
The role of CCR9-expressing T cell subsets 
in the immunopathology of primary                         

Sjögren’s syndrome

Anneline Catharina Hinrichs



ISBN: 978-94-93315-25-9
Copyright: Anneline Catharina Hinrichs, 2023

All rights reserved. No part of this thesis may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means, electronic, mechanical, by
photocopying, recording, or otherwise, without the prior written permission of
the author. The copyright of published articles has been transferred to the
respective journals.

Cover design: Guus Gijben
Cover design based on: O castelo de Vilar Maior.
Thesis lay-out and print by: Proefschrift-AIO

The work presented in this thesis was financially supported by ReumaNederland
(Dutch Arthritis Foundation), grant number 17-2-403.

Printing of this thesis was financially supported by Nationale Vereniging 
Sjögrenpatiënten (NVSP), Stichting NVLE Fonds and Infection & Immunity Utrecht

The role of CCR9-expressing T cell subsets
in the immunopathology of primary

Sjögren’s syndrome

De rol van diverse CCR9-positieve T-cel populaties
in de immunopathologie van het

primair syndroom van Sjögren

(met een samenvatting in het Nederlands) 

Proefschrift

Ter verkrijging van de graad van doctor aan de Universiteit Utrecht 
op gezag van de

rector magnificus, prof. dr. H.R.B.M. Kummeling, 
ingevolge het besluit van het college voor promoties 

in het openbaar te verdedigen op

dinsdag 14 februari 2023 des middags te 2:15 uur

door

Anneline Catharina Hinrichs
geboren op 25 januari 1991

te Oegstgeest



Thesis outline 
         

Promotor
Prof. dr. F.P.J.G. Lafeber

Copromotoren
Dr. J.A.G. van Roon
Dr. A.A. Kruize

Beoordelingscommissie
Prof. dr. R. Goldschmeding (voorzitter)
Prof. dr. D. Hamann
Prof. dr. F.G.M. Kroese
Dr. M.A. Versnel
Prof. dr. F. van Wijk

Chapter 1  Introduction      7

Chapter 2 Transcriptome analysis of CCR9+ T helper cells from    31
primary Sjögren’s syndrome patients identifies CCL5  
as a novel effector molecule

Chapter 3  CCL5 release by CCR9+ CD8 T cells: a potential contributor  63
to immunopathology of primary Sjögren’s syndrome

Chapter 4 CCR9/CXCR5 co-expressing CD4 T cells are increased in   85
primary Sjögren’s syndrome and are enriched in 
PD-1/ICOS-expressing effector T cells

Chapter 5  Do IL-7R+ innate cells orchestrate autoimmune pathology?  105

Chapter 6 In patients with primary Sjögren’s syndrome innate-like   113
MAIT cells display upregulated IL-7R, IFN-γ, and IL-21 
expression and have increased proportions of 
CCR9 and CXCR5-expressing cells

Chapter 7  Untargeted metabolomics analysis of sebum:    141
a non-invasive strategy that shows potential to identify 
new biomarkers in primary Sjögren’s Syndrome and 
Systemic Sclerosis

Chapter 8  Summary and discussion     175

Appendix  Nederlandse samenvatting     202

  Dankwoord      206

  Curriculum vitae      214

  List of publications      215



1

7

Chapter 1

Introduction



Introduction

1

8 9

(≥1 focus of >50 lymphocytes/4 mm2 tissue), or autoantibodies (anti-SSA or anti-SSB) need 
to be present, as these items each contribute 3 points to the classification score, whereas 
objectified oral and ocular dryness contribute 1 point per test (unstimulated salivary 
flow ≤0.1 ml/minute, ocular staining score ≥5, and Schirmer ≤5mm/5 minutes).(22) The 
classification criteria also leave space for the definition of non-Sjögren sicca (nSS) patients. 
Patients who suffer from the classical triad of dryness, fatigue, and myalgia, without any 
other known cause, but who do not have inflammatory or autoimmune features (no focal 
infiltration and no autoantibodies in the circulation). 

Despite many efforts to treat pSS, advances in pSS treatment remain unsatisfying. 
Treatment strategies effective in other immunological conditions often lack a clear effect 
in pSS. For example rituximab and etanercept, both effective in RA, are not effective in pSS 
in terms of the ESSDAI response criteria.(8,23) Hence, there is an unmet need to find an 
effective treatment, and to be able to predict on an individual basis who will respond to a 
specific treatment. Currently, the potential implementation of novel promising biologicals 
like anti-CD40 monoclonal antibody and CTLA4-Ig fusion protein are also challenged by 
high costs.(24,25) Many new biologicals are expected to cost an estimated €10.000 per year 
per patient.(26) In addition, safety remains to be demonstrated, and these medicines may 
not be user-friendly, e.g. in their administration.

Hence, increased understanding of the underlying immunopathological processes is crucial. 
This will allow better classification, prediction and optimized treatment. The studies in 
this thesis aim to add to increased understanding of immunopathology and biomarkers 
to monitor disease.

