and autoantigens. Hypoexpansions or
low TCR avidity might lead to susceptibility to infections. Addition-
ally, to combat tumor-associated immune system suppression, cancer
patients can now be treated with T cell-relevant immune checkpoint
inhibitors such as blockade of CTLA-4 (22) or PD-1 (23).
Most immune system dysfunctions show strong sex bias: men

are more susceptible to many infectious diseases and cancers of
nonreproductive organs, whereas autoimmune diseases are much
more common in women (24, 25). Even in psychological disor-
ders such as major depression (26) and in neurodegenerative
diseases such as Alzheimer’s, recent studies have shown immune
system involvement (27) and sex bias (28). Many studies have
been conducted concerning either sex (25), HLA (29, 30), or
TCR (31) associations with diseases. However, even though
some sex differences in immune regulation have been reported
(25, 32), it is still not completely clear why this bias exists.
Multiparametric analysis of the influence of sex on HLA-
mediated shaping of the TCR repertoire has been hindered by
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low subject numbers in most studies. The advent of next-generation
and high-throughput TCR immunosequencing in large cohorts of
HLA-typed subjects now allows for a combined analysis of the TCR
repertoire dependence on sex and HLA alleles (20).

Results
Influence of HLA-A and -B on TCRBV Usage Depends on the Biological
Sex. To assess whether the HLA background influences the
frequency of T cells expressing certain TCRBVs in a sex-
associated manner, TCRBV immunosequencing data from
673 individuals were analyzed (for details see Datasets S1 and
S2). The resulting dataset, therefore, contained the following
parameters: sex (2; male, female), HLA-A and HLA-B genes
(19; 8 HLA-A, 7 HLA-B, 4 most common haplotypes in the
Caucasian population), and 31 TCRBV genes represented as
percentage of the productive TCR repertoire in a sample. Only
HLA with at least 40 individuals in the dataset or a balanced
female-to-male ratio (percentage of female donors between 45%
and 55%) and only functional TCRBV genes according to the
International ImMunoGeneTics (IMGT) nomenclature (14, 15)
were included. Nonfunctional TCRBV genes, pseudogenes, seg-
regating, or open-reading frame genes (with potential mutations
in the leader sequence) were not analyzed. A multiparametric
analysis using multivariate linear models assessing the interaction
of HLA and sex showed that the manner in which HLA genes
influence TCRBV usage can differ between men and women (Fig.
1). Controlled for the known immunosequencing covariates, we
found sex-associated differences in the propagation of TCRBV
selection and expansion by the HLA [raw data in Dataset S2, P
values in Dataset S3, and effect sizes (partial eta squared) in
Dataset S4]. With the number of individuals in our study, 42 HLA/
TCRBV combinations (P < 0.05) were found in this dataset, of
which three remained significant after correcting for multiple
comparisons among those 589 assessed combinations, where
TCRBV usage by a specific HLA in one sex was elevated com-
pared with the other sex, independent of a potential influence of
HLA or sex alone (Fig. S1 A–C). The Bonferroni-corrected sex-
specific TCRBV expressions were challenged in a sensitivity anal-
ysis, where only healthy donors or only donors with determined (not
inferred) HLA were assessed. The sex-specific differences could
also be observed, when age or ethnicity (which was not available for
all donors) or other relevant hidden covariates [as determined by

probabilistic estimation of expression residuals (PEER) analysis]
(33, 34) were included in the model (Fig. S1 D and E).

CD8 T Cells in Men with Autoimmune Diseases Are Less Dependent on
Biochemical CDR1/2 Similarity for Concerted Selection/Expansion.
Having shown that the HLA background can alter TCRBV us-
age in a sex-dependent manner and given that MHC molecules
interact with the TCR mainly via the CDR1 and -2, we hy-
pothesized that there could be a functional relationship between
how similar TCRBV chains are to one another (in these regions)
and how they are selected in the thymus or expanded in the
periphery via their HLA interaction. To assess this, the germline-
encoded CDR1 and -2 sequences of the 31 functional TCRBV
transcripts were compared via a Blocks Substitution Matrix
(BLOSUM62) to estimate biochemical amino acid similarities
(35). Resulting alignment matrices are used to score single
amino acids at a specific position in two different sequences with
respect to their biophysical and biochemical similarities. The
scores of each pairing are then computed and indicate how
similar two sequences are to each other. The current nomen-
clature groups TCRBV chains according to the nucleotide sim-
ilarity of their complete DNA sequence. As our question did not
relate to evolutionary homology per se, but rather to biological
function with regard to TCR–MHC binding, we only assessed the
known binding amino acids (position 28, and 29 in CDR1 as well
as 46, 48, and 54 in CDR2) with the BLOSUM62 matrix (13)
(Fig. S2A). The resulting 465 individual similarity scores be-
tween −9 and 29 were color coded (values listed in Dataset S5)
and clustered using the Ward (36) method. This resulted in four
optimal clusters [calculated via gap statistic (37)] (Fig. S2B),
grouping TCRBV gene segments into the known homology-
based subgroups or “families” (14) (i.e., subgroups 4, 5, 7, and
10, but not TCRBV06). However, the analysis also suggested
relationships, which were not expected from the nomenclature
(i.e., TCRBV05–08 and the TCRBV07 subgroup). To evaluate
the in vivo relevance of these relationships in health and disease,
the TCRBV usage by CD4 and CD8 T cells from age-matched
male and female healthy donors (HD) or patients suffering from
autoimmune diseases [multiple sclerosis (MS) and rheumatoid
arthritis (RA)] was analyzed for potential correlations in all
possible TCRBV chain combinations (raw data in Dataset S6)
resulting in 465 TCRBV relationship Spearman’s rank correlation
coefficients (TCRBV rhos, Dataset S5). To allow for a categorical

