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Objectives: PD-1TCXCR5~CD4*T peripheral helper cells, named Tph cells, contribute
to B-cell immune responses and the production of antibodies in systemic lupus
erythematosus and rheumatoid arthritis. However, the role of Tph cells was unknown
in the pathogenesis of primary Sjégren’s syndrome (pSS). Here, we aim to explore the
contribution of Tph cells in the development of pSS.

Methods: Sixty patients with pSS and 61 age and sex-matched healthy individuals were
recruited for this study. The frequency of Tph cells in the blood was measured by flow
cytometry. The expression of inducible T-cell costimulator (ICOS), MHC-II, IL-21, CCR2,
CCR5, and CCR9 was evaluated in Tph cells. The relationship between Tph cells and
indicators of clinical disease was assessed. Co-expression levels of PD-1, CXCR5, CD4,
CCR2, and CCR5 in the salivary gland specimens from patients with pSS and patients
with dry mouth and eyes but normal pathology were also analyzed.

Results: We demonstrated increased circulating Tph cells (7.53 + 6.65% vs.
3.08 + 1.31%, p < 0.0001) in patients with pSS (n = 60) compared to healthy controls
(n =61). Tph cells were significantly associated with the ESSDAI disease activity scores,
IgG, ESR, IL-21, anti-SSA antibody, and CD138%/CD19* plasma cells. Furthermore,
ICOS was highly expressed in Tth and Tph cells in patients with pSS. IL-21, MHC-I,
CCR2, and CCR5 expression was higher in pSS Tph cells, and CCR9 expression was
lower in pSS Tph cells than in pSS Tfh cells. Moreover, Tph cells and CCR2TCD4+T
and CCR5TCD4™T cells were found in the labial gland of patients with pSS.

Conclusion: Our data show that Tph cells were enriched in peripheral blood and labial
gland of patients with pSS. Circulating Tph cells correlated with disease activity scores,
suggesting a crucial role of Tph in the development of pSS.

Keywords: primary Sjégren’s syndrome, PD-1, CXCR5, ESSDAI score, Tph cells

INTRODUCTION

Primary Sjogren’s syndrome (pSS) is a diffuse connective tissue disease characterized by a high
degree of lymphocytic infiltration in the lacrimal and salivary glands. Patients with pSS may have
xerostomia, xerophthalmia, and extra-glandular manifestations. The precise etiopathogenesis of
PSS remains unclear. The hyperactivation of B cells is a hallmark feature of pSS, characterized by
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high titers of anti-SSA and anti-SSB autoantibodies, rheumatoid
factor, hyperglobulinemia, and a high risk of B-cell lymphoma
(1, 2). Expanded plasmablasts, plasma cells, memory B cells,
and marginal zone (MZ) B cells are the key B-cell subsets that
exist in patients with pSS (3). Autoreactive T-B cell interactions
promote B-cell activation in lymphoid tissue, contributing to the
production of autoantibodies by plasma cells in pSS (4). Follicular
helper T cells (Tfh) are a specialized subset of CD4" T cells
located in B-cell follicles that express mainly CXCR5, inducible
T-cell costimulator (ICOS), and programmed cell death 1 (PD-1).
Tth cells promote germinal center (GC) formation through IL-21
and CXCL13, the differentiation of GC B cells into memory B
cells or plasma cells, the development of high-affinity antibodies,
and the class switching of immunoglobulins to maintain a long-
term humoral immune response (5). Tfh cells were increased in
the peripheral blood of patients with pSS, and their frequency
was correlated to the EULAR Sjogren’s syndrome disease activity
index (ESSDAI) (6). The interaction between Tfh cells and GC B
cells results in B-cell activation and the generation of memory
B cells or plasma cells, ultimately promoting the development
of pSS (6).

