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Summary
Background Primary Sjogren’s syndrome (SS) is a chronic inflammatory disease with unknown aetiology. Although
clonal expansion of autoreactive T cells has been identified in patients with SS, the clinical correlation of T-cell recep-
tor (TCR) variance in SS remains unclear.

Methods TCRb repertoire sequencing was performed on 260 SS patients with 3-6 months of follow-up in a cohort
study to dynamically assess the characteristics of TCR diversity and their clinical significance.

Findings We found that SS patients had lower TCR diversity, but higher frequency of public clones than healthy
controls (HCs). Significant differences were identified in the usage of the variable (V) gene, joining (J) gene, and V-J
pairing between SS and HCs. Eighteen SS-associated clones were identified, showing a high sensitivity and specific-
ity for disease classification. TCR diversity was correlated with the presence of dental caries, thrombocytopenia, hep-
atocholangeitis, antinuclear antibody, anti-SSA/SSB, and hypergammaglobulinemia but not with disease course,
number of relapses, arthritis, rheumatoid factor, hypocomplementemia or disease activity defined by SSDAI. During
follow-up, the TCR abnormalities remained, represented by more altered V/J usage and higher frequencies of SS-
associated clones. Among SS patients, the sensitive subgroup had increased TCR diversity after treatment. Eighty-
five SS-sensitivity associated TCRs were identified and used for sensitivity classification by cross validation with high
specificity and sensitivity.

Interpretation These results demonstrate that the TCR repertoire could provide insights into the disease status and
prognosis in SS and other autoimmune diseases.

Funding This study was funded by the National Key Research and Development Program of China
(2016YFC0906201), Sichuan Science and Technology Program (2020YJ0223), and the 1¢3¢5 project for disciplines
of excellence, West China Hospital, Sichuan University (ZYGD18015).

Copyright � 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Sjogren’s syndrome; T-cell receptor; Repertoire; Clonotype
*Corresponding author at: No.37, Guoxue Alley, Wuhou Dis-

trict, Chengdu 610041, China.

E-mail addresses: 1651682099@qq.com (H. Tang),

yi2006liu@163.com (Y. Liu).
1 C. Lu and X. Pi contributed equally to this work.

www.thelancet.com Vol 84 Month , 2022
Introduction
T lymphocytes (T cells) are integral components of
adaptive immune responses in most vertebrates. Inter-
acting with antigens in the context of major histocom-
patibility complex (MHC) molecules on antigen-
presenting cells, T-cell receptors (TCRs) play an essen-
tial role in the activation of T cells. The peptide seg-
ments responsible for antigen binding are located in the
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Research in context

Evidence before this study

Primary Sjogren’s syndrome (SS) is a systemic autoim-
mune disease, characterized by the presence of autoan-
tibodies as well as dryness of the mouth and eyes.
Autoreactive T cells have been observed in the periph-
eral blood and organs of SS patients, where they reacti-
vate B cells, secrete cytokines, or cause damage to
tissues directly. T-cell clonal expansion and a reduction
in the diversity of T-cell receptor (TCR) repertoire have
been identified in a small population of SS patients.
However, the clinical correlations of TCR variance and
the possibility of using the TCR repertoire as a bio-
marker for SS remain elusive.

Added value of this study

Utilizing next-generation sequencing, we performed a
dynamic analysis of the TCRb repertoire for SS. We
found that SS patients have lower TCR diversity but a
higher frequency of public clones than healthy controls
(HCs). SS patients use distinct variable (V) genes, joining
(J) genes and V-J pairing when compared with HCs.
Eighteen SS-associated clones were identified, and a
random forest model was developed, which can dis-
criminate between SS and HCs with high sensitivity and
specificity. In this study, we also demonstrated that the
TCR repertoire correlated with clinical features of SS,
including the presence of dental caries, thrombocytope-
nia, hepatocholangeitis, antinuclear antibody, anti-SSA/
SSB, and hypergammaglobulinemia, whereas other
features, such as disease course, number of relap-
ses, arthritis, rheumatoid factor, and disease activity
(SSDAI), were not correlated with TCR diversity.
Patients receiving conventional treatment showed
persistent TCR abnormalities, indicating that their T-
cell alterations were not reversed by these therapies
in a short term. However, a subgroup of patients did
show increased TCR diversity after treatment and
this allowed us to build a model discriminating
between treatment-sensitive and treatment-nonsen-
sitive individuals.

