Database of synovial T cell repertoire of
rheumatoid arthritis patients identifies cross-
reactive potential against pathogens including
unencountered SARS-CoV-2

Rheumatoid arthritis (RA) is a chronic autoimmune disease of
complex aetiology in which adaptive immune responses medi-
ated by T cells play a major role in driving synovial inflammation
and joint damage." Before developing effector functions, naive T
cells are conventionally understood to require an initial antigen-
specific stimulus transduced through their T cell receptor (TCR).
TCR-mediated recognition is also required for targeted cell lysis
by cytotoxic T cells. Previous studies have sought to characterise
the functional roles of various T cell populations in RA, and have
demonstrated patterns of oligoclonal expansion among them.?
It has also been shown that some T cell clones may be shared
among multiple patients as a public repertoire.” However, the
antigen specificities of synovial T cells remain poorly studied
outside of a few epitopes, and open resources of TCRs and
repertoires associated with RA are lacking.

To accelerate research efforts into the TCR repertoires and T
cell antigen specificities in RA, we report here synovial reper-
toires mined using a repertoire reconstruction algorithm from
two large-cohort RNA sequencing datasets totaling 196 RA
patients, as well as additional controls from peripheral blood and
other joint disorders (figure 1A, online supplemental methods).
The first, GSE89408, had been generated to identify transcrip-
tome signatures in the synovium of patients with RA associated
with disease progression (online supplemental table $1).* The
second, PEAC, focused on early, treatment-naive patients and
identify transcriptome signatures contributing to establish-
ment of disease in synovial tissue and peripheral blood (online
supplemental table S2).° By exploring these cohorts in the hith-
erto unnavigated immune repertoire dimension, we built the
first openly accessible online database of high-frequency TCR
sequences found in the synovium of patients with RA (http://
repertoire.life). This reference database is an ongoing effort to
collect and compile human TCR repertoires of patients with RA,
and can be searched with TCR repertoires identified in future
work to better identify public sequences and contextualise their
antigen specificity.

Initial analysis of this database demonstrated that an increased
repertoire diversity among synovial (but not peripheral blood)
high-frequency clonotypes was associated with higher disease
activity (Disease Activity Score-28, (DAS28)) and erythrocyte
sedimentation rate (ESR) (figure 1B,C, online supplemental
figure S1, online supplemental table S3), highlighting the signif-
icant correlations between synovial oligoclonal expansion and
clinical indices. Through TCR clustering analyses, we observed
that synovial TCR motifs from patients with RA were largely
distinct from those found in other joint diseases (online supple-
mental figure S2), in a manner consistent with their overall tran-
scriptome differences (online supplemental figure S3), but that
these motifs could be shared in aggregate among patients with
lymphoid pathotype (online supplemental figure S4). Consis-
tently, we also observed that several of these motifs were clonally
expanded and enriched in patients with highly active disease as
assessed through multiple indices(figure 1D, online supplemental
figures S5,56), further indicating their potential involvement
in RA progression. Through comparison with paired periph-
eral blood samples from the same patients, we observed that a

portion of synovial clones were shared with peripheral blood
independently of pathotype and disease activity levels (online
supplemental figures S7,5S8), indicating that clonal migration
may generally occur in RA. Collectively, these results show that
recovered synovial TCRs correlate with clinical measures of RA
disease activity, and suggest that they may potentially originate
from circulation.

Beyond observing associations between RA TCR repertoire
and disease activity, we further sought to annotate the antigen
specificities of these clonotypes using databases of validated
antigen-specific sequences. Intriguingly, we observed that
many of the clonotypes expanded in RA were highly similar to
pathogen antigen-specific sequences (figure 1E, online supple-
mental figures S9-S11). These include commonly encountered
pathogens (such as cytomegalovirus (CMV), Epstein-Barr virus
(EBV), influenza), as previously described® (figure 1F). At the
same time, some clones matched pathogens that these patients
may have never encountered (such as dengue virus (DENV)
and yellow fever virus (YFV)), even when absolute sequence
matching criteria were used (online supplemental figure S12).
More surprisingly, we observed a number of TCRs matching
annotated sequences specific for multiple peptides originating
from SARS-CoV-2 (figure 1G). These include three dominant
epitopes shared among betacoronaviruses (online supplemental
figure S13). Since these patients had been sequenced years prior
to its emergence, these matches between T cell clones found
in RA synovium and SARS-CoV-2 antigen-specific clones may
potentially originate from cross-reactivity, possibly with unchar-
acterised viruses and/or autoantigens.