Immunopathology of pSS

Primary Sjogren’s syndrome is a multifactorial disease
Like in most other autoimmune diseases the pathophysiology of pSS is complex and not 
fully understood. pSS is considered a multifactorial disease, in which environmental 
factors and epigenetic mechanisms are thought to cause inflammation in individuals with 
a genetic predisposition.(27,28) However, the exact processes leading to and sustaining pSS 
are unknown. Although it’s hard to pinpoint the starting point of disease, many pSS disease 
models indicate activation of mucosal epithelial cells, which could be by e.g. exposure 
to viruses, or other environmental factors.(28–30) The involvement of multiple genetic 
components of both the innate and adaptive immune system is also suggested by Genome 
Wide Association Studies (GWAS) in Sjögren’s syndrome. Few loci have been identified 
passing the genome-wide significant (GWS) threshold of P = 5 × 10−8, or are considered 

Primary Sjogren’s syndrome: clinical perspective

Primary Sjögren’s syndrome (pSS) is a chronic, systemic autoimmune disease characterized 
by lymphocytic infiltration of exocrine glands.(1) Over 95% of pSS patients present with 
dryness of eyes and mouth, and additionally patients often experience debilitating 
fatigue, arthralgia and myalgia.(2) Apart from these complaints 15-80% of pSS patients 
also develop extraglandular manifestations, e.g. pulmonary, renal or cutaneous disease 
involvement.(3–6) In order to capture disease activity in this heterogenous disease a disease 
activity index consisting of 12 domains has been formulated to capture systemic, and 
organ-specific features.(7) Each domain consists of several levels, each with an attributed 
weight (reflected by a specific amount of points). This European Alliance of Associations 
for Rheumatology (EULAR) Sjogren’s syndrome disease activity index (ESSDAI) has been 
validated to measure disease activity in pSS patients (ESSDAI<5 low disease activity, 
5≤ESSDAI≤13 moderate disease activity, and ESSDAI≥14 high disease activity), and capture 
clinical response (ESSDAI improvement of 3 or more points) in clinical trials.(8) Also certain 
lymphomas are considered extraglandular manifestations of pSS, which develop in 5-10% 
of the pSS patients.(9,10) Particularly B cell-derived mucosa-associated lymphoid tissue 
(MALT) lymphomas of the salivary glands are seen, with pSS patients having a 10-40 fold 
higher risk of developing a lymphoma compared to the general population.(11,12) 

Although pSS can debut at any age, most patients are diagnosed between 30-60 years of 
age.(13) As for several other autoimmune diseases, there is a clear female predominance 
of pSS: the male to female ratio is approximately 1:9.(14) The prevalence of pSS ranges 
between 0.01% and 0.60%, making it the second most common rheumatic autoimmune 
disease after rheumatoid arthritis (RA).(15–19) 

Due to a wide array of possible presenting clinical features (patient heterogeneity), 
recognizing pSS in an early stage may be difficult, with both patient’s delay and doctor’s delay.
(20,21) Based on clinical expertise, and after excluding other explanations for the patient’s 
complaints and symptoms, the diagnosis Sjögren’s syndrome might be most fitting, after 
which confirmation of the clinical diagnosis through autoimmune serology and/or histology 
will take place. When no other autoimmune disease is present it will be considered as primary 
Sjögren’s syndrome, and in case another autoimmune disease, such as RA or systemic sclerosis 
(SSc) is present, it is considered secondary Sjögren’s syndrome (sSS). 

However, to ensure clear characterization of patients willing to participate in research, 
classification criteria have been developed. The most recent ACR-EULAR criteria have been 
in use since 2016.(22) Patients can be classified as pSS patients if a total of 4 or more points 
are scored. In practice this means that either focal infiltration of a (minor) salivary gland 
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lymphoid structures (ELS).(56) In ELS T and B cells are segregated in discrete areas, high 
endothelial venules (HEVs) are developed, and networks of stromal follicular dendritic 
(FDC) cells differentiate.(56–58) These FDC networks are populated by germinal center 
(GC) B cells, and support ectopic GC response and perifollicular accumulation of GC-
derived plasma cells.(59,60) Both the presence of GC-like structures and a high number of 
lymphocytic infiltrates (≥3 foci/4 mm2) in the salivary glands are associated with lymphoma 
development.(1,61) 

Drivers of B cell hyperactivity in primary Sjögren’s syndrome
B cell hyperactivity is another hallmark feature of pSS. In pSS this is reflected by the 
production of autoantibodies (ANA, rheumatoid factor (RF), anti-Ro60/SSA, anti-Ro52/
SSA, and anti-La/SSB), increased circulating concentrations of these autoantibodies, and 
total serum IgG.(1) In addition, elevated numbers of IgM/IgG+ plasma cells in the salivary 
glands, as well as increased RNA expression of IgM, IgG1, IgG2, and IgG3, are associated 
with increased lymphocytic focus scores, T follicular helper cells, and systemic measures 
of B cell hyperactivity such as elevated serum IgG levels.(62) B cell hyperactivity is strongly 
associated with an increased risk for developing lymphoma.(63) 

Understanding the drivers behind lymphoid activation, B cell hyperactivation, and 
lymphocytic aggregate organization into ELS is crucial as they appear to be pivotal 
components of pSS immunopathology which might lead to targets for treatment. Although 
it is not clear what drives B cell activation, a number of T cell subsets found in the salivary 
gland infiltrates can contribute to B cell hyperactivity.