Implications of all the available evidence

The data presented here contribute to the understand-
ing of the dysregulation of the immune system in the
pathogenesis of SS. Our results also suggest that assess-
ment of the TCR repertoire could potentially serve as a
complementary method for evaluating disease status
and response to treatment in this disease.
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third complementarity-determining regions (CDR3s) of
the a and b chains in TCR.1,2 Within the TCR b chain,
the CDR3 region interacts mainly with peptide antigen
and is the most variable portion of TCR, allowing for
various combinations of the variable (V), diversity (D),
and joining (J) regions along with palindromic and ran-
dom nucleotide additions1,2 A diverse TCR repertoire is
beneficial for immune responses to foreign pathogens;
however, recognition of self-antigens by T cells in the
body contributes to the development of autoimmune dis-
eases. Therefore, TCR deciphering is crucial for under-
standing adaptive immunity in health and disease.3

Primary Sjogren’s syndrome (SS) is a chronic auto-
immune disease characterized by dry mouth, dry eyes,
and autoantibodies to nuclear antigens.4 Autoreactive T
cells have been observed in the peripheral blood and
organs of SS patients, where they reactivate B cells,
secrete cytokines, or directly cause damage to tissues.5

Accumulating evidence has shown the expansion of par-
tial TCR clones in various autoimmune diseases, includ-
ing systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), celiac disease, and type 1 diabetes.6,7 In
SS, previous studies have revealed restricted TCR Vb
gene usage in T cells from peripheral blood, salivary
glands and kidneys by immunostaining,8�10 single-
strand conformational polymorphism analysis,11�13 or
polymerase chain reaction (PCR) in combination with
hybridization,14�18 suggesting antigen-driven selection
among T cells. Additionally, some studies have also
found some conserved amino acid motifs in the TCRs
of tissue-infiltrating T cells by bulk PCR tests11,13,18 or by
sequencing TCRs at the single-cell level.19�21 However,
the small number of samples in these studies limited
their findings.

The TCR repertoire is sophisticated and shifts
dynamically with disease status. It is difficult to compre-
hensively understand TCR repertoire features through
single sequencing. Whether the TCR repertoire can be
used as a biomarker in the diagnosis and prognosis of
SS remains unknown. In this study, we demonstrated a
quantitative and immunogenetic landscape of the TCR
repertoire of peripheral T cells from a large population
of SS patients followed longitudinally, and the classifica-
tion of patients on the basis of TCR diversity could
provide complementary information on immune dysre-
gulation monitoring and the management of SS.
Methods

Patients and sample collection
Two hundred sixty SS patients who met the 2002
American-European Consensus Group (AECG) classifi-
cation criteria22 and 2016 American College of Rheu-
matology/European League Against Rheumatism
Classification Criteria23 were recruited from January
2017 to December 2020. Patients were ineligible to par-
ticipate in this study if any of the exclusion criteria were
met: 1) those with a history of infection (virus, bacteria,
or fungi), cancer (e.g., lymphoma, leukaemia), or meta-
bolic diseases (e.g., diabetes mellitus, hyperthyroidism);
2) patients diagnosed with other autoimmune disorders
(e.g., RA, SLE, and myositis); 3) patients who received
steroids, conventional or biological disease-modifying
www.thelancet.com Vol 84 Month , 2022
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antirheumatic drugs in the last 3 months; 4) those who
received vaccines within the last 6 months; 5) those who
had surgery or trauma in the previous 6 months; and 5)
patients who were pregnant or lactating. The patient
information, including age, sex, disease course, number
of relapses, and symptoms, including dry eyes, dry
mouth, dental caries, and arthralgia were recorded. The
disease activity of SS patients was evaluated using the
SS Disease Activity Index (SSDAI) scoring system.24