A recent study showed that peripheral helper T (Tph) cells
are present in the synovium of patients with rheumatoid arthritis
(RA), helping B-cell responses and the formation of plasma cells.
Tph cells express markers similar to Tth cells, such as ICOS,
PD-1, IL-21, and CXCL13; however, they do not express CXCR5
(7). The increased circulating Tph cells were positively correlated
with systemic lupus erythematosus (SLE) disease activity (8-11).
Tph cells highly expressed IL-21 and ICOS, thus having the ability
to regulate B-cell differentiation. c-Maf, a transcription factor
downstream of IL-21 signaling, was expressed in lupus Tph cells,
suggesting the importance of c-Maf in the upregulation of IL-
21 expression and its participation in the pathogenesis of SLE
(10). In addition, circulating Tph cells were increased in patients
with IgG4-related disease (12). Circulating Tph cells have been
reported to be increased in the peripheral blood of patients with
pSS and are positively correlated with disease activity (1, 13, 14).
Pontarini et al. found that Tph cells were enriched in the salivary
gland tissue with the GC in patients with pSS (1). However, the
characteristic of circulating Tph cells from patients with pSS was
unclear, especially for their chemokine receptor expression. We
assessed the characteristics of circulating Tph cells and labial
tissue Tph cells in patients with pSS and further clarified their
role in the pathogenesis of pSS.

MATERIALS AND METHODS

Subjects and Clinical Features

This study included 60 patients with pSS from the Division of
Rheumatology, the First Affiliated Hospital, Zhejiang University
School of Medicine. All patients with pSS met the revised
2002 American-European criteria (15). Patients with pSS did
not receive any glucocorticoids, immunosuppressive agents, or
biological agents, such as Rituximab, Belimumab, and Abatacept,
3 months prior to inclusion in this study. This study was carried
out from August 2018 to May 2020. The patients’ clinical data

originated from electronic medical records. The current disease
activity of patients with pSS was evaluated by ESSDAI scores (16).
Sixty-one healthy individuals were recruited as non-autoimmune
controls without cancer and infection. All participators signed
written informed consent forms. The research was carried out
within the framework of the Declaration of Helsinki. The Medical
Ethical Committee of The First Affiliated Hospital, Zhejiang
University School of Medicine, approved this study (#2017-638).

Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were obtained
from patients with pSS and the control group. For cell-
surface  staining, the following fluorescence-conjugated
mouse anti-human antibodies were added: PerCP/Cy5.5
anti-CD4 (OKT4), PE anti-CXCR5 (J252D4), APC anti-PD-
1(EH12.2H7), Brilliant Violet 510 anti-CD45RA (HI100),
Brilliant Violet 421 anti-ICOS (C398.4A), FITC anti-major
histocompatibility complex (MHC)-II (L243), APC/Cyanine7
anti-CCR2(FN50), FITC anti-CCR5(HEK/1/85a), PerCP/Cy5.5
anti-CCR9(L053E8), APC Cy7 anti-CD4 (OKT4), PE/Cy7
anti-CD19(HIB19), and Alexa Fluor 700 anti-CD138 (MI15), or

TABLE 1 | Demographic and clinical parameters of pSS and healthy
controls on study entry.

pSS (n =60) Controls (n =61) P-value
Age, mean + SD years 53.5+14.5 49.0 £15.9 0.213
Female/male 57/3 57/4 0.716
Disease duration, mean + SD 59.9 +£89.5 NA NA
months
Constitutional symptoms(+ ) 19/41 NA NA
Lymphadenopathy(+ ) 25/35 NA NA
Glandular swelling(+ ) 13/47 NA NA
Arthritis (£ ) 12/48 NA NA
Cutaneous involvement(+ ) 7/53 NA NA
Lung involvement (+ ) 15/45 NA NA
Renal involvement () 3/57 NA NA
Peripheral neuropathy( ) 2/58 NA NA
Hematologic disorder(+ ) 44/16 NA NA
Biopsy focus score (number of 22+1.4 NA NA
lymphocytic foci/4 mm?)
Anti-SSA(%) 42/18 NA NA
Anti-SSB(%) 26/34 NA NA
19G, mg/dL 1863 £ 681.1 NA NA
ESR, mean + SD mm/h 36.6 + 26.9 NA NA
RF, mean £+ SD U/L 168.8 £ 469.4 NA NA
C3, mean £+ SD mg/di 96.6 + 23.3 NA NA
C4, mean + SD mg/dl 18.56 £ 8.3 NA NA
ESSDAI scores, mean + SD 45+3.0 NA NA
PD-1+*CXCR5-CD4* T cells 7.563 £ 6.65 3.08 +1.31 < 0.0001
(Tph)/CD4*T cells (%)
PD-1+*CXCR5TCD4* T cells 3.42 £2.35 1.25 +0.56 < 0.0001