Fig. 1. Sex bias in HLA-associated shaping of the TCRBV usage. Shown are uncorrected P values from a multivariate linear regression model (covariates in
Dataset S2), assessing the interaction of HLA and sex on TCRBV usage. HLA/TCRBV combinations highlighted in red indicate P < 0.05 after Bonferroni cor-
rection for multiple comparisons; yellow color suggests additional, potentially sex-specific HLA/TCRBV combinations, which did not pass Bonferroni correction.
Left columns indicate the total number (N) as well as the male (M) and female (F) subject numbers for each HLA (raw data in Dataset S3), and green color
indicates that this inclusion criterion was passed (one criterion was enough for inclusion).
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assessment, BLOSUM values were divided at the median into
232 low- and 233 high-similarity scores. Subsequently the TCRBV
rhos were used as the dependent variable in linear models for CD4
(Fig. 2 A and B) and CD8 T cells (Fig. 2 C and D) with the main
effects “disease state (HD/MS/RA),” “sex (male/female),” and
“BLOSUM score (high/low).” As hypothesized, TCRBV rhos of
both T cell subsets were influenced by BLOSUM scores. However,
only CD8 T cells were additionally influenced by disease state, as
well as sex: (i) CD8 T cells from patients with both autoimmune
diseases (MS or RA) differed from CD8 T cells from healthy
donors. (ii) With regard to sex, men with autoimmune diseases
showed significantly higher rhos in TCRBV combinations with
low BLOSUM scores than women, which in the case of RA
could also be observed in TCRBV combinations with high
BLOSUM scores. To further explore the hypothesis that an
MHC–TCR stimulus of the same affinity could lead to higher
CD8 expansions of similar TCRBV chains in men with auto-
immune diseases than in women, TCRBV chain perturbation
was assessed (4, 38). In an age-matched, paired analysis, male
subjects with autoimmune diseases (MS or RA) presented with
higher “productive clonality” (a measurement of TCRBV
perturbation), than female subjects in the CD8 T cell com-
partment (Fig. 2E).

In Vivo Relationships Between TCRBV Transcripts Are Cause and Not
Result of TCRBV Perturbations. Twenty-five pairs of naïve and
memory CD4 and CD8 T cells from healthy donors (100 samples
in total, raw data in Dataset S7) were analyzed to address the
following questions: (i) Is the higher TCRBV perturbation in
CD8 T cells in men cause or effect of the relationships seen in
Fig. 2? (ii) Can a high degree of TCRBV perturbation, which
would be expected in memory T cells, influence the relationships
between TCRBV gene transcripts? As expected, memory T cells
presented with higher TCRBV perturbation compared with naïve
T cells (Fig. 3A). However, this neither influenced the relationship
between BLOSUM scores and TCRBV rhos in CD4 T cells nor
CD8 T cells (Fig. 3 B and C). Additionally, the relationships between
TCRBV transcripts found in naïve cells could also be found in
memory cells (Fig. S3 A and B, TCRBV rhos listed in Dataset S5).

Discussion
The most surprising finding of our study was that the biological
sex of an individual can influence the HLA association with
T cell selection and expansion. Most autoimmune diseases more
frequently affect women (25), whereas men are more susceptible
to many infectious diseases, e.g., leishmaniasis or hepatitis A
(39). HLA associations with cancer and the fact that men de-
velop cancer in nonreproductive organs much more frequently
than women has also been known for a long time (24). As cancer
can also be viewed as a failure of the immune system to control
neoplastic tissue, low expression in certain TCRBV families
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could be an indication of this defect as well. Apart from sus-
ceptibilities and disease incidences, general sex differences in
parameters of the adaptive immune system have been found
before. Women have higher amounts of circulating IgMs (40)
and more CD4 T cells (41). These differences are thought to be
mainly mediated by steroid hormones, with estrogens often
promoting and androgens suppressing immune responses during
infections, after vaccination, or in case of autoimmunity (reviewed
in refs. 42–44). Recent studies also suggest an influence of glu-
cocorticoid receptors in the suppression of autoimmunity in
pregnant MS patients (32). Therefore, the observed sex differ-
ences in HLA-mediated shaping of the TCR repertoire could in
part be caused or facilitated by the steroid hormone milieu,
influencing lymphocyte activation during immune responses (32,
45), but also their maturation during thymic selection (46). Our
data support these studies by providing evidence that the ob-
served relationships between TCRBV transcripts play a similar
role in thymic selection (reflected in naïve cells), as well as during
expansion in the periphery due to antigenic stimuli (reflected in
memory cells).
It has previously been shown that the HLA background shapes