Laboratory indices including platelet (PLT) counts,
serum levels of alkaline phosphatase (ALP), gamma-glu-
tamyl transpeptidase (GGT), immunoglobin (Ig) A, G,
and M, presence of rheumatoid factor (RF), antinuclear
antibody (ANA), anti-SSA antibody, and anti-SSB anti-
body, were also measured. The characteristics of all
baseline samples are summarized in Supplementary
Table S1. Among them, 101 had a follow-up 3 months
after the start of the study, and 138 had a follow-up 6
months after the start of the study (Supplementary
Figure 1). Patients who did not have follow-up informa-
tion and samples were excluded. All patients received
conventional treatment, including glucocorticoids, cyto-
toxic immunosuppressants (IS), hydroxychloroquine
(HCQ) and total glucosides of paeony (TGP), as recom-
mended by rheumatologists according to the
guidelines.25�27
TCR sequencing
Genomic DNA was extracted using a Blood DNA kit
(DP319, TIANGEN, Beijing) from the peripheral
blood according to the manufacturer’s instructions,
and sequenced using a BGISEQ-500 platform (BGI,
Shenzhen) as described previously.28 In brief, the
genomic DNA was fragmented. Multiplex polymer-
ase chain reaction (PCR) was performed to amplify
sequences of the b chain CDR3 region of TCR.29

Then, the products were sequenced following the
BGISEQ-500 protocol. Resulting raw sequence data
were uploaded to the publicly available Population
Health Data Archive (https://www.ncmi.cn/) under
the accession number of 2016YFC0906200. The
TCR sequencing data of 439 healthy controls (HCs)
(28.9§6.1 years old, female 50.6%) were obtained
from the pan immune repertoire database (PIRD)
under the project ID P18080801 (https://db.cngb.
org/pird/project/P18080801/).6 Raw reads were
processed by MiXCR30 to align to the VJ genes and
assemble the complementarity-determining region
(CDR3) amino acid (CDR3aa) sequences. Down-
stream analyses were performed by VDJtools.31
TCR diversity and homeostatic space analysis
Diversity tests of inverse Simpson, d50 and normalized
Shannon-Wiener were performed on resampled clono-
types to the size of the smallest sample reads. For
www.thelancet.com Vol 84 Month , 2022
pairwise distance evaluation, Pearson correlations of
overlapping clonotype frequencies, Jensen-Shannon
divergence (JSD) of V gene usage distributions (vJSD)
and VJ pair usage distributions (vjJSD) were calculated.
Clonotype variation was explored by principal compo-
nent analysis (PCA) on V segment frequency, J seg-
ment frequency, and V-J segment pair frequency in
each sample. The homeostatic space of the TCR rep-
ertoire was defined by clonotypes hyper-, large-,
medium-, small- and rare-expanded, of which the
proportions were above 1%, 0.1%, 0.01%, 0.001%,
and 0.0001%, respectively.
Identification of disease-associated clonotypes
Disease-associated clonotypes were identified by com-
paring the clonotypes of SS patients with HCs as
described in a previous study.6 In brief, frequencies of
clonotypes were compared between SS and HCs by
Fisher’s exact test. A clonotype was regarded as disease-
associated if its adjusted Fisher’s exact test was signifi-
cant (P<0.05) and the relative risk was above 1. Clono-
types with the same nucleotide sequence in CDR3 were
considered the same clonotype, regardless of their V/J
genes. Public clonotypes were defined as the same
clones present in �2 samples. The Levenshtein distance
between CDR3aa sequences was calculated excluding
the first and last three amino acids. Two CDR3aa
sequences were connected if the Levenshtein distance
was less than 3.
Changes in the TCR diversity during follow-up
The TCR diversity change rate was calculated as the
averaged follow-up TCR diversity divided by the baseline
TCR diversity. A sample was considered to be treatment
sensitive if it was in the top rank (2/3 of the number of
samples having diversity change rate above 1) ranked by
an increase in both the inverse Simpson and normal-
ized Shannon-Wiener change rates.
Development of the classification model using TCR
clones
For model development, all CDR3aa sequence frequen-
cies were transformed by the following formula:

log2 1000 � f þ 1ð Þ
f means frequency

Recursive feature elimination with stratified 2-fold
cross-validation was used, and random forest with
max_depth=30 was built based on the selected features.
Leave-one-out cross-validation was performed to assess
the performance of the model, and the probability val-
ues were used to calculate the sensitivity and specificity
of the model and draw ROC plots. To reduce the con-
founding effects of age and gender, multiple balancing
approaches were applied. We were unable to get the two
3
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groups matched in terms of both gender and age with
the R package “MatchIt” or “optmatch”.32,33 However,
the gender ratio and age were well balanced between SS
patients and controls by a staged stratified sampling
process. In detail, controls were randomly selected to
make sure the female-to-male ratio equals to that of SS
patients. After that, we compared ages between the two
groups in all age brackets that achieved a P value >0.05
and selected the one that included the maximal number
of patients and controls.
Statistics
Nonparametric groupwise comparisons were per-
formed by the Mann-Whitney test. For V/J gene
comparisons, the P value of multiple tests was cor-
rected by step down method using Sidak adjust-
ments. The association between discrete data was
tested by linear regression, for categorical data (two
categories), Fisher’s exact test was used. P<0.05 was
considered significant. Linear regression with covari-
ates adjusted was calculated by the R package
limma.34 All of the other calculations were conducted
with Python 3.7.8.
Figure 1. General characteristics of the TCRb repertoires in SS
and b) diversity of TCR repertoire between SS (at baseline, n=260) a
gender; c) Homeostatic space of TCR shows that the proportions o
expanded (>0.01%) clonotypes in SS were significantly higher th
expanded (>0.0001%) clonotypes were significantly lower than tha
frequencies of d) J gene and e) V gene usage in SS and HCs. pear
vJSD: Jensen-Shannon divergence (JSD) of V gene usage distributio
tributions. *P<0.05, **P<0.01, ***P<0.001. a,d and e, Mann-Whitney
Ethics
This study was approved by the Ethics committees and
institutional review board of West China Hospital, Sich-
uan University (2021-1494) and was registered on the
Chinese Clinical Trial Registry (ChiCTR, http://www.
chictr.org.cn) with the registration number of
ChiCTR2200056100. All participants signed written
informed consent forms.
Role of funders
The funders provided financial support for this study
and were not involved in the study design, data collec-
tion, data interpretation, or writing of the manuscript.
Results

General characteristics of TCR in patients with SS
Overall, 29.1, 27.5, and 26.5 thousand unique TCR
clones were identified in SS at baseline, the 1st follow-
up, and the 2nd follow-up, respectively (Supplementary
Table S2). Compared to HCs, SS patients had higher
homogeneity in TCR (Pearson P = 1.58 £ 10�59; vJSD
P < 0.0001; vjJSD P < 0.0001; Mann-Whitney test)
patients at baseline and HCs. Comparison of a) homogeneity
nd HCs (n=439), with the indicated P value adjusted by age and
f hyperexpanded (>1%), large-expanded (>0.1%) and medium-
an in controls, while the small-expanded (>0.001%) and rare-
t in controls. Indicated p value was adjusted by age and sex. The
son: Pearson correlation of overlapping clonotype frequencies;
ns; vjJSD: Jensen-Shannon divergence (JSD) of VJ pair usage dis-
test; b and c, linear regression.
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(Figure 1a, Supplementary Figure 2) and significantly
lower TCR diversity (inverse Simpson P = 7.54 £ 10�5;
d50 P = 9.37 £ 10�7; normalized Shannon-Wiener
P = 7.69 £ 10�13; linear regression adjusted for age and
sex) (Figure 1b). The proportions of hyperexpanded
(P = 6.64 £ 10�10; linear regression with age and
sex-adjusted), large-expanded (P = 1.05 £ 10�9) and
medium-expanded (P = 1.92 £ 10�2) clonotypes in SS
were significantly higher than those in the control,
while the small-expanded (P = 2.81 £ 10�31) clonotypes
were significantly lower than that those in the control,
suggesting that SS had significant clonal expansion
(Figure 1c, Supplementary Table S3). We identified 48
functional TRBV subtypes and 14 functional TRBJ sub-
types by referring to the IMGT (international ImMuno-
GeneTics information system). In terms of V/J gene
usage, SS had broadly distinct frequencies of V/J gene
usage compared to the control (Figure 1d, e). The usage
of TRBV6-1, TRBV6-2, TRBV6-5, TRBV27, and
TRBV10-3 was more frequent, while TRBV20-1,
TRBV28, TRBV11-2, TRBV18, TRBV3-1, TRBV4-1, and
TRBV7-2 usage was less frequent in SS patients than
HCs (corrected P < 0.05; Mann-Whitney test;
Sidak correction) (Figure 1e, Supplementary Table S4).
TRBJ1-2, TRBJ1-6, and TRBJ1-4 were more frequently
used in SS, while all TRBJ2 genes were more frequently
used in HCs (corrected P<0.05) (Figure 1d, Supplemen-
tary Table S4).
Public clones were more frequent in SS
We found that limited public clonotypes were shared
between the SS and control groups among all clono-
types or public clonotypes (Figure 2a). Furthermore,
public clonotypes were more frequent in SS than in the
control, and the frequency of clonotypes of more than
10% publicity (P = 0.0082; Mann-Whitney test) was
higher in SS (Figure 2b, c), indicating that SS T cells
were activated by certain antigens.
Identification of disease-associated TCR clonotypes in
SS patients
Eighteen SS-associated clonotypes (“SS-associated”)
were identified, present in 7.7% to 43.5% of patients
(Figure 3a, Supplementary Table S5). Among them, 5
SS-associated clonotypes were uniquely present in SS
patients. However, none of the SS-associated clones was
associated with the presence of anti-SSA or anti-SSB in
serum (Figure 3a). To further understand the SS-associ-
ated clones, another 18 public clonotypes were ran-
domly chosen 10 times, representing the rest of the
clones (“SS-other”). We observed that SS-associated clo-
notypes had a higher frequency among patients than
SS-other clonotypes (P = 3.13 £ 10�7; Mann�Whitney
test), but with no significant difference in length
(Figure 3b, c). No significant difference in sequence
www.thelancet.com Vol 84 Month , 2022
consensus was found between SS-associated and SS-
other clonotypes (Supplementary Figure 3).

