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1 |  INTRODUCTION

Primary Sjögren's syndrome (pSS) is a chronic autoim-
mune disorder characterized by oral and ocular dryness and 

lymphocytic infiltration of the exocrine glands.1 A large part 
of the lymphocytic infiltrates consists of memory CD4 + T 
cells, which have been shown to play a major role in the im-
munopathology of Sjögren's syndrome, amongst others by 
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Abstract
CCR9 + T helper (Th) cells can induce Sjögren-like symptoms in mice and both 
CCR9 + Th cells and their ligand CCL25 are increased in the salivary glands of pri-
mary Sjögren's syndrome (pSS) patients. Increased circulating CCR9 + Th cells are 
present in pSS patients. CCR9 + Th cells are hyperresponsive to IL-7, secrete high 
levels of IFN-γ, IL-21, IL-17 and IL-4 and potently stimulate B cells in both patients 
and healthy individuals. Our aim was to study co-expression of chemokine receptors 
on CCR9 + Th cells and whether in pSS this might differentially affect CCR9 + Th 
cell frequencies. Frequencies of circulating CCR9 + and CCR9- Th cells co-express-
ing CXCR3, CCR4, CCR6 and CCR10 were studied in pSS patients and healthy 
controls. CCL25, CXCL10, CCL17, CCL20 and CCL27 mRNA and protein expres-
sion of salivary gland tissue of pSS and non-Sjögren's sicca (non-SS) patients was 
assessed. Chemotaxis assays were performed to study migration induced by CXCL10 
and CCL25. Higher expression of CXCR3, CCR4 and CCR6 but not CCR10 was 
observed on CCR9 + Th cells as compared to cells lacking CCR9. Decreased fre-
quencies of circulating memory CCR9 + CXCR3+ Th cells were found in pSS pa-
tients, which was most pronounced in the effector memory subset. Increased salivary 
gland CCL25 and CXCL10 expression significantly correlated and both ligands 
functioned synergistically based on in vitro induced chemotaxis. Decreased memory 
CXCR3 + CCR9+ Th cells in blood of pSS patients may be due to a concerted action 
of overexpressed ligands at the site of inflammation in the salivary glands facilitating 
their preferential migration and positioning in the lymphocytic infiltrates.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited. 
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contributing to B cell hyperactivity.2 Severe lymphocytic infil-
tration of minor salivary glands is often accompanied by large 
numbers of activated B cells, which also play a key role in 
pSS immunopathology.3 Recruitment of leucocytes to tissues 
is dependent on chemokine-chemokine receptor interactions 
and adhesion molecules. Several chemokines and receptors 
have been shown to be upregulated in the salivary and lacrimal 
glands of pSS patients potentially leading to migration of T 
cells to the glands, including the interferon-induced chemok-
ines CXCL9, CXCL10, CXCL11 and their receptor CXCR3.4,5 
Recently, CXCR5 + T follicular helper (Tfh) cells and their 
ligand CXCL13 and CCR9+ ‘Tfh-like’ cells with their ligand 
CCL25 have been implicated in disease pathogenesis.6-13 Both 
levels of CXCL13 and CCL25 and numbers of CXCR5 + and 
CCR9 + Th cells are elevated in the salivary glands of pSS 
patients. CXCR5 + Tfh and CCR9 + Tfh-like cells produce 
pro-inflammatory cytokines and provide co-stimulatory sig-
nals that strongly stimulate B cell responses which play an im-
portant role in B cell hyperactivity pSS.6,12-14 In addition, these 
Tfh and Tfh-like cells may be involved in the formation of ger-
minal centre-like structures, which are present in the salivary 
glands of ~25% of pSS patients.14 In one study, polarization 
of circulating Tfh cell subsets towards a Tfh1, Tfh2 or Tfh17 
phenotype was not observed in pSS patients, while in another 
study an increase of Tfh17 was found.15,16 In the present study, 
we investigated co-expression of chemokine receptors on cir-
culating CCR9 + Th cells, potentially mediating accumulation 
of effector Th cell subsets in the salivary glands of pSS pa-
tients. In addition, we assessed local presence of chemokines 
in the salivary gland and tested whether increased chemokines 
may have a concerted action on Th cells.