Tfh and Tfh-like cells orchestrating lymphoid activity and B cell hyperactivity
At present it is not clear what drives T cell activation at inflammatory sites in pSS patients. 
Tissue cells such as epithelial cells, or innate cells such as monocytes, macrophages, and 
dendritic cells might initiate inflammation upon innate triggering, e.g. through toll-like 
receptor 7 and 9 triggering upon encountering environmental agents such as viruses. This 
could initiate T cell activation. On the other hand the same environmental triggers might 
directly induce activation of resident effector/memory T cells and offset inflammation.
(38,64,65) Also specific ligands activating a particular subset of T cells with innate 
recognition, i.e. MAIT cells (discussed below), could initiate inflammation.

Different types of activated CD4 T cells in the salivary glands can activate and maintain ELS 
function, but also potently stimulate B cell activity in patients who do not develop ELS, but 
have many lymphocytes organized in T and B cell aggregates.(56,66) 

strongly suggestive regions of association, depending on the studied population.(28) The 
strongest associations with pSS are seen for HLA, with polymorphisms of HLA-DQ and 
HLA-DR (HLA/MHC class II), which indicates involvement of CD4 T cells that recognize 
antigen presented to them by MHC class II molecules.(31,32) More recently a polymorphism 
of MICA, or MHC class I chain-related gene A, was confirmed to be associated with pSS.
(33) MIC proteins are selectively expressed within epithelial and mucosal tissues and are 
recognized by CD8 T cells and NK cells that express NKG2D.(34,35) Additionally, several 
polymorphisms in non-HLA-related loci have been identified with an association to pSS.
(32,36) These genetic loci are involved in the interferon (IFN) pathway and T cell activation 
(IRF5, STAT4, IL12A, OAS1, KLRG1, SH2D2A, and NFAT5); dysregulation of the NFκB pathway 
(TNIP1, and TNFAIP3); activation of B cells (BLK); activation of plasma cells (PRDM1 or 
BLIMP-1); and formation of lymphocytic foci and (ectopic) follicle formation (CXCR5).
Together these results suggest that the immunopathological processes in pSS involve 
multiple cell types from the immune system. Since both immune cells (e.g. antigen 
presenting cells), and tissue cells can express MHC class I and II molecules, this indicates 
that immunopathology may result from the interplay of different types of immune cells and 
tissue cells, and involve both the innate and the adaptive immune system. 

Lymphoid organization in primary Sjögren’s syndrome: hallmark of the 
disease
The interplay of different cell types, innate, and adaptive immunity is seen in the 
histopathologic hallmark characteristic of pSS: lymphocytic infiltration and lymphoid 
organization of exocrine glands. In individuals who are genetically susceptible to 
developing pSS, a cascade seems to be triggered in which epithelial cells and innate cells 
such as dendritic cells and macrophages activate T and B cells from the adaptive immune 
system, and conversely infiltrating lymphocytes influence epithelial and innate cells by 
producing inflammatory mediators.(37,38) Epithelial cells in pSS were shown to express an 
array of molecules related to, e.g. T cell activation (MHC class I and II); T cell co-stimulation 
(e.g. via molecules such as CD80 and CD86); B cell survival (B cell activating factor (BAFF)); 
and cytokines and chemokines related to the expansion and organization of infiltrates 
(among others CXCL10, CXCL13).(39–47) 

Biopsies of salivary gland tissue of pSS patients show that the formed lymphocytic 
aggregates mainly consist of adaptive immune cells: CD4 T cells, B cells and plasma cells.
(14,48) However, also elevated numbers of cell types such as CD8 T cells, NK cells and NK T 
cells have been demonstrated in pSS salivary glands.(49–52) Innate(-like) cells, as dendritic 
cells, macrophages, mucosal-associated invariant T (MAIT) cells and innate lymphoid cells 
(ILCs) appear to be present in smaller proportions.(48,53–55) In approximately 25-30% 
of pSS patients the lymphocytic infiltrates in the exocrine glands develop into ectopic 
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T peripheral helper (Tph) cells are described as a Tfh-like cell subset defined as CXCR5-PD-
1hi memory CD4 T cells.(100) Unlike Tfh cells Tph cells do not express Bcl6, but similarly to 
Tfh cells they can co-express ICOS, and secrete high levels of CXCL13 and IL-21.(100–102) 
The first description of Tph cells was in RA patients, but also in other autoimmune diseases, 
such as systemic lupus erythematosus (SLE) and juvenile idiopathic arthritis (JIA), elevated 
numbers of Tph cells were found locally and/or systemically.(100,102,103) In pSS patients 
the number of circulating Tph cells was found to be increased compared to controls, and a 
correlation was seen between CXCR5-PD-1hi (not memory defined) cells and plasmablasts, 
and rheumatoid factor positivity.(96,104,105) 