Based on the 18 SS-associated clones, the random
forest model generated a high classification accuracy
with an area under the curve (AUC) of 94.55% with a
sensitivity of 86.15% and specificity of 92.48%
(Figure 3d), suggesting that SS-associated clones have
good performance in the diagnosis of SS. We re-tested
the model by selecting SS patients (n = 71) at compara-
ble ages and gender with controls (n = 119, P > 0.05;
Mann-Whitney test), and the model still achieved high
accuracy (AUC = 92.64%). Moreover, we compared the
18 SS-associated clones and hyperexpanded clones
(>1%) in SS patients with common TCR motifs identi-
fied in prior studies11,13,18,19 but found no overlaps (data
not shown). In comparison with disease-associated clo-
notypes of other autoimmune diseases including SLE
and RA,6 we identified one clonotype shared among SS,
SLE, and RA and three clonotypes shared between SS
and SLE (Figure 3e, Supplementary Table S6). This
finding supports the existence of some common autor-
eactive T subpopulations in different autoimmune dis-
orders, which could be a potential therapeutic target.
Clinical association analysis of TCR features
To understand the association of TCR diversity and
clone features with clinical characteristics, we per-
formed a series of correlation analyses. Notably, dental
caries, low PLT, high ALP/GGT, positive ANA, anti-
SSA/SSB, and hypergammaglobulinemia were corre-
lated with TCR features, while disease course, number
of relapses, presence of arthritis, RF, low C3/C4, and
SSDAI were not (Figure 4a, Supplementary Table S7).
In detail, SS patients with dental caries (P < 0.05;
Mann-Whitney test), low PLT (P = 0.0213; Mann-Whit-
ney test), high ALP/GGT (P = 0.0243; Mann-Whitney
test), elevated IgA/M/G (P = 0.0457; Mann-Whitney
test) and ANA (P = 0.0173; Mann-Whitney test) had
lower TCR diversity, while SS patients with positive
anti-SSA/SSB had relatively higher diversity
(Figure 4b), indicating that TCR diversity could be an
indicator of immune-mediated organ damage in SS.
Changes in the TCR repertoire during treatment for SS
We dynamically sequenced the TCR of SS patients
receiving conventional treatment for 3-6 months.
TCR homogeneity decreased during the follow-up
(Pearson 3 m P = 1.89 £ 10�19, 6 m P = 1.20 £ 10�23;
vJSD P < 0.0001; vjJSD P<0.0001; Mann-Whitney
test) (Figure 5a), although no significant difference in
diversity was found between the baseline and follow-
ups (Figure 5b). For V gene usage, the frequency of
TRBV30 decreased at the 3- and 6-month follow-ups,
while some of the more frequently used V genes in SS
at baseline, such as TRBV6-1, TRBV6-5, and TRBV27,
5