2 |  PATIENTS AND METHODS

2.1 | Patients

pSS patients, non-Sjögren's sicca (non-SS) patients and healthy 
subjects were included from the outpatients clinic of the de-
partment of Rheumatology & Clinical Immunology of the 
University Medical Centre Utrecht and were randomly and 
cross-sectionally selected. All pSS patients were diagnosed 
by a rheumatologist and fulfilled the American-European 
Consensus Group (AECG) criteria.17 The non-SS patients were 
defined as patients suffering from ocular and/or oral dryness 
without any other known cause and who were not diagnosed 
with an underlying rheumatic disease including Sjögren's syn-
drome; consequently, they could not be classified using the 
AECG-criteria. The study was approved by the hospital's medi-
cal ethics committee and all subjects signed informed consent. 
Patient characteristics are shown in Table 1 for those that con-
tributed to the gene expression, flow cytometry and chemotaxis 
studies and Table S1 for those that contributed labial biopsies.

2.2 | Chemokine and chemokine 
receptor assessment

Fresh PBMCs from healthy controls (HC) and pSS patients were 
isolated from heparinized peripheral blood by density centrifuga-
tion using Ficoll-Paque Plus (GE Healthcare). The heparinized 
blood was left on the bench at room temperature for a maximum 
of 2 hours. Isolated PBMCs were kept on ice. Freshly isolated 
PBMCs were stained and analysed by flow cytometry, stain-
ing for CD3, CD4, CD45RO, CD27, CCR9, CXCR3, CCR4, 
CCR6 and CCR10 (Table S2) on the same day. Quantitative 
PCR was performed using the Applied Biosystem 7000 System 
(Thermo Fisher Scientific), and TaqMan® Universal PCR 
Master Mix (Thermo Fisher Scientific). As described,18 cDNA 
was analysed for the expression of CCL17 (Hs00171074_
m1), CCL20 (Hs00171125_m1), CCL27 (Hs00171157_m1), 
CXCL10 (Hs00171042_m1), CCR4 (Hs00747615_s1), CCR6 
(Hs00171121_m1), CCR10 (Hs00706455_s1) and CXCR3 
(Hs00171041_m1). Expression was normalized to 18S rRNA 
and consequently was calculated as a fold change relative to the 
mean of the non-SS group, using the delta-delta CT method. 
All primers were purchased from Thermo Fisher Scientific. 
Protein levels of these chemokines were measured by Luminex 
in labial salivary gland biopsy supernatants. Fresh labial salivary 
gland tissues were thoroughly rinsed and incubated with 200 µL 
of saline (0.9% NaCl) in a 500 µL vial (Sarstedt) for 1 hour at 
room temperature. The biopsy tissue was removed from the vial 
and the remaining tissue supernatants were rendered cell free 
by centrifugation at 500 g for 5 minutes and stored at −80°C. 
Chemokines were measured using Luminex multiplex technol-
ogy as previously described.19,20

2.3 | Chemotaxis

Transwell experiments were performed to assess chemo-
taxis induced by CCL25 and CXCL10. 1  ×  105 PBMCs 
were transferred into the upper chamber of 5  µm pore-
size transwell plates (96 well ChemoTX®, NeuroProbe). 
Fresh medium (RPMI (Gibco) supplemented with penicil-
lin, streptomycin (Gibco) and 10% FBS (Sigma)) alone, 
or containing CCL25 (0 or 100 ng/mL, Peprotech) and/or 
CXCL10 (0, 10 or 100  ng/mL, Peprotech) were added to 
the lower chamber. After 2 hours at 37°C, cells migrating to 
the lower chamber were quantified by flow cytometry with 
standardization of the volume and acquisition time per well.

2.4 | Statistical analysis

Statistical analyses were performed in Prism 6 software and 
spss. Student's t test, paired parametric t test, Mann-Whitney U 
test and Wilcoxon nonparametrical paired test were used where 
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appropriate. For correlations with disease parameters, Pearson's 
correlation and Spearman's rho were used where appropriate. 
Differences and correlations were considered statistically sig-
nificant at P < .05, P = .05-.10 was considered as a trend to-
wards statistical significance and indicated in figures.