CCR9+ Tfh-like cells are potent B cell activating cells, which produce high amounts of e.g. IL-
21.(106,107) CCR9-expressing T cells were first studied in the gastrointestinal tract. After DC 
priming under influence of all-trans retinoic acid cells often co-express CCR9 and integrin 
α4b7, and migrate to sites that express cytokine CCL25, such as the gut mucosa.(108,109) 
Although CCR9+ cells are important for maintaining mucosal immune homeostasis, they 
also are linked to mucosal inflammation, e.g. in inflammatory bowel disease.(110,111) 
For example in patients with Crohn’s disease elevated numbers of CCR9+ T cells were 
found both in the circulation and in the inflamed tissue.(112,113) Also ligand CCL25 was 
upregulated in the inflamed small bowel, whereas normal (control) tissue did not express 
CCL25.(112) Also in RA synovium elevated levels of CCR9+ cells and CCL25 were found, and 
inhibition of CCR9 improved disease features in a collagen induced arthritis model.(114,115) 
The first observation that CCR9+ CD4 T cells might play a role in pSS was found when 
non-obese diabetic (NOD) mice developed Sjögren-like symptoms, and IL-21-expressing 
CCR9+CXCR5- CD4 T cells infiltrated mucosa-associated tissues of accessory organs of the 
digestive tract, such as the salivary glands and pancreas, and mediated immunopathology 
in these organs.(106) pSS patients were shown to have a higher frequency of CCR9+ Tfh-like 
cells in their circulation, and these cells frequently demonstrate an effector phenotype, e.g. 
with elevated PD-1/ICOS expression, high CD127 (IL-7Rα) expression, and IFN-γ production.
(107) In addition, in salivary glands of pSS patients numbers of CCR9+ CD4 T cells are 
elevated, and CCR9-attracting cytokine CCL25 is also overexpressed, whereas CCL25 is not 
detectable in healthy human salivary gland tissue.(107,116) CCL25 levels in secretomes of 
salivary gland tissue were associated with SSA positivity, B cell hyperactivity (serum IgG 
levels), and levels of IL-21 and soluble IL-7R.(86)

Apart from Tfh cells, Tph cells, and CCR9+ Tfh-like cells, other cell subsets, in particular ones 
that are mucosa-associated, are also indicated to contribute to immunopathology in pSS. 
One specific T cell subset with innate-like properties, called mucosal-associated invariant 
T cells was further studied in this thesis.

T follicular helper (Tfh) cells are C-X-C chemokine receptor 5-expressing (CXCR5+) CD4 
T cells that were shown to be key drivers of B cell hyperactivity in many inflammatory 
conditions, including pSS.(67–70) Tfh cells are canonically defined as memory CD4 T cells, 
with expression of transcription factor Bcl6, surface expression of CXCR5, ICOS, and PD-1, 
and secretion of CXCL13, and IL-21.(71–73) 
The phenotype clearly indicates the function of this cell subset. Bcl6 is the master 
transcription factor regulating Tfh differentiation, i.e. cells fail to differentiate to Tfh cells in 
the absence of Bcl6.(74–76) Additionally Bcl6 regulates B cell differentiation and formation 
of GCs.(77–79) Interestingly, IL-21 can induce the expression of PRDM1 to facilitate plasma 
cell commitment, the expression of Bcl6 which drives GC formation, and the expression of 
AICDA inducing B cell class switching.(80) CXCR5 is a chemokine receptor that is expressed 
by T cells, B cells and DCs. CXCR5 interacts with CXCL13, which is secreted in B cell follicles, 
by stromal cells, Tfh cells, and FDCs.(81) In salivary glands of pSS patients CXCR5, CXCR5-
expressing CD4 T cells, and the chemokine CXCL13 are overexpressed.(58,60,62,68,82–86) 
Increased expression of CXCL13 is associated with increased lymphoid aggregates (foci) in 
salivary gland tissue and increased organization into ectopic lymphoid structures, and is 
subsequently associated with increased B cell hyperactivity and lymphoma development.
(48,58,60,87) Tfh (T cell)-expressed ICOS, or CD278, is a protein which binds to B cells 
through its ligand ICOSL (expressed on activated B cells), after which high levels of IL-21 
are released and further differentiation of both T cells and B cells is induced.(81,88,89) 
PD-1, or CD279, is expressed on activated T cells, B cells and myeloid cells and binds to its 
ligands PD-L1 and PD-L2.(90,91) PD-L1/2 expression is increased on GC B cells, and whereas 
lack of PD-L1/2 or PD-1 leads to more GC cell death, less Tfh cell produced cytokines, and 
fewer long-lived plasma cells, the remaining plasma cells have a greater antigen affinity, 
suggesting that for class switching and affinity maturation of B cells in GCs PD-L1-
expressing B cells need interaction with PD-1-expressing T cells.(92) Overall, the balance 
between ICOS/ICOSL and PD-1/PD-L1/2 on B and T cells interacting in the light zone of 
germinal centers is crucial for immune tolerance and immune response.(93,94) Elevated 
frequencies of circulating PD-1/ICOS/CXCR5-expressing Tfh cells have been reported in 
pSS patients and were associated with increased B cell activity and autoimmunity in these 
patients.(67,95–99) Also, with epigenetic quantification, PD-1/ICOS/CXCR5-expressing cells 
were found to correlate to the lymphocytic focus score in pSS patients, CXCL13 expression 
and B cell hyperactivity.(62)

After the first descriptions of Tfh cells in the early years 2000 several Tfh-like cell subsets 
were described that lack CXCR5-expression, but might have similar lymphocytic organizing, 
and B cell activating potential in pSS: peripheral T helper cells (Tph), and C-C motif 
chemokine receptor 9-expressing (CCR9+) Tfh-like cells. 
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based pSS disease signature, and HLA-DR+ CD8 T cells correlate to disease activity (scored 
by ESSDAI).(140,141). Together this suggests that CD8 T cells and specifically CD8 MAIT cells 
might play a significant role in immunopathology of pSS.