(TFh)/CD4* T cells (%)

NA: not applicable; I9G, 700-1600mg/dl; ESR: Erythrocyte sedimentation rate,
normal range 0-20mm/h; RF, rheumatoid factor, normal range 0-20 U/L; C3,
normal range 58-160 mg/dL; C4, normal range 7-49 mg/dL;, ESSDAI, EULAR
Sjégren’s syndrome disease activity index.
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relevant isotype controls. CD1387/CD197 B cells were identified
as plasma cells. For intracellular staining, PBMCs were stimulated
by PMA and Ionomycin for 5 h and brefeldin A for the last 4 h of
the stimulation. Then, the cells were stained with CD4, CXCRS5,
and PD-1. Next, they were fixed and permeabilized for the
intracellular staining of IL-21 (3A3-N2) using BD Pharmingen
Transcription Factor Buffer Set. Finally, PBMCs were detected
and analyzed by using a BD LSRFortessa flow cytometer.

Immunofluorescent Staining of Tissue

Labial gland tissue biopsy specimens were obtained from ten
patients with pSS and eight individuals who suffered from dry
mouth but without focal lymphocytic infiltration. Labial gland
tissues specimens were placed in liquid nitrogen, embedded,
and sectioned (5 pm). Then, antigen retrieval was performed,
followed by blocking with serum. Next, tissue slides were
incubated with rabbit anti-human PD-1, CXCR5, CCR2, or CCR5
and mouse anti-human CD4 primary antibodies. They were
then washed and incubated with Alexa 488 labeled donkey anti-
rabbit secondary antibody or Alexa 647 labeled donkey anti-rat
secondary antibody. Finally, DAPI was added to stain nuclei. The
simultaneous expression of PD-1, CXCR5, CCR2, and CCR5 in
CDA4TT cells was observed.

Statistical Analysis

We presented the results as median and standard deviation (SD).
We performed comparisons between two groups using the non-
parametric Mann-Whitney test. We evaluated the correlation
between the Tph cells or Tth and PD-1~CXCR5~CD4™ T cells
and clinical data using Spearman’s coeflicient of correlation. The
heatmap was generated by Heml software (a heatmap illustrator)
according to the correlation value. We used SPSS software,
version 19.0 for statistical analysis. P-values < 0.05 were set as
statistically significant.

RESULTS

Circulating Tph Cells Were Expanded in
the Peripheral Blood of Patients With

pSS, and Tph Cells Expressed IL-21

Baseline data from 60 patients with pSS and 61 healthy controls
are shown in Table 1. There were no significant age and
sex differences between the pSS group and healthy controls.
In the pSS group, the ESSDAI score ranged from 1 to 12
points, and the mean ESSDAI score was 4.5 £ 3.0. The

Tfh
Tph

PD-1"CXCR5CD4"T/ICD4*T cells

30+ *
B pSS Tph HC Tph 3 1—
S 20.0 4.92| E=nih
- ] A E o:’ u
1 @ 2107 Se® %
L = on chaé°' *
«60 «<3°