3 |  RESULTS

3.1 | Frequencies of circulating memory 
CXCR3 + CCR9+ Th cells are decreased in 
pSS

Significantly increased frequencies of CXCR3+, CCR4 + and 
CCR6 + cells were found within the CCR9 + Th cell subset 
as compared to CCR9- Th cells in the circulation of healthy 
individuals (Figure 1A,B). Interestingly, in pSS patients 
a significant decrease in CXCR3  +  CCR9+ Th cells was 
found in the central memory (CD45RO + CD27+), effector 
(CD45RO-CD27-) and effector memory (CD45RO + CD27−) 
subsets, but not naïve Th cells (CD45RO-CD27+; Figure 
1C) in addition, decreased frequencies of CCR6-expressing 
CCR9  +  effector memory Th cells. In contrast, increased 
frequencies of CCR4-expressing CCR9  +  effector memory 
Th cells were observed in pSS patients (Figure 1C). The 
decreased frequencies of these subsets did not significantly 
correlate with clinical parameters (data not shown). Trends 

towards similar differences were observed in CCR9- Th cells, 
although less pronounced (Figure S1). These results indicate a 
predominant decrease of CXCR3-expressing CCR9 + mem-
ory Th cells in the circulation of pSS patients.

3.2 | CCL25 and CXCL10 are increased 
in the salivary glands of pSS patients and 
synergistically induce Th cell migration in vitro

Next we assessed whether mRNA and protein expression of 
representative chemokines that can attract CXCR3, CCR4, 
CCR6 and CCR10-expressing Th cells were expressed by 
salivary gland tissue, either expressed as mRNA in tis-
sue lysates or protein levels in supernatant of tissue ex-
plants.21,22 We previously reported that mRNA expression 
of CCL25 was significantly increased in salivary glands of 
pSS patients as compared to non-SS patients.12 Increased 
CXCL10 mRNA expression as previously reported by oth-
ers 4 was confirmed (Figure 2A). Also, increased expres-
sion of the other CXCR3-ligands, CXCL9 and CXCL11 
in pSS was in line with previous data (fold change (me-
dian, interquartile range): 10 (4-153) and 5 (2-42) vs non-
SS, P =  .012 and P =  .006, respectively).4,21 In addition, 
there was a trend towards increased CCL20 expression 
(P = .077), and a decrease of CCL27 expression (P = .050), 
whereas CCL17 was not differentially expressed (Figure 

T A B L E  1  Patients’ characteristics

 

Gene expression Flow cytometry Chemotaxis

non-SS (n = 9) pSS (n = 9) HC (n = 11) pSS (n = 17) HC (n = 6) pSS (n = 10)

Female gender, n (%) 8 (89) 8 (89) 11 (100) 17 (100) 6 (100) 10 (100)

Age, years (Mean ± SD) 53.3 ± 7.5 43.7 ± 19.7 43.4 ± 12.3 54.6 ± 13.2 54.3 ± 6.8 58.6 ± 11.0

Anti-Ro/SSA positive, n (%) 2 (22) 9 (100) - 16 (94) - 8 (80)

Anti-La/SSB positive, n (%) 0 (0) 3 (33) - 9 (53) - 6 (60)

ANA positive, n (%) 1 (11) 7 (78) - 13 (76) - 8 (80)

Lymphocytic focus score 
(foci/4 mm2)

0 (0-0) 3.0 (1.5-5.0) - 2.0 (1.4-2.7) - 2 (1.8-3)

IgA positive plasma cells (%) >70 43 (16-50) - 38 (25-51) - 33 (19-46)

Schirmer (mm/5 min) 1.5 (1.0-5.0) 4.0 (0.8-17.0) - 3.5 (0.4-12.3) - 4.5 (0.5-10)

Serum IgG (g/L) 11.4 (11.0-12.4) 17.4 (10.4-28.5) - 17.2 (13.8-19.7) - 13.6 (12.0-17.0)

ESR (mm/h) 6 (3-21) 14 (10-52) - 22 (13-33) - 13 (12-34)

ESSDAI score (0-123) - - - 6 (5-8) - 6 (2-8)