IL-7/IL-7R axis: key driver in pSS immunopathology 
In pSS patients and in Sjögren-like disease in mice IL-7 has been found in increased levels 
in the salivary glands, saliva, and serum, and correlates to salivary output, lymphocytic 
infiltration, and autoantibody positivity.(142–145) Also IL-7R-expressing cells were found 
in elevated numbers in salivary gland tissue of pSS patients compared to nSS controls, 
and correlated to the number of T cells, B cells, and IgM/IgG+ plasma cells.(143) IL-7 is 
expressed by stromal cells in primary lymphoid organs, and by fibroblasts, endothelial 
cells, macrophages, and dendritic cells at the site of inflammation.(145,146) IL-7 induces 
skewing of T cells towards pro-inflammatory Th1 or Th17 phenotype, and induces Th1-
associated chemokines, such as CXCL10, which is abundantly present in pSS salivary 
glands and serum.(46,142,147) Th1 activity has been shown to predominate locally in pSS 
patients.(142,144,148) Furthermore, IL-7 plays a critical role in the formation of GCs and ELS 
by induction of e.g. lymphotoxin (LT)α, LTb, TNF-α, and CCL21, and promoting survival of 
lymphoid tissue inducer (LTi) cells.(145,149,150) 

An interesting resemblance between many of the above-mentioned cell types is the 
expression of IL-7Rα (CD127), and the strong response of these effector cells to the cytokine 
IL-7. Important with respect to regulation of B cell hyperactivity in pSS, deficiency in IL-7Rα 
affects T cell lymphopoiesis, and is associated with reduced T cell stimulated B cell activity 
in humans.(151) In addition, blockade of IL-7R was associated with a reduction of leukocyte 
infiltration in the salivary glands, and increase of saliva production in experimental Sjögren 
models.(152) Apart from clear IL-7-driven T cell-dependent immune responses recently it 
has been suggested that IL-7 can also contribute to inflammation by directly activating 
innate cells such as macrophages that have increased IL-7R expression.(153) Although 
previously it has been reported that a small proportion of monocytes/macrophages (7%) 
in salivary glands from pSS patients express IL-7R, it is unclear to what extent IL-7R-
expressing innate cells or innate-like cells, such as ILCs and MAIT cells, contribute to pSS 
immunopathology.(143) In this thesis some new aspects of IL-7-driven activation of CD4 T 
cells and MAIT cells were studied. 

Figure 1 provides a schematic overview of the in this chapter described immunopathological 
processes in pSS salivary gland tissue, of which the reflection in peripheral blood will be 
studied in this thesis.

Mucosal-associated invariant T cells and CD8 T cells in pSS immunopathology
Mucosal-associated invariant T (MAIT) cells are innate-like T cells that become activated 
by binding to glycolipid molecules that are presented by the MHC class I-like molecule 
MR1.(117,118) Such molecules involve those derived from vitamin B2 (riboflavin) that can be 
cleaved by bacteria to induce antigens that elicit activation of MAIT cells.(117,118) MAIT cells 
are abundant in e.g. peripheral blood, liver, gastro-intestinal tract, and mesenteric lymph 
nodes.(119) MAIT cells are defined by expression of CD3 and TCRVα7.2 in combination 
with CD161 and/or IL-18Rα.(120–122) Furthermore high levels of CCR6, CXCR6, CD127 
(IL-7Rα), ABCB1 and NKG2D were found.(120) Data on CCR9 expression by MAIT cells 
are inconsistent, and site-specific.(120,123) High CCR9 expression is particularly found 
in colonic MAIT cells, even though there was no difference in CCR9 expression between 
colonic CD8 MAIT cells and non-MAIT CD8 T cells in the gut.(123) Most MAIT cells in humans 
are CD8+ (approximately 70-80%), followed by CD4-CD8- MAIT cells (±15%).(120,124–126). 
In mucosal tissues an enrichment of CD4-CD8- cells of up to 50% of MAIT cells may be seen, 
however these cells seem functionally similar to CD8+ MAIT cells.(120,127,128) MAIT cells 
play an important role in mucosal immunity, rapidly producing cytokines, such as IFN-γ, 
TNF-α, IL-17, perforin, and granzyme B, upon TCR stimulation or cytokine stimulation.
(120,122,129–132) In the presence of IL-18, IL-15, and type I interferons (IFNs) MAIT cells 
can recognize antigens from viruses upon viral infections, and subsequently boost the 
adaptive immune response.(118,133) In oral mucosa MAIT cells produce more IL-17 than 
circulating MAIT cells.(128) Enrichment of MAIT cells was found in synovial fluid of patients 
with psoriatic arthritis (PsA), and RA.(134) In pSS patients elevated MAIT cell numbers were 
found in the salivary glands, and local MAIT cells produced more IL-17 after stimulation 
with IL-7 or IL-23.(53,135)  In patients with RA, SLE or pSS decreased circulating MAIT cell 
numbers were found as compared to controls.(53,135,136) The potential role of MAIT cells 
as instigators of autoimmune disease is ongoing, but e.g. in a lupus-like model MAIT cells 
activated B cells to produce autoantibodies through CD40-CD40L interaction.(119) 