Figure 2. Public clonotypes in the TCR b repertoire of patients with SS. a) Amount of overlap of all unique clones and public
clones between SS (n = 260) and HCs (n = 439). b) Mean frequency of clones in SS patients and HCs according to publicity. c) Mean
frequency of clones presented in �10% samples and in <10% samples. **P < 0.01; Mann-Whitney test.
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Figure 3. Identification of SS-associated TCR b clonotypes. a) The frequency and distribution of SS-associated clones in SS
patients at baseline (n = 260) and in controls (n = 439), as well as the presence of anti-SSA and anti-SSB antibodies in SS patients.
The cell colour indicates the frequency of SS-associated clones, which was transformed to log10. b) CDR3 amino acid length distri-
bution. c) Clone frequency distribution. d) ROC curve showing the classification performance of a classifier for two groups by leave-
one-out cross-validation. e) Graphs of disease-associated clonotypes in SS, SLE, and RA. Vertices represent significant clonotypes
identified by the algorithm, and edges connect clonotypes with at most one amino acid mismatch. Zero-degree vertices are
not shown. Vertices are coloured according to the disease, and split vertices represent public sequences identified in several
diseases. HC: health control; SS: Sjogren’s syndrome; SLE: systematic lupus erythematosus; RA: rheumatoid arthritis; ROC:
receiver operating characteristic.

Figure 4. Clinical association analysis of TCRb clones in SS. a) The correlation of TCR diversity indices and clinical information. b)
Comparison of diversity indices in several clinical characteristics that have a correlation with TCR features shown in a). PLT: platelet;
ALP: alkaline phosphatase; GGT: gamma-glutamyl transpeptidase; C3: complement 3; Ig: immunoglobin; ANA: antinuclear antibody;
RF, rheumatoid factor; SSDAI: Sjogren’s syndrome disease activity index; *P < 0.05, **P < 0.01. Mann-Whitney test.
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Figure 5. Changes in TCR diversity and V/J gene usage in SS with follow-ups. Comparison of a) homogeneity and b) diversity of
the TCR repertoire for SS at baseline (n = 260), 3-month follow-up (n=101), and 6-month follow-up (n = 138). The frequencies of c) V
gene and d) J gene usage in SS at baseline and at the 3-6-month follow-up. e) Changes in the frequencies of eighteen SS-associated
clones during follow-up. f) Frequencies of each SS-associated clone. A dot of the same color represents the same amino acid
sequence, and the connecting line indicates a varying trend. Average frequencies are shown. *P < 0.05, **P < 0.01, ***P < 0.001.
Mann-Whitney test.
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increased at the follow-ups. Other less frequent V genes
at baseline, such as TRBV20-1, TRBV11-2, TRBV18,
TRBV3-1, and TRBV4-1, decreased at the 3- (P = 0.0424;
Mann-Whitney test; Sidak correction) and 6-month
(P = 0.0033) follow-ups (Figure 5c, Supplementary
Table S4). Similarly, the TRBJ2-3 gene was less fre-
quently used at follow-ups than at baseline (Figure 5d,
Supplementary Table S4). Moreover, we found that the
frequency of SS-associated clones increased at the 3-
and 6-month follow-ups compared to baseline
(Figure 5e; P = 0.0424 for 3 m vs baseline, P = 0.0033
for 6 m vs baseline, Mann-Whitney test). Among
them, the frequencies of “CASSSWDRDNSPLHF”,
“CASSGANSPLHF”, and “CASSAPNSPLHF” rose, while
the frequency of “CASSERGGANTGELFF” declined at
the follow-ups (Figure 5f). These findings indicate that
some autoreactive T cells may continue to expand during
conventional treatment.
TCR features indicate the response to treatment
High TCR diversity is an indicator of a “healthy” T-cell
immune system. We compared TCR diversity changes
in SS patients before and after treatment and divided
them into “sensitive” and “nonsensitive” groups accord-
ing to whether their TCR diversity was elevated. Under
the condition of comparable medication (Figure 6c), 31
patients had increased TCR diversity after treatment
and were considered “sensitive” (normalized Shannon-
Wiener P = 0.0030; Mann-Whitney test) (Figure 6a, b,
c, Supplementary Figure 4). As an example, we
observed that the major clonotypes decreased in two
sensitive patients (A56, A177), whereas in two nonsensi-
tive patients (A27, A155), the major clonotypes were sim-
ilar after treatment (Supplementary Figure 5). We found
a decreased percentage of hyperexpanded clonotypes
(P = 0.0058; Mann-Whitney test) and increased
medium-expanded clonotypes (P = 0.0037) after treat-
ment in the sensitive group but not in nonsensitive
group (Figure 6d, Supplementary Table S3). No signifi-
cant difference was found in V/J gene usage between
them, except in the usage of TRBV10-2 (used at a low
frequency) (Supplementary Figure 6, Supplementary
Table S4). Furthermore, eighty-five CDR3aa sequences
were selected as features for a random forest model,
which achieved a high AUC of 86.91% with a sensitivity
of 80.53% and specificity of 80.64% (Figure 6e, f), sug-
gesting that CDR3 sequences are associated with the
prognosis of SS patients.
Discussion
In the present study, we performed a comprehensive
analysis of the TCR repertoire in SS and described the
www.thelancet.com Vol 84 Month , 2022