ESSPRI score (0-10) - - - 6.5 (5-7) - 5 (3-7)

Immunosuppressants 0 1 - 3 - 2

Hydroxychloroquine - 0 - 3 - 1

Other - 1 - 0 - 1

Note: Median (IQR, interquartile range) is shown unless specified otherwise.
Abbreviations: ESR, erythrocyte sedimentation rate; ESSDAI, EULAR Sjögren's syndrome disease activity index; ESSPRI, EULAR Sjögren's syndrome patient 
reported index; HC, healthy controls; non-SS, non-Sjögren's sicca; pSS, primary Sjögren's syndrome.
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2A). As we have previously reported, increased protein 
levels of CCL25 and CXCL10 in secretomes of pSS sali-
vary gland tissue were observed.4,12,20,22 We here report 
that upregulated CCL25 mRNA expression significantly 
correlated to CXCL10 (Figure 2C). In accordance with the 
mRNA data these chemokines also correlated on protein 
level (all sicca donors: r  =  .47, P  =  .002, pSS: r  =  .42, 
P =  .04, data not shown in figure). Only very low levels 
of CCL17 and CCL20 (CCR4 and CCR6 ligands) proteins 

were found, with increases in only a limited number of pa-
tients (data not shown). In addition, CCL27 was present 
at higher levels, but the levels were not significantly dif-
ferent between healthy controls and pSS patients (data not 
shown). Increased CCR6 and a trend towards increased 
CXCR3 mRNA expression were found in the salivary 
glands of pSS patients (Figure 2B). No significant differ-
ences in CCR4 (P = .34) and CCR10 (P = .29) expression 
were observed (Figure 2B).

F I G U R E  1  Circulating CCR9 + Th cells have enhanced CXCR3, CCR4 and CCR6 expression and pSS patients show decreased proportions 
of CCR9 + Th cells expressing CXCR3 and CCR6. Representative flow cytometry images (A) and combined data of multiple healthy donors 
(n = 5-11; B) showing increased expression of CXCR3, CCR4 and CCR6, but not CCR10 on circulating CCR9+ vs CCR9− Th cells. Mean with 
SEM are shown. C, In primary Sjögren's syndrome (pSS) patients circulating CCR9+ central memory, effector memory and effector Th cells 
expressing CXCR3 and effector memory cells expressing CCR6 are significantly decreased. In addition, circulating CCR9+ effector memory Th 
cells from pSS patients show elevated percentages of CCR4-expressing cells. Medians are shown unless specified otherwise, healthy controls (HC): 
circles, pSS patients: triangles, pSS n = 11-17, HC n = 5-11, *P < .05, **P < .01, ***P < .001
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Since a decrease of CXCR3  +  CCR9  +  Th cells was 
found in the circulation of pSS patients and both CCL25 
and CXCL10 showed the strongest increased expression in 
the salivary glands on both mRNA and protein level (Figure 
2A and 12,20), the chemotactic capacity of CXCL10 in com-
bination with CCL25 was investigated. In a transwell system, 
chemotaxis of Th cells in response to different concentra-
tions of CCL25 and CXCL10 was assessed. No differences 
in migration of Th cells or lymphocytes between HC and pSS 
was observed, hence the data of these groups were pooled. 

Interestingly, the combination of CCL25 and CXCL10 syn-
ergistically enhanced chemotaxis of CD4 + Th cells as com-
pared to CXCL10 or CCL25 alone (Figure 2D).

4 |  DISCUSSION

In this study, increased co-expression of chemokine recep-
tors CXCR3, CCR4 and CCR6 on circulating CCR9 + Th 
cells was found as compared to Th cells lacking CCR9. In 