The example of CD8 MAIT cells that are able to activate B cells in lupus-like disease, 
could indicate similar potential in pSS. This fits to the idea that CD8 T cells are not merely 
“cytotoxic killer cells”, and a more sophisticated view on CD8 T cells and their potential 
to orchestrate inflammation might be necessary. For example CXCR5+ CD8 T cells were 
found to display Tfh features, and CD103+CD69+ CD8 T resident memory (Trm) cells were 
found in elevated numbers in previously inflamed joints in RA, and through production 
of CCL5 have been shown to regulate inflammation in experimental models of arthritis.
(137,138) In Sjögren-like disease knockdown of CD8α showed diffuse infiltration without 
acinar atrophy, duct damage, or leukocyte infiltration, and similar results were found after 
therapeutic depletion of CD8 from salivary glands, resulting e.g. in improvement of saliva 
production.(138,139) Also, circulating activated CD8 T cells correlate with a multi-omics-
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Outline of this thesis

In this thesis the role of CCR9-expressing T cell subsets in the immunopathology of primary 
Sjogren’s syndrome is studied. The role of multiple CCR9-expressing T cells, including 
CD4 and CD8 T cells, and innate-like MAIT cells are studied in pSS using several novel 
techniques to better understand their molecular, phenotypic, and functional features, 
and their potential role in immunopathology of pSS. Furthermore, a new minimal invasive 
method using sebum collected from the skin with small tapes, is evaluated for its potential 
to monitor immunopathology and to discover novel biomarkers in pSS. For this purpose 
sebum is analyzed using high-throughput metabolomics technology. 

In chapter 2 transcriptomics is used to compare CD4 CCR9+ Tfh-like cells to CXCR5+ T cells, 
and CXCR5-CCR9- T cells from pSS patients and controls. Computational analysis following 
RNA sequencing is used to identify coherent gene modules, and enriched pathways within 
these modules. Subsequently, differentially expressed genes of interest are replicated in 
additional cohorts, using phenotypic and functional analyses. 

The results from the studies in chapter 2 prompted the study of a new hypothesis for the 
potential role of CCR9+ CD8 T cells in pSS, another CCR9-expressing immune cell (chapter 3). For 
this purpose, firstly, epigenetic cell counting evaluates the presence of CD8 T cells in labial 
salivary gland tissue and their association with inflammation, and in particular Tfh cells, to 
appreciate any potential relationship with lymphocyte organization and ectopic follicular 
responses. Then, peripheral blood mononuclear cells are analyzed using flow cytometry 
to study CCR9 expression on CD8 T cells in pSS patients and controls. Chapter 3 concludes 
with the study of functional properties of (CCR9+) CD8 T cells by analyzing the release of the 
chemokine CCL5 by CCR9+ CD8 T cells and CCR9- CD8 T cells in pSS patients and controls. 

CCR9+ Tfh-like cells and T peripheral helper (Tph) cells have both been described as CD4 
T cell subsets with features of T follicular helper (Tfh) cells, but both cell types lack CXCR5 
expression. In chapter 4 it is studied whether these cells are unique or whether there is 
overlap between CCR9+ Tfh-like cells and Tph cells. Additionally, the expression of markers 
PD-1 and ICOS, associated with B cell activation, is compared between effector (memory) 
CXCR5/CCR9-defined cell subsets, including CXCR5/CCR9 co-expressing CD4 T cells. 

IL-7 previously has been described as a key cytokine that can drive inflammation and 
lymphoid organization in pSS. In this thesis it is discussed which cells IL-7 may target to 
induce immunopathology in autoimmune diseases such as pSS (chapter 5). In this respect 
innate-like cells are interesting candidates. Since innate-like mucosal-associated invariant 
T (MAIT) cells may play a pivotal role in the initiation of specific immune responses in 

Search for new minimal invasive techniques to study 
biomarkers of immunopathology and to monitor disease 

In recent years many new techniques have been developed to study immunopathology. 
Yet, research on pSS, and other systemic autoimmune diseases,  also still aims to develop 
new techniques to study and monitor disease with as minimal invasive procedures as 
possible. Currently, the use of invasive techniques such as venipunctures, and salivary 
gland biopsies (from minor/labial salivary glands, or from the parotid gland) are regular 
practice in pSS diagnostics and research. With a single venous blood donation many 
facets of pathophysiology can be studied, e.g. with new techniques for transcriptomics, 
genomics, and proteomics that strife to optimize the number of determinable parameters 
in small sample volumes. Also surplus material acquired through biopsy performed (only) 
for diagnostic reasons, may be used for research purposes, e.g. to study molecular and 
cellular derangements by using several technological platforms such as bulk and single 
cell RNA sequencing, epigenetic cell counting, and proteomics of salivary gland secretomes 
(culture supernatants) in pSS.(86) Assessments of biomarkers in tear fluid and saliva 
obtained through routine diagnostic tests as Schirmer’s test and (un)stimulated whole 
saliva collection are attractive alternatives as they are considered less invasive techniques. 
However, a clear drawback of these tools is that for pSS patients with more severe sicca 
symptoms, the amount of produced tear fluid and saliva will be limited if not unavailable, 
making it harder to use these fluids for research and diagnostic purposes. 