FIGURE 1 | Circulating Tph cells were increased in patients with pSS, and they were associated with disease activity indexes and plasma cells. (A) Circulating
PD-1+CXCR5-CD4* T cells (Tph) and PD-1+CXCR5FCD4* T cells (Tfh) were exhibited in one patient with primary Sjogren’s Syndrome (pSS) and one healthy
control (HC). The summarized data were demonstrated in patients with pSS (n = 60) and HCs (n = 61) (***p < 0.001). (B) The expression of IL-21 was increased in
Tph cells from patients with pSS (n = 20), compared to HCs (n = 20) (*p < 0.01).
according to the correlation value. Circulating Tph cells were significantly related to EULAR Sjogren’s syndrome disease activity index (ESSDAI) score, 1gG,
erythrocyte sedimentation rate (ESR), IL-21, anti-SSA antibody, and CD138%/CD19* plasma cells (o < 0.05, **p < 0.01, **p < 0.001). Tth cells were also
associated with ESSDAIl score, IgG, IL-21, and plasma cells. PD-1~CXCR5~CD4*T cells were not associated with these disease activity parameters.
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(C) The heatmap was generated by Heml software (a heatmap illustrator)
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FIGURE 2 | CCR2, CCR5 expressions were all higher, but CCR9 expression was lower in pSS Tph cells. (A,B) Inducible T-cell costimulator (ICOS), Major
histocompatibility complex (MHC)-Il, CCR2, CCR5, and CCR9 expressions were measured in Tph cells and Tfh cells from pSS patients. The summarized data were

PD-1TCXCR5~CD4™" T cells (Tph) and PD-1"CXCR5TCD4+T
cells (Tfh) were increased in the peripheral blood of patients
with pSS compared to healthy controls (Figure 1A). Circulating
Tph cells were 7.53 £+ 6.65% in patients with pSS and were
3.08 & 1.31% in healthy controls (p < 0.0001) (Figure 1A and
Table 1). Furthermore, the expression of IL-21 was higher in Tph
cells in patients with pSS than those in HCs (Figure 1B). We
also found that Tth cells expressed IL-21 in patients with pSS
(Supplementary Figure 1).

Circulating Tph Cells Were Related to
Disease Activity Parameters and Plasma

Cells in Patients With pSS

Like circulating Tfh cells (r = 0.283, p = 0.011), circulating
Tph cells (r = 0.828, p < 0.0001) were significantly associated
with the ESSDAI score (Figure 1C). Circulating Tph cells were
also associated with IgG (r = 0.545, p < 0.01), the erythrocyte
sedimentation rate (ESR) (r = 0.446, p < 0.01), serum IL-
21 levels (r = 0.403, p < 0.01), and anti-SSA antibodies
(r = 0.223, p = 0.017) (Figure 1C), but not disease course,
C-reactive protein (CRP), C3, and C4. Moreover, circulating Tph
cells were higher in patients with pSS with lymphadenopathy
(11.06 + 8.86% vs. 474 £+ 2.01%, p = 0.002), cutaneous
involvement (14.27 £ 14.91% vs. 6.52 £ 4.19%, p = 0.003),
pulmonary involvement (1091 £ 10.7% vs. 6.26 £ 4.16%,
p = 0.02), hematologic disorder (neutropenia, lymphopenia,
anemia, or thrombocytopenia) (8.84 & 7.39% vs. 3.83 £ 1.80%,

p = 0.001), and biological changes (hypocomplementemia or
hypergammaglobulinemia) (8.50 + 7.38% vs. 4.20 £ 1.84%,
p = 0.001) (data not shown), compared to patients with pSS
who had no relevant symptoms. Interestingly, circulating Tph
cells were related to CD138%7/CD19% plasma cells (r = 0.324,
p =0.018) (Figure 1C).

ICOS, MHC-Il, CCR2, and CCR5
Expressions Were Higher in pSS Tph

Cells

Furthermore, ICOS expression was similarly high in pSS Tph and
Tth cells. MHC-II, CCR2, and CCR5 expressions were higher
in Tph cells than in Tfh cells from patients with pSS. CCR9
expression was lower in Tph cells from patients with pSS than
in pSS Tth cells (Figure 2). Furthermore, CCR2* Tph cells and
CCR5TTph cells were positively associated with the ESSDAI
score (r = 0.485, p = 0.035; r = 0.538, p = 0.017), CCRO" Tph cells
were negatively associated with the ESSDAI score (r = —0.458,
p =0.028). However, no significant association of ICOS™*Tph cells
or MHC-II" Tph cells with ESSDAI score.