F I G U R E  2  Elevated levels of CCL25 and CXCL10 in salivary glands from pSS patients correlate and in vitro these cytokines induce 
synergistic chemotaxis of Th cells. A, B, mRNA expression of the following chemokines and their receptors were evaluated in labial salivary 
gland biopsies (tissue lysates) from primary Sjögren's syndrome (pSS, black triangles) and non-Sjögren's sicca (non-SS, indicated as nSS) patients: 
CXCL10 and CXCR3, CCL17 and CCR4, CCL20 and CCR6 and CCL27 and CCR10, showing elevated expression of CXCL10 and CCR6 and 
trends towards increases in CXCR3, CCL20 and a decrease of CCL27. Boxplots with medians with interquartile range are shown, non-SS: n = 9, 
pSS: n = 9, (C) expression of CXCL10 strongly correlated with CCL25 expression and (D) in a transwell chemotaxis assay, synergistic migration 
of Th cells is induced upon a combination of CCL25 and CXCL10 (n = 8). Mean with SEM are shown, *P < .05
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the circulation of pSS patients decreased frequencies of 
CXCR3  +  CCR9+ and CCR6  +  CCR9  +  Th cells were 
found, which may be due to a concerted action of overex-
pressed ligands at the site of inflammation. Corroborating 
this, we found elevated and abundant expression of CXCL10 
and CCL25 in the salivary gland and synergistic chemotaxis 
of Th cells for these cytokines in vitro.

This is the first study that shows co-expression and syn-
ergistic function of chemokine receptors on human circulat-
ing CCR9 + Th cells. Intestinal CCR9 + Th cells from mice 
have been found to have elevated expression of CCR6 and 
CXCR3 and lower expression of CCR10 than CCR9 − Th 
cells.23 Chemokine receptors play an important role in the 
positioning of antigen-experienced Th cells in epithelial 
tissues. CCR4 and CCR10 are regarded as skin-homing 
chemokine receptors and CCR9 and CCR6 are involved in 
intestinal homing.24,25 The high co-expression of CXCR3, 
CCR4 and CCR6 we found on CCR9 + Th cells as compared 
to CCR9 − Th cells potentially indicates enhanced homing 
to the gut but also to other tissues where their ligands are 
expressed. The chemokine receptor profile corresponds with 
the pleiotropic cytokine production by this subset, including 
IFN-γ, IL-4 and IL-17.12

In accordance with previous studies by others as well 
as our group, elevated local expression of the chemokines 
CCL25 and CXCL10 was found in pSS.4,12 Corresponding 
with the elevated chemokine levels, increased numbers of 
CCR9 and CXCR3-expressing cells have previously been 
found in pSS salivary glands.4,12 In this study, we demon-
strated a significant correlation of CCL25 and CXCL10 
protein expression in labial salivary gland biopsies. A simi-
lar correlation was not observed between CCL25 and other 
chemokines supporting coordinated responses to CCL25 
and CXCL10 by CCR9 + Th cells co-expressing CXCR3. 
In this study, we demonstrated a significant correlation of 
CCL25 and CXCL10, which was not observed for CCL25 
and the other chemokines on protein level, indicating that 
effects of CCL25 and CXCL10 on CCR9 + Th cells co-ex-
pressing CXCR3 can coincide. This was corroborated by 
CCL25 and CXCL10 inducing synergistic chemotaxis of 
Th cells. In our assay, it was not possible to quantify the 
number of migrated CCR9-expressing cells, since CCL25 
induces downregulation of CCR9 (Takeda Pharmaceuticals 
and Blokland et al unpublished data). However, for syn-
ergistic chemotaxis of Th cells these cells need to co-ex-
press CCR9 and CXCR3. Hence, we are confident that 
both cytokines can contribute to enhanced migration of 
CCR9 + CXCR3 + Th cells.

The important role of CXCR3 in pSS is supported by the 
recent finding that inhibition of CXCR3 impedes develop-
ment of pSS-like disease in a sialadenitis mouse model.26 
Considering the observation that 40%-50% of CCR9 + Th 
cells express CXCR3, it is likely that part of these effects 

is mediated by blockade of CXCR3  +  CCR9  +  Th cells. 
The finding that CCR9 + Th cells have shown to be crucial 
for experimental Sjögren-like disease in mice supports this 
notion.