Figure 6. Treatment sensitivity-associated TCR clones in SS. a) Change in TCR diversity and b) homogeneity of treatment-sensi-
tive patients (n = 31) and nonsensitive patients (n = 113). c) Treatment regimens of SS patients according to sensitivity. d) Homeo-
static space of the TCR in treatment-sensitive patients and nonsensitive patients. e) Distribution of 85 sensitive related TCR clones in
nonsensitive and sensitive patients. f) ROC curve showing the classification performance of a classifier for sensitive/nonsensitive
groups by leave-one-out cross-validation. IS: immunosuppressants; TGP: total glucosides of paeony; HCQ: hydroxychloroquine; ROC:
receiver operating characteristic. *P < 0.05.
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role of the TCR in the evaluation of disease status and
prognosis of SS. Although only Chinese patients from
one center were included, we believe this study contains
the largest cohort of SS patients sequenced for its TCR
repertoire to date.

TCR repertoire is a potential diagnostic biomarker
for immune-mediated diseases, where antigens may
drive the selection of TCR clones. We found that
patients with SS have lower TCR diversity, but a higher
frequency of public clones than HCs, and they have
broadly distinct V/J gene usage from HCs, indicating
autoantigen-driven T-cell selection in SS. Similar to the
study of the TCR repertoire in RA and SLE, where 198
SLE-associated and 53 RA-associated TCR clones can
discriminate these autoimmune diseases from controls
and between themselves,6 we identified eighteen SS-
associated clones that can be used to classify SS from
HCs with high accuracy. Furthermore, TCR repertoire
is also a prognostic marker, reflecting the disease status
in the human body. For instance, TCR clones correlated
with disease activity, organ involvement, and some auto-
antibodies in both SLE and RA.6 The extent of T-cell
clonal expansion in salivary glands of SS patients, indi-
cated by TCR clones, also correlated with reduced saliva
www.thelancet.com Vol 84 Month , 2022
production and increased fibrosis of salivary glands.19,20

Consistent with this, we found that the TCR clones corre-
lated with many clinical features of SS (Figure 4a).

T cells constitute the majority of lymphocytes that
infiltrate the salivary glands in SS patients and therefore
contribute to disease pathogenesis via their ability to
cause tissue damage, B-cell activation and metabolic
changes.35,36 The distribution of infiltrating immune
cells correlates with lesion severity and disease manifes-
tations in SS.37 Here, we found that some clinical char-
acteristics of SS were associated with TCR features.
Organ dysfunction represented by dental caries, throm-
bocytopenia, and liver dysfunction can be reflected by
TCR diversity. Hypergammaglobulinemia is one of the
most common serological findings in SS, reflecting the
hyperactivity characteristic of the disease.38 In the pres-
ent study, patients with hypergammaglobulinemia had
lower TCR diversity, indicating that enhanced antigen-
driven selection of T cells and B cells occurs in these
patients. Anti-SSA/SSB are hallmark antibodies of SS
and are reported to be correlated with an earlier disease
onset, more intense lymphocytic infiltrates in salivary
glands, and more severe dysfunction of the exocrine
glands.38,39 However, we found no association between
9
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the presence of anti-SSA or anti-SSB in serum and SS-
associated clones. This observation suggests that many
of the expanded T cells may not recognize the prototypic
Ro and La antigens, which is in line with the findings of
T cells in salivary glands.19 Moreover, higher TCR diver-
sity was observed in patients positive for anti-SSA/SSB.
The exact mechanism remains unknown. The potential
of TCR repertoire in the evaluation of disease status
warrants further study.