Tph, CCR2+CD4*T, and CCR5TCD4*T
Cells Were Found in Labial Gland Tissue
of Patients With pSS

This study collected labial gland specimens from ten patients
with pSS and eight patients with xerostomia, but no pSS. Co-
expression levels of PD-1, CXCR5, CD4, CCR2, and CCR5
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FIGURE 3 | Tissue Tph cells, CCR2*CD4* T cells, and CCR5*CD4* T cells
existed in the labial gland of pSS patients. We analyzed the co-expression
levels of PD-1, CXCR5, CD4, CCR2, and CCR5 in the labial gland specimens
of one patient with pSS and one patient with dry mouth and eyes but normal
pathology. (A) There was a large number of CD4*T cells (the first and second
layers, green FITC) in the infiltrating lymphocytes of the labial gland from pSS
patients, and the expression of PD-1 was also significantly increased (the first
layer, red Alexa Fluor 647), but CXCR5 expression was few, mostly CD4+T
cells were negative for CXCR5 (second layer, red Alexa Fluor 647); while the
control group was a dry mouth and eye patient without primary Sjoégren’s
syndrome, and a few CD4* T cells were seen (third layer, red arrows), PD-1
and CXCR5 expression were both negative (third and fourth layers, red Alexa

Fluor 647). (B) CCR2TCD4*T cells (layer 5) and CCR5TCD4*T cells (layer 6)
were found in pSS labial gland tissue.

were analyzed in labial gland specimens by immunofluorescent
staining. CD4™ T cells infiltrated the labial gland of patients
with pSS, which were PD-1 positive and mostly CXCR5
negative. CXCR5TPD1TCD4" Tfh cells were also found in
the labial gland of patients with pSS. This suggests that Tph
cells (PD-1TCXCR5-CD4"T) are present in the labial gland
specimens of pSS patients. Furthermore, CCR2TCD4™ T cells
and CCR5TCD4™T cells were found in the labial gland tissue of
patients with pSS (Figure 3).

DISCUSSION

CDA4™T cells are irreplaceable regulators of autoimmune diseases;
however, the detailed mechanism of their function in the
immunopathology of pSS is still unclear. It is well understood

that PD-1 inhibits T cells through interactions with its
ligands, PD-L1, and PD-L2, to maintain peripheral immune
tolerance. PD-1TCXCR5~CD4" Tph cells can be separated
from PD-1T"CXCR5TCD4 ™" T cells (Tfh) based on the expression
of CXCR5. Tph cells regulated B-cell responses and the
differentiation of plasma cells in rheumatoid arthritis (7). In our
study, we demonstrated that Tph cells are significantly increased
in the peripheral blood of patients with pSS. Furthermore, the
frequency of circulating Tph cells was significantly associated
with pSS disease activity indicators. In addition, circulating Tph
cells were associated with other disease indexes, such as the
IgG, ESR levels, and anti-SSA antibody. Moreover, Tph cells
were more frequent in patients with pSS with lymphadenopathy,
cutaneous involvement, pulmonary involvement, hematologic
disorder, or biological changes. Tph cells are expanded in
patients with pSS, and are positively correlated with disease
activity (13). Therefore, Tph cells may participate in the
development of pSS.