Non-invasive research techniques to study immunopathology are also attractive and 
therefore increasingly studied welcome alternatives in diagnosing, stratifying and 
monitoring disease (activity). New promising techniques that are currently studied include 
imaging technology, such as salivary gland ultrasonography, MRI, and PET-CT, although 
these methods are limited in their resolution of molecular responses.(154,155) Also, gut 
and oral microbiome analysis is increasingly studied in pSS, until now not having resulted 
in clinical meaningful tools yet.(156) 

One type of exocrine gland that could be easily sampled and non-invasively studied in pSS 
is the sebaceous gland (which produces skin-moisturizing sebum). In pSS sebaceous glands 
and sebum have barely been studied, but e.g. in Parkinson’s disease sebum metabolomics 
recently proved a useful tool in identifying potential biomarkers for disease.(157) Hence, 
sebum metabolomics might be an interesting tool to study immunopathology in pSS.
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2

Introduction

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disorder characterized 
by lymphocytic infiltration of exocrine glands in association with dryness of eyes and 
mouth. The lymphocytic infiltrates mainly consist of CD4 T cells, CD8 T cells and B cells 
and activation of these cells has been linked to immunopathology in pSS.(1–4) A hallmark 
feature of pSS is B cell hyperactivity, reflected by autoantibody production, elevated serum 
IgG levels and increased risk of lymphoma development (in 5-10% of patients).(1–3) Both 
the presence of germinal center-like structures (GCs) and a high number of lymphocytic 
infiltrates in the salivary glands are associated with lymphoma development.(5) 

T follicular helper (Tfh) cells are characterized by the expression of C-X-C Motif chemokine 
receptor 5 (CXCR5) and are potent B cell stimulating cells that can reside in GCs in lymph 
nodes.(6) Tfh cells are elevated in salivary glands and peripheral blood of pSS patients, 
correlating with autoantibody levels, disease severity and aberrant memory B cell and 
plasma cell subsets.(7–9) Recently, a novel “Tfh-like” cell subset expressing C-C chemokine 
receptor 9 (CCR9) instead of CXCR5 was described with similar characteristics as Tfh cells 
including interleukin (IL)-21 production and ICOS and Bcl6 expression.(10) CCR9+ Th cells 
are present in secondary lymphoid organs of both mice and humans.(11,12) In humans, 
these CCR9+ Th cells produce high levels of IFN-γ, IL-17, IL-10 and IL-4 and strongly induce 
B cell responses.(11,13,14) CCR9+Th cells specifically migrate to mucosal sites in response 
to their ligand, the C-C Motif chemokine ligand 25 (CCL25) and are important for mucosal 
immune homeostasis.(15,16) However, these cells are also indicated to have a function in 
mucosal inflammation, contributing to inflammatory bowel disease (IBD).(17,18) Increased 
numbers of CCR9-expressing cells have been found in the peripheral blood and inflamed 
intestinal tissue of Crohn’s disease patients as well as elevated CCL25 production at the 
inflammatory site.(19,20) Inhibition of CCR9+ Th cells decreases intestinal inflammation in 
an ileitis mouse model. In Crohn’s disease patients, inconsistent results were demonstrated, 
possibly due to poor pharmacokinetic properties of the small molecule inhibitors used for 
therapy.(21–23) 

CCR9+ T cells were also shown to mediate immunopathology in mucosal tissues in accessory 
organs of the digestive tract in non-obese diabetic (NOD) mice, including the pancreas and 
salivary glands. The NOD mice spontaneously developed sialadenitis and had infiltration of 
IL-21-expressing CCR9+ Th cells in the salivary glands.(10) In mice, CCL25 gene expression is 
upregulated in the oral mucosa upon antigenic triggering and during wound healing.(24,25) 
In addition to this pivotal role for CCR9+ Th cells in experimental Sjögren-like disease, 
CCR9+ Th cells are enriched in the circulation of pSS patients and both CCR9+ cells and their 
ligand CCL25 are elevated in their salivary glands(10,26,27). CCL25 mRNA is not detectable 

Abstract

Introduction. CCR9+ Tfh-like pathogenic T helper (Th) cells are elevated in patients with 
primary Sjögren’s syndrome (pSS) and indicated to play a role in pSS immunopathology. 
Here we delineate the CCR9+ Th cell-specific transcriptome to study the molecular 
dysregulation of these cells in pSS patients.

Methods. CCR9+, CXCR5+ and CCR9-CXCR5- Th cells from blood of 7 healthy controls (HC) 
and 7 pSS patients were FACS sorted and RNA sequencing was performed. Computational 
analysis was used to identify differentially expressed genes (DEGs), coherent gene 
expression networks and differentially regulated pathways. Target genes were replicated 
in additional cohorts. 