Although synergistic migration is facilitated by CCL25 
and CXCL10, positioning of CCR9 + Th cells is likely reg-
ulated by much more complex expression patterns of other 
chemokines and chemokine receptors and adhesion mole-
cules. This is corroborated by the observation that next to 
the decreased frequencies of circulating CXCR3-expressing 
CCR9  +  Th cells in pSS patients frequencies of CCR6-
expressing CCR9  +  Th cells were reduced. Although this 
was only significant for effector memory cells, it should be 
noted that the number of tested samples was low and addi-
tion of more donors may reveal decreased frequencies of 
CCR6-expressing cells in the central memory and effector 
CCR9 + Th cell subsets as well. Despite the fact CCL20 on 
mRNA and protein level in the salivary gland was not ro-
bustly increased, we did observe significantly enhanced 
CCR6 mRNA in the salivary gland of pSS patients. This sug-
gests that CCL20, which is the only CCR6 ligand, contributes 
to migration of CCR6-expressing CCR9 + Th cells. Whether 
this also induces synergistic migration or sequential or dif-
ferential spatial migration in the inflamed tissue remains to 
be studied, but this interaction may play a role in the recruit-
ment of CCR6-expressing Th17-polarized CCR9 + Th cells 
in pSS salivary glands.27 In support of a role for CCL20/
CCR6, recently it was shown that induction of Sjögren-like 
disease is associated by increase in CCL20 concentrations.28 
Positioning of CCR9 cells is unlikely mediated by CCR10 li-
gands. A low percentage co-expresses CCR10, and CCL27 is 
reduced in the labial salivary gland. The decrease of CCL27 
mRNA expression in pSS is in accordance with the decrease 
of CCL28– the other ligand for CCR10– in saliva of pSS 
patients.29

In this study, we focused on CD4  +  Th cells, however, 
the importance of CD8 + T cells in the immunopathology 
of pSS has been indicated previously in pSS patients and 
Sjögren-like disease models.30-33 In this respect, the interplay 
between CCR9  +  Th cells and (CCR9+) CD8 T cells has 
been demonstrated previously to play a key role in immu-
nopathology.13 Subsets of CD8 T cells have been associated 
with clinical activity of pSS.34 In the current study, we did not 
study CCR9-expressing CD8 T cells and CD8 subsets. Future 
research on chemokine receptor expression and function in 
CD8 T cells in pSS patients should elucidate the importance 
of such subsets.

In conclusion, this study indicates that coordinated ele-
vated expression of chemokines in the salivary glands of pSS 
patients may have synergistic effects on migration of patho-
genic CCR9  +  Th cells towards the salivary glands. This 
concept also helps to explain why the CXCR3 + CCR9 + Th 
subset may be reduced in the circulation of pSS patients.



   | 7 of 8BLOKLAND et AL.

CONFLICT OF INTEREST
None.

AUTHOR CONTRIBUTIONS
All authors were involved in drafting the article or revising 
it critically for important intellectual content, and all authors 
approved the final version to be published. Dr Van Roon had 
full access to all of the data in the study and takes respon-
sibility for the integrity of the data and the accuracy of the 
data analysis. Study conception and design: Blokland, Kislat, 
Homey, Smithson, Kruize, Radstake, Van Roon. Acquisition 
of data: Blokland, Kislat, Kruize. Analysis and interpreta-
tion of data: Blokland, Kislat, Homey, Smithson, Kruize, 
Radstake, Van Roon.

DISCLOSURES
This study was funded by Takeda Pharmaceuticals. GM 
Smithson is an employee of Takeda Pharmaceuticals.

ORCID
Sofie L. M. Blokland   https://orcid.org/0000-0002-2506-2422 

REFERENCES
 1. Mariette X, Criswell LA. Primary Sjogren's syndrome. N Engl J 

Med. 2018;378:931-939.
 2. Singh N, Cohen PL. The T cell in Sjogren's syndrome: force ma-

jeure, not spectateur. J Autoimmun. 2012;39:229-233.
 3. Christodoulou MI, Kapsogeorgou EK, Moutsopoulos HM. 

Characteristics of the minor salivary gland infiltrates in Sjogren's 
syndrome. J Autoimmun. 2010;34:400-407.

 4. Ogawa N, Ping L, Zhenjun L, Takada Y, Sugai S. Involvement 
of the interferon-gamma-induced T cell-attracting chemokines, 
interferon-gamma-inducible 10-kd protein (CXCL10) and mono-
kine induced by interferon-gamma (CXCL9), in the salivary gland 
lesions of patients with Sjogren's syndrome. Arthritis Rheum. 
2002;46:2730-2741.