the TCR repertoire by favoring or neglecting certain T cell
subpopulations represented by TCRBV usage (19). Certain
HLAs are better at presenting auto- or foreign antigens to
TCRBV-specific subgroups of T cells. Over time this can lead to
an individually diverse “immunological fingerprint” shaped by
genetics and exposure to antigens. This better or worse HLA–

TCR interaction will have consequences for infectious diseases
(susceptibility, progression, adverse effects), and also for anti-
tumor responses, autoimmunity, or adverse medical reactions.
Unexpectedly, we found differences between men and women
with respect to the influence of HLA genes on TCRBV tran-
scripts. In light of these findings, it makes sense that the TCR
repertoire at birth is similar between cohorts with vastly different
HLA backgrounds (47), but is then shaped in the course of life
due to exposure to and HLA presentation of different antigens
as shown in twin studies (17, 48). Consistent with this idea, it has
recently been shown that T cell expansions show high degrees of
homology on an amino acid level, but not on a DNA sequence
level in individuals with similar HLA backgrounds (49). One
possible explanation might have been a different expression level
of the HLA molecules on the cells of men and women, but a
recently published large study showed that at least the soluble
form of the β-2 microglobulin in serum of men and women is
comparable (50), which would fit the above-mentioned hypoth-
esis that the observed differences could be a hormone-mediated
downstream effect taking place after the MHC–TCR binding.
The second finding that CD8 T cell subpopulations with low

biochemical similarities in their TCRBV chains correlate more
strongly in patients with autoimmune diseases (MS and RA) in
general, but particularly in men, is consonant with the overall
higher CD8 T cell TCRBV perturbation in men compared with
women. We hypothesize that a defined antigen stimulus would
thereby lead to more clonal expansions in CD8 T cells in men, as
the presentation by a given HLA molecule could also trigger
T cell expansions with low binding affinity between TCR and
MHC. Additionally, it is known that CD4 and CD8 in their
function as coreceptors bind to the MHC molecules with dif-
ferent binding affinities (reviewed in ref. 51): CD4 has a weak
binding affinity to MHC class II (52), whereas CD8 has a high
binding affinity to MHC class I (53). These studies have also
suggested that MHC class II ligands modulate TCR signaling
directly via the TCR, whereas MHC class I ligands do not in-
fluence TCR signaling via the TCR, but via CD8 itself (54), and
CD8 T cells are less dependent on continuous antigen pre-
sentation (55). Therefore, our data showing that low CDR sim-
ilarity can still lead to parallel expansions in unrelated TCRBVs
fit the hypothesis that CD8 T cells are less dependent on a strong

MHC–TCR binding. Furthermore, antigen-triggered expansions
could also occur in TCRs despite suboptimal binding to MHC as
long as the CD8 binding affinity is strong enough (56). Many
hypotheses concerning autoimmunity involve an immune re-
action against self-antigens via antigen spreading, molecular
mimicry, or because low-avidity clones become activated, even
though the threshold for activation should not have been
reached, especially in cases of dual TCR expression by CD8
T cells (ref. 57 and reviewed in ref. 58). Our finding that CD8
T cells of MS patients in general, but particularly in men with MS
expand in concert in regions of low CDR1/2 similarity is con-
sistent with the finding that men present with higher disease
burden, if they suffer from MS (59). We found similar correla-
tions in CD8 T cells of patients with RA, but in contrast to MS,
the clinical picture in RA is not as clear concerning sex differ-
ences and disease severity, potentially due to the fact that the
measurement of disease activity in RA involves secondary out-
come parameters with inherent sex bias (60). Our study provides
evidence that biological sex modifies associations between HLA
molecules and T cell TCRBV subpopulations and might, there-
fore, have implications regarding prior studies of HLA associa-
tions. These studies could possibly be revisited and male and
female participants analyzed separately to ensure that some
significant results are not lost due to statistical adjustments.