Diverse TCRs indicate a homeostatic immune sys-
tem armed with abundant na€ıve T cells.40 Dynamic
change in TCR repertoire is a potential parameter for
monitoring treatment responses since the immune sta-
tus in patients with infection and cancer may affect
treatment effectiveness.41,42 We sequenced TCR in SS
during the 3-6 month follow-up and unexpectedly found
that the TCR abnormalities persisted. For V/J usage and
SS-associated clones, posttreatment patients had even
more obvious alterations. T-cell dysregulation in SS was
not reversed by conventional treatment with steroids
and/or DMARDs in the short term. This may partially
explain why SS is considered a chronic disease with no
disease modifying or curative treatments available
to date and people can accumulate morbidity over
time.25,27,43

Among all SS patients, we found that a subgroup of
SS patients had increased TCR diversity after treatment.
Treatment-sensitive patients had a higher prevalence of
specific sensitivity-associated TCR clones, and these
clones had good performance in classification. In treat-
ment-sensitive patients, expanded autoreactive T cells
may be diminished by treatments, regardless of the regi-
mens. TCR diversity offers a possible stratification score
for responsiveness to therapy, but this requires further
validation in a larger cohort.

It is believed that T cells capable of recognizing sali-
vary gland antigens may be present in the peripheral
blood of SS patients, since identical TCR clonotypes can
be found in T cells from peripheral blood and from sali-
vary glands from the same subject.19 However, we did
not observe the presence of common TCR motifs that
are defined as SS-associated clones by others11,13,18,19 in
the peripheral blood of patients from our cohort. One
possible reason is that different human leukocyte
antigen (HLA) susceptibility haplotypes exist in different
races, such as those observed in Caucasoid (DRB1*0301-
DRB3*0101-DQA1*0501-DQB1*0201), Japanese (DRB1*
0405-DRB4*0101-DQA1*0301-DQB1*0401), and Chinese
patients (DRB1*0803-DQA1*0103-DQB1*0601).44,45

Alternatively, multiple antigens are recognized in the
same disease and/or different TCR rearrangements
respond to the same antigen in the body.46 Few clones
were found to be shared among different SS patients in
the limited public data.11,13,18,19 Moreover, previous studies
focused on the expanded T-cell clones in inflamed tissues
of SS patients, while we provided the TCR repertoire in
the peripheral blood. The relationship between expanded
T-cell clones in the peripheral blood and in inflamed tis-
sues is poorly understood, and its translation to SS patho-
genesis remains unknown. In contrast, we found some
overlapping clonotypes in peripheral T cells among three
autoimmune diseases namely, RA, SLE, and SS. The
underlying mechanism of the co-occurrence of some
autoimmune diseases, including the three mentioned in
patients, is not known. These shared TCR clones support
the existence of common autoreactive T cells in autoim-
mune diseases, potentially providing insight into the
pathogenesis of the co-occurrence of two or more autoim-
mune disorders.

There are some limitations to this study. First, all
samples used in this study were from peripheral blood
but not from salivary glands. Therefore, further verifica-
tion should be conducted with the targeted organs of SS
since different patterns are found in T cells between
lesions and blood. Second, some clinical and molecular
traits including disease activity and focal score were
inadequate in the cohort, which may affect the signifi-
cance of the correlation of TCR repertoire and some
traits. The association of TCR clonotypes and inflamma-
tory infiltrates in the salivary gland warrants further
study. Third, the TCR sequencing data of HCs were
generated from a different sequencing platform, and
this may introduce a possible bias in the following anal-
yses, although studies have proven that data generated
by these two platforms are mostly comparable.47,48 Last,
this study only included patients from one region and
unfortunately found no shared TCRs with previous
studies.

In conclusion, patients with SS show lower TCR
diversity and different V/J gene usage than HCs.
Disease-associated clones can be used to assist in the
precise diagnosis of SS. TCR repertoire correlated
with several clinical parameters, and changes in the
TCR repertoire to some extent reflected patients’
response to treatment. Overall, TCR repertoire could
be an optional tool for evaluating disease status, and
predicting of treatment response in autoimmune dis-
eases such as SS. Investigating the dynamics of TCR
repertoire could provide a valuable tool to monitor T-
cell driven immune responses in autoimmune dis-
eases.
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