 5. Yoon KC, Park CS, You IC, et al. Expression of CXCL9, -10, -11, 
and CXCR3 in the tear film and ocular surface of patients with dry 
eye syndrome. Invest Ophthalmol Vis Sci. 2010;51:643-650.

 6. Jin L, Yu D, Li X, et al. CD4+CXCR5+ follicular helper T cells 
in salivary gland promote B cells maturation in patients with 
primary Sjogren's syndrome. Int J Clin Exp Pathol. 2014;7: 
1988-1996.

 7. Szabo K, Papp G, Barath S, Gyimesi E, Szanto A, Zeher M. 
Follicular helper T cells may play an important role in the se-
verity of primary Sjogren's syndrome. Clin Immunol. 2013;147: 
95-104.

 8. Kramer JM, Klimatcheva E, Rothstein TL. CXCL13 is elevated in 
Sjogren's syndrome in mice and humans and is implicated in dis-
ease pathogenesis. J Leukoc Biol. 2013;94:1079-1089.

 9. Barone F, Bombardieri M, Rosado MM, et al. CXCL13, CCL21, 
and CXCL12 expression in salivary glands of patients with 
sjogren's syndrome and MALT lymphoma: association with re-
active and malignant areas of lymphoid organization. J Immunol. 
2008;180:5130-5140.

 10. Barone F, Bombardieri M, Manzo A, et al. Association of CXCL13 
and CCL21 expression with the progressive organization of 

lymphoid-like structures in Sjogren's syndrome. Arthritis Rheum. 
2005;52:1773-1784.

 11. Amft N, Curnow SJ, Scheel-Toellner D, et al. Ectopic expression of 
the B cell-attracting chemokine BCA-1 (CXCL13) on endothelial 
cells and within lymphoid follicles contributes to the establishment 
of germinal center-like structures in Sjogren's syndrome. Arthritis 
Rheum. 2001;44:2633-2641.

 12. Blokland SLM, Hillen MR, Kruize AA, et al. Elevated CCL25 
and CCR9-expressing T helper cells in salivary glands of primary 
sjogren's syndrome patients: potential new axis in lymphoid neo-
genesis. Arthritis Rheumatol. 2017;69(10):2038-2051.

 13. McGuire HM, Vogelzang A, Ma CS, et al. A subset of interleu-
kin-21+ chemokine receptor CCR9+ T helper cells target acces-
sory organs of the digestive system in autoimmunity. Immunity. 
2011;34:602-615.

 14. Risselada AP, Looije MF, Kruize AA, Bijlsma JW, van Roon JA. 
The role of ectopic germinal centers in the immunopathology of 
primary sjogren's syndrome: a systematic review. Semin Arthritis 
Rheum. 2013;42:368-376.

 15. Grados A, Ebbo M, Piperoglou C, et al. T Cell Polarization to-
ward TH2/TFH2 and TH17/TFH17 in patients with IgG4-related 
disease. Front Immunol. 2017;8:235.

 16. Li XY, Wu ZB, Ding J, et al. Role of the frequency of blood CD4(+) 
CXCR5(+) CCR6(+) T cells in autoimmunity in patients with Sjogren's 
syndrome. Biochem Biophys Res Commun. 2012;422:238-244.

 17. Vitali C, Bombardieri S, Jonsson R, et al. Classification criteria for 
Sjogren's syndrome: a revised version of the European criteria pro-
posed by the American-European Consensus Group. Ann Rheum 
Dis. 2002;61:554-558.

 18. Homey B, Wang W, Soto H, et al. Cutting edge: the orphan chemo-
kine receptor G protein-coupled receptor-2 (GPR-2, CCR10) 
binds the skin-associated chemokine CCL27 (CTACK/ALP/ILC).  
J Immunol. 2000;164:3465-3470.

 19. de Jager W, te Velthuis H, Prakken BJ, Kuis W, Rijkers GT. 
Simultaneous detection of 15 human cytokines in a single sample 
of stimulated peripheral blood mononuclear cells. Clin Diagn Lab 
Immunol. 2003;10:133-139.