To confirm the presence of these SARS-CoV-2 antigen-specific
matching sequences identified from recovered repertoires, we
then performed additional analyses using TCRseq, which has
higher sensitivity in capturing rarer clones (such as naive cells).
When we searched a pre-pandemic TCRseq dataset of periph-
eral blood samples of 65 patients with RA and 20 controls,” we
observed that although annotated SARS-CoV-2 reactive clono-
types could be found in both controls and patients with RA,
the frequency of these clonotypes was much higher in patients
with RA, with an additional peak not seen in controls (online
supplemental figure S14). At the same time, we also performed
retrospective analysis on 8 TCRseq libraries of FACS-sorted
CD8+T cells derived from synovial fluid of 4 patients with
RA we had sequenced in 2018. These libraries included both
CD57+ effector cells and an overall pool of CD57- cells (online
supplemental figure S15, online supplemental table S4). Consis-
tent with expectations, searching these samples against the
reconstructed repertoires of the PEAC and GSE89408 cohorts
demonstrated that a substantial number of clonotypes recov-
ered in these patients fell into the same specificity groups as our
TCRseq sequences (figure 1H,I, online supplemental figure S16).
When we then searched these TCRseq libraries against antigen-
specificity databases, we could once again observe that sequences
annotated against SARS-CoV-2 spike antigen were found to be
in the same specificity clusters (figure 1]).

Of note, TCRpB sequence sharing/similarity alone is not an
absolute determinant of TCR specificity, with other factors
such as TCRa structure, costimulatory molecules, and HLA-
restriction/effective antigen-presentation also providing key
contributions. However, these results provide a crucial neces-
sary condition for the possibility that some patients with RA
may naturally harbour TCR clones sensitive to SARS-CoV-2
antigens, particularly among CD8+T cells. These clones may
then be predisposed to preferentially expand and/or adopt
effector functions if the pathogen is subsequently encountered,

% aular

Ann Rheum Dis March 2023 Vol 82 No 3

BM)

uBLAdoD Ag padaloid 1senb Ag 120z ‘8T |udy Uo /wod lwgpire//:dny Wwoij papeojumod "0z 4290100 6T U0 £9/222-2202-PAe/9ETT 0T Se paysignd 1s1i 1SiQ wnayy uuy


http://www.eular.org/
http://ard.bmj.com/
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
http://repertoire.life
http://repertoire.life
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
https://dx.doi.org/10.1136/annrheumdis-2022-222763
http://ard.bmj.com/

. DAS28
A Access Extract reads B Synovium Eilit n D =
Bulk RNAseq .fastq mappingto TCRB * . 9

;s

S

.

12,303

Shannon Diversity
F

Shannon Diversity

High Confidence 2
SequenceAnalysis  Disease Activity Clonotypes 3.4

SR Find TCRB
< .4.‘7,;0‘ ;' Clonotype Patterns
s -

o~ o
CABMM ?  Search TCRB

i = Against Reference
Eossible Annotated 9 —

Epitopes CDR3

Shannon Diversity

s(i:l;déﬂsg F . _CMV pp65 RPHERNGFTV Gx SARS-CoV-2 Spike YLQPRTFLL

= CCRPANERF - AR

Probabilty

2o e 7 s 9 w0 om L A

EBV BMLF1 GLCTLVAML SARS-CoV-2 Spike YLQPRTFLL

RGO TIE:

s 4 s & 71 8 5 womow 2 3 4 s s

Probabilty

Influenza A Matrix GILGFVFTL SARS-CoV-2 Spike NYNYLYRLF

S T

s e s 0 o0 omo o1 om

I :
. Acidic . Basic . Hydrophobic . Neutral . Polar

ity

Probabilty

Prova

Condition
SARS-CoV-2

iy

i

Figure 1  Extracted TCR repertoire analysis of patients with rheumatoid arthritis (RA) captures signatures of clonal expansion and pathogen antigen
cross-reactivity. (A) Schematic overview of the analysis pipeline for extracting and processing RAT cell receptor (TCR) repertoire information. Raw
RNA sequencing data of patients with RA from different cohorts was collected and aligned using TRUSTV.4 to extract TCR sequences. TCR sequences
supported by multiple reads were retained and used to construct an RA-associated TCR repertoire database. Further analyses were performed

using this database to identify associations with disease activity, as well as potentially enriched motifs. Annotation of these motifs demonstrates a
potential for cross-reactivity between synovial TCR sequences and pathogen antigen-specific TCRs. (B) Shannon diversity of TCR clonotypes was
higher in patients with high disease activity (DAS28 > 5.1) in synovial tissue, but not significantly different in peripheral blood. (C) Both overall
DAS28 and ESR showed positive correlation with increasing synovial TCR diversity. (D) Network analyses of RA-associated TCRP clusters according
to CDR3 sequence reveals the presence of shared expanded clonotypes among patients with high disease activity, and demonstrates that many

of these sequences are highly similar. Each node represents one CDR3 sequence, with edges connecting nodes assigned to the same specificity

group, and larger specificity groups are densely connected together. Larger nodes correspond to higher-frequency clones. (E) Network visualisation

of RA-associated TCR CDR3 clusters annotated against a combined database of TCR3 sequences of known antigen specificity, indicates possible
associations with SARS-CoV-2 antigens as well as other pathogens. (F) Logo plots showing consensus TCR CDR3 motifs detected in RA synovial
tissue and with known antigen specificity in three commonly encountered pathogens, labeled in order of pathogen, protein and peptide. (G) Logo plot
as in (F) showing consensus TCRB CDR3 motifs detected in RA synovial tissue but matching SARS-CoV-2 antigens, a pathogen not present at the time
the sequencing studies were conducted. (H—I) Network analysis of TCR sequences recovered from focused TCRseq of 4 patients with RA (sorted into
CD8+CD57+ and CD8+CD57- populations) clustered against the TCRs obtained from repertoire reconstruction of the RA synovial samples in the PEAC
(H) and GSE89408 (I) cohorts. An abundance of clustered TCRs can be observed, indicating that sequences recovered from repertoire reconstruction
may also be shared. (J) Network analysis of clustering primary TCRseq sequences (as in H-I) with annotated antigen-specific sequences. As in (E),
associations between a number of annotated SARS-CoV-2 sequences and RA synovial sequences can be observed. *p-value <0.05. DAS28, Disease
Activity Score 28; ESR, erythrocyte sedimentation rate.
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and potentially contribute to the observed clinical associations
between arthritis/autoimmunity and SARS-CoV-2 infection.?
While the existence of antigen-specific memory clones in unex-
posed controls has been previously regarded as controversial,
recent studies in the context of SARS-CoV-2 have confirmed
that pre-existing antigen-specific CD4+memory clones can be
found in uninfected patients,” and were intriguingly found to
correspond with severe outcomes. Furthermore, these reper-
toires may be reshaped following vaccination or infection.'® As
such, we speculate that vaccination against SARS-CoV-2 may
also reshape CD8+Tcell clonal dynamics in the synovium and
peripheral circulation of patients with RA and help to dampen
the feedback between SARS-CoV-2 infection and autoimmu-
nity. Additional exploration of possible pathogen antigen cross-
reactivity in RA is needed to clarify the role of SARS-CoV-2 and
other infections diseases in influencing disease progression.
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