Materials and Methods
Study Cohorts. This study included samples from five cohorts: (cohort 1)
healthy subjects (20); (cohort 2) subjects suffering from epilepsy, multiple
sclerosis, or a common cold, as well as corresponding healthy subjects (ref. 61
and raw data in Datasets S2 and S6); (cohort 3) subjects suffering from
rheumatoid arthritis and corresponding healthy subjects (62); (cohort 4)
healthy subjects (63); and (cohort 5) healthy subjects (64). Details of these
cohorts and their contribution to the analyses are listed in Dataset S1.

Study Approval. Studies on human samples were approved by the local ethics
committee (University of Muenster: Ethik-Kommission der Ärztekammer
Westfalen-Lippe und der Medizinischen Fakultät der Westfälischen Wilhelms-
Universität, registration number: 2010–245-f-S). Written informed consent was
given by all participants in the study and all experiments were performed
according to the Declaration of Helsinki.

Sequencing. TCR immunosequencing was done according to the immunoSEQ
assay (Adaptive Biotechnologies) as previously described (38, 61, 65); for
details please see SI Materials and Methods.

Statistics. In Fig. 1, the interaction of sex and HLA on TCRBV usage was
analyzed with multivariate linear regression models with adjustment for
covariates influencing TCRBV usage. Eight covariates (see below and Dataset
S2) were used for all comparisons. The linear regression model included 31
TCRBV transcripts as dependents, the interaction of sex and one HLA as fixed
factors, together with covariates (TCRBV = HLA + sex + HLA × sex + covariates;
one model per HLA, resulting in 31 models with 589 HLA × sex interactions).
Significance was corrected for multiple comparisons according to the Bonferroni
method (66) using R (function p.adjust). Significances not passing Bonferroni
correction, but exhibiting an uncorrected P value ≤0.05, are considered ex-
ploratory. Covariates are as follows: fraction productive, the fraction of in-
frame templates; productive rearrangements, count of unique and functional
rearrangements; productive clonality, normalized TCRBV repertoire diversity
measure using log (base 2) of the total number of unique productive rear-
rangements to normalize the entropy and subtracting the result from the
value 1; max productive frequency, the highest frequency of a rearrangement;
productive entropy, diversity measure for the TCRBV repertoire according to
Shannon’s entropy (67), calculated over all productive rearrangements; cell
type, isolated cell subset (PBMC, CD4, or CD8 T cells); sequencing source ma-
terial (cgDNA), genomic DNA (gDNA), or cDNA (cDNA); and batch, sequencing
batch as assessed by time of sequencing (24 batches). Covariates “age” (of
donor at time point of sampling) and “ethnicity” (self-reported ethnicity of a
donor, Caucasian, or non-Caucasian) were included in a sensitivity analysis (Fig.
S1E), as these variables were not available for all donors. The sensitivity as-
sessment also included one analysis performed only with “healthy” individuals
and one only with individuals, where the HLA background was determined, not
“inferred.” HLA-A/B background was fully available for cohorts 1 and 3 and
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was inferred for part of samples of cohort 2, based on HLA-A/B-specific
CDR3 sequences according to Emerson (20). To determine possible hidden
factors in addition to known covariates, we used the PEER package (33, 34).
From 25 hidden factors provided by the algorithm, 9 were included in
the sensitivity analysis, as these were in the αC range of the known covariates
(αC < 100) (Fig. S1D). The SPSS syntax used for Fig. 1 is given in Dataset S2.

In Fig. 2, all combinations of 31 TCRBVs resulted in 465 scores ranging
from −9 to 26, each of them the sum of the CDR1 and -2 binding sites’
BLOSUM62 scores (Fig. S2). BLOSUM62 scores were calculated using the
function “pairwiseAlignment” from the Biostrings package within Bio-
conductor (68, 69) and are presented as a heatmap clustered according to
Ward (36). Optimal number of clusters was determined with gap statistic
(37) by using the functions “clusGap” and “fviz_gap_stat” from the fac-
toextra package. The 465 scores were divided at the median value of 3 into
two groups of low (BLOSUM-low, score −9–2, n = 232) and high (BLOSUM-
high, score 3–26, n = 233) biochemical similarity. Multivariate linear models
were applied to CD4 and CD8 datasets with TCRBV rhos as dependent and
the main effects “sex,” “disease state,” and “BLOSUM score,” as well as their
interaction. Subgroup analyses (nested models) were applied to BLOSUM-
low and BLOSUM-high with the main effects of sex and disease state, as well
as their interaction.

In Fig. 3, a multivariate model was applied to CD4 and CD8 naïve and
memory T cell datasets with the main effects “cell type,” “maturation,” and
BLOSUM score as well as their interaction.

The following statistical software was used: IBM SPSS Statistics V24,
GraphPad Prism V6 and R V3.4.1 using the packages PEER, Bioconductor,
Biostrings, made4, dendextend, factoextra, cluster, pheatmap, corrplot, stats,
and their respective dependencies.
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