 20. Blokland SLM, Hillen MR, van Vliet-Moret FM, et al. Salivary 
gland secretome: a novel tool towards molecular stratification of 
patients with primary Sjogren's syndrome and non-autoimmune 
sicca. RMD Open. 2019;5:e000772.

 21. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal 
RNA-seq aligner. Bioinformatics. 2013;29:15-21.

 22. Ogawa N, Kawanami T, Shimoyama K, Ping L, Sugai S. Expression 
of interferon-inducible T cell alpha chemoattractant (CXCL11) 
in the salivary glands of patients with Sjogren's syndrome. Clin 
Immunol. 2004;112:235-238.

 23. Stenstad H, Ericsson A, Johansson-Lindbom B, et al. Gut-associated 
lymphoid tissue-primed CD4+ T cells display CCR9-dependent and -in-
dependent homing to the small intestine. Blood. 2006;107:3447-3454.

 24. Williams IR. Chemokine receptors and leukocyte trafficking in the 
mucosal immune system. Immunol Res. 2004;29:283-292.

 25. Kunkel EJ, Butcher EC. Chemokines and the tissue-specific migra-
tion of lymphocytes. Immunity. 2002;16:1-4.

 26. Zhou J, Yu Q. Disruption of CXCR3 function impedes the develop-
ment of Sjogren's syndrome-like xerostomia in non-obese diabetic 
mice. Lab Invest. 2018;98(5):620-628.

 27. Verstappen GM, Corneth OBJ, Bootsma H, Kroese FGM. Th17 
cells in primary sjogren's syndrome: pathogenicity and plasticity.  
J Autoimmun. 2018;87:16-25.

https://orcid.org/0000-0002-2506-2422
https://orcid.org/0000-0002-2506-2422


8 of 8 |   BLOKLAND et AL.

 28. De Paiva CS, Hwang CS, Pitcher JD 3rd, et al. Age-related T-cell 
cytokine profile parallels corneal disease severity in sjogren's 
syndrome-like keratoconjunctivitis sicca in CD25KO mice. 
Rheumatology (Oxford). 2010;49:246-258.

 29. Hernandez-Molina G, Burkhardt AM, Lima G, et al. Absence of 
salivary CCL28 in primary Sjogren's syndrome. Rheumatol Int. 
2015;35:1431-1434.

 30. Mingueneau M, Boudaoud S, Haskett S, et al. Cytometry by time-
of-flight immunophenotyping identifies a blood Sjogren's signa-
ture correlating with disease activity and glandular inflammation. 
J Allergy Clin Immunol. 2016;137:1821.

 31. Bikker A, Kruize AA, Wenting M, et al. Increased interleukin (IL)-
7Ralpha expression in salivary glands of patients with primary 
Sjogren's syndrome is restricted to T cells and correlates with IL-7 
expression, lymphocyte numbers and activity. Ann Rheum Dis. 
2012;71:1027-1033.

 32. Tasaki S, Suzuki K, Nishikawa A, et al. Multiomic disease signa-
tures converge to cytotoxic CD8 T cells in primary sjogren's syn-
drome. Ann Rheum Dis. 2017;76:1458-1466.

 33. Gao CY, Yao Y, Li L, et al. Tissue-resident memory CD8+ T cells 
acting as mediators of salivary gland damage in a murine model of 
Sjogren's syndrome. Arthritis Rheumatol. 2019;71:121-132.

 34. Smolenska Z, Pawlowska J, Zdrojewski Z, Daca A, Bryl E. 
Increased percentage of CD8+CD28- T cells correlates with 
clinical activity in primary Sjogren's syndrome. Cell Immunol. 
2012;278:143-151.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.  

How to cite this article: Blokland SLM, Kislat A, 
Homey B, et al. Decreased circulating 
CXCR3 + CCR9+T helper cells are associated with 
elevated levels of their ligands CXCL10 and CCL25 in 
the salivary gland of patients with Sjögren’s syndrome 
to facilitate their concerted migration. Scand J Immunol. 
2020;91:e12852. https ://doi.org/10.1111/sji.12852 

https://doi.org/10.1111/sji.12852