Furthermore, we found that circulating Tph cells correlated
with plasma cells in pSS. This result is consistent with data
from another group (14). Rao et al. showed that Tph cells
promoted the differentiation of plasma cells through IL-21 and
SLAMFS5 (7). We demonstrated that the expression of IL-21 was
higher in Tph cells than in Tth cells in patients with pSS, but
ICOS was highly expressed in both pSS Tph cells and Tth cells.
Tth cells promote B-cell proliferation, activation, and antibody
production mainly through the key functional molecules, IL-
21, CD40L, and ICOS (17). However, the functional molecules
of Tph cells are still unclear. We demonstrated that Tph cells
expressed IL-21 and ICOS in patients with pSS. Dupré et al.
found that ICOS was highly expressed in pSS Tph cells (14).
IL-21 is crucial in the differentiation and function of memory
B cells and plasma cells (18). ICOS, a T-cell costimulatory
molecule, interacts with its ligand, ICOSL, on the surface of B
cells to promote T-cell proliferation and activation and B-cell
differentiation (1). Furthermore, Tph cells in ectopic lymphoid
structures expressed IL-21 and ICOS (1). Therefore, Tph cells
may be a key T-cell subset for driving the pathogenic B-cell
response in pSS, primarily through IL-21 and ICOS.

A recent paper demonstrated that Tph cells
are found in SG with GCs (1). They found that
CXCR5-CD4tPDIMICOS Foxp3~ Tph cells co-expressed
IL-21 and interferon-y, but low IL-17 in parotid MALT-
lymphoma (1). We also found that infiltration of CD4™T cells
can be seen in the labial gland of patients with pSS, in which
PD-1 expression is positive, but CXCR5 is mostly negative. It
suggested the existence of Tph cells (PD-1TCXCR5~CD4"T) in
the labial gland specimens of pSS patients. Meanwhile, we found
that CXCR5TPD1TCD4™ Tth cells were also present in the labial
gland of patients with pSS. Other previous papers demonstrated
the presence of CXCR5TCD4™T cells (19), CXCR5TIL-21*T
cells (20), Bcl-6tCXCR5™ cells(21), and Bcl-6CD3 T cells (22)
in these locations in patients with pSS. There was a difference
in glandular Tfh cells staining between our study and the above
published studies.

Although Tph cells lacked CXCRS5, they expressed the
inflammatory chemokine receptors CCR2 and CCR5 (7). We
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found that CCR2 and CCR5 were more highly expressed in Tph
cells in patients with pSS. Furthermore, Tph cells, CCR2TCD4"T
cells, and CCR5TCD4™T cells were present in the labial gland
tissue of patients with pSS. Blokland et al. demonstrated that
the CCR2 ligand (CCL2) and CCR5 ligand (CCL5) are highly
expressed in the labial glandular tissues of patients with pSS
(23), suggesting that Tph cells may be recruited to the salivary
glands through the CCR2/CCL2 or CCR5/CCL5 axes, and
then participate in salivary gland lymphocyte infiltration and
inflammation. The gut homing chemokine receptor, CCR9, was
expressed at a lower level in Tph cells in patients with pSS.
This suggested that Tph cells may not migrate to the gut
through CCR9. Cosorich et al. demonstrated that CCR9"Tfh
cells produced proinflammatory cytokines and migrated to
the digestive system, where they cause an immune response
(24). CCR9 may be a critical differentially expressed chemokine
receptor between Tth and Tph cells.

This study has some limitations; the in vitro coculture
of pSS Tph cells with B cells was not completed. The key
factors that drive human T-cell differentiation toward a Tph cell
phenotype were not identified, and the transcriptional factors in
the development of Tph cells are still unclear. Bcl-6 is a crucial
gene in the formation of GCs and a key transcription factor in
Tth cells. However, it is expressed at a low level in Tph cells.
Blimp-1 is highly expressed in Tph cells but expressed at a low
level in Tfh cells (7). C-maf was highly expressed in both Tph and
Tth cells (10). In the future, we will identify the key transcription
factors regulating Tph cells by sorting Tph cells, Tth cells, and
PD-17CXCR5~CD4"T cells from peripheral blood for single-
cell RNA sequencing analyses. Further studies are essential to
investigate the biological functions of Tph cells in pSS.

CONCLUSION

Circulating Tph cells, capable of producing IL-21, were markedly
increased in patients with pSS. The frequency of circulating
Tph cells was correlated with disease activity and B-cell
differentiation. In addition, Tph cells were enriched in the labial
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