Results. 5131 genes were differentially expressed between CCR9+ and CXCR5+ Th cells; 
6493 and 4783 between CCR9+ and CCR9-CXCR5- and between CXCR5+ and CCR9-CXCR5-, 
respectively. In the CCR9+ Th cell subset 2777 DEGs were identified between HC and pSS 
patients, 1416 and 1077 in the CXCR5+ and CCR9-CXCR5- subsets, respectively. One gene 
network was selected based on eigengene expression differences between the Th cell subsets 
and pathways enriched for genes involved in migration and adhesion, cytokine and chemokine 
production. Selected DEGs of interest (HOPX, SOX4, ITGAE, ITGA1, NCR3, ABCB1, C3AR1, NT5E, 
CCR5 and CCL5) from this module were validated and found upregulated in blood CCR9+ Th 
cells, but were similarly expressed in HC and pSS patients. Increased frequencies of CCR9+ 
Th cells were shown to express higher levels of CCL5 than CXCR5+ and CCR9-CXCR5- Th cells, 
with the highest expression confined to effector CCR9+ Th cells. Antigenic triggering and 
stimulation with IL-7 of the Th cell subsets co-cultured with monocytes strongly induced CCL5 
secretion in CCR9+ Th cell co-cultures. Additionally, effector CCR9+ Th cells rapidly released 
CCL5 and secreted the highest CCL5 levels upon stimulation. 

Conclusion. Transcriptomic analysis of circulating CCR9+ Th cells reveals CCR9-specific 
pathways involved in effector T cell function equally expressed in pSS patients and HC. 
Given the increased numbers of CCR9+ Th cells in the blood and inflamed glands of pSS 
patients and presence of inflammatory stimuli to activate these cells this suggests that 
CCR9-specific functions, such as cell recruitment upon CCL5 secretion, could significantly 
contribute to immunopathology in pSS.
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in healthy human salivary gland tissue, but is upregulated during oral inflammation.(28) 
Interestingly, the CCR9+ Th cell subset shares functional characteristics with the newly 
described pathogenic T ‘peripheral helper’ (Tph) cells (PD-1hiCXCR5-) which drive B cell 
activation in rheumatoid arthritis patients.(29) In pSS patients these PD-1hiCXCR5- Tph 
cells were identified in elevated numbers both in salivary glands with germinal centers 
and in peripheral blood, frequently co-expressing IL-21 and IFN-γ.(30) CXCR5- Tph cells 
were found to have low CCR9 RNA expression.(29) Hence, circulating CCR9+ Th cells from 
pSS patients that express ICOS and PD-1, as was recently described(26), seem to represent 
a separate population. In addition, CCR9+ Th cells are IL-7Rhi and robustly respond to IL-7 
in vitro.(26) Since the IL-7/IL-7R axis plays an important role in pSS immunopathology and 
in GC formation this supports a role for CCR9+ Th cells in pSS.(31–38) 

To investigate which processes may drive CCR9+ Th cell pathogenicity, transcriptomic 
profiling of circulating CCR9+ Th cells was performed in healthy controls as compared 
to pSS patients. Here we demonstrate the transcriptome of CCR9-expressing pathogenic  
T helper cells from primary Sjögren’s syndrome patients and healthy controls and identify 
CCL5 as a novel effector molecule of CCR9+ Th cells.

Methods

Patients and healthy controls
For cell sorting and subsequent RNA sequencing, 7 healthy controls (HC) and 7 pSS patients 
were included. For replication experiments separate cohorts were used. qPCR validation 
was performed in n=18 HC and n=9 pSS patients and for flow cytometry n=23 HC and n=22 
pSS patients were included, respectively. For validation of CCL5 n=24 HC and n=16 pSS 
patients were included. All pSS patients were diagnosed by a rheumatologist and met the 
2002 American-European Consensus Group (AECG) criteria and the ACR-EULAR criteria.
(39,40) All healthy volunteers and pSS patients were included in the University Medical 
Center (UMC) Utrecht. The UMC Utrecht Medical Research Ethics Committee (METC) 
approved the study (reference 13/697) and all participants gave written informed consent. 
Demographic and clinical data are shown in Table 1. 
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Target genes for validation were selected from the modules of interest using criteria 
including expression level (normalized read counts >8), module membership >0.7, size 
of differential expression between Th subsets (FC >1.5) and between HC and pSS (FC >1.5  
or <0.7).

Gene expression replication by qPCR 
To validate RNA sequencing results, TaqMan assays were performed for selected 
target genes (ITGA1 Hs00235006_m1, C3AR1 Hs00269693_s1, ABCB1 Hs00184500_m1, 
CCL5 Hs00982282_m1, SOX4 Hs04987498_s1 and HOPX Hs04188695_m1, and B2M 
Hs00187842_m1 , all from ThermoFisher, LifeTechnologies) using RNA extracted from 
FACS sorted CCR9+, CXCR5+ and CCR9-CXCR5- Th cell subsets from HC and pSS patients 
as described above. RNA was extracted using the AllPrep Universal Kit (Qiagen), according 
to manufacturer’s instructions. RNA was quantified using NanoDrop and cDNA was 
constructed using Superscript (Invitrogen). cDNA was measured with the specific TaqMan 
assay on the Quantstudio 12k flex System using the TaqMan Fast Advanced master mix 
(LifeTechnologies). Relative mRNA expression was calculated according to the comparative 
threshold cycle, using B2M as endogenous control. The fold change (FC) was calculated 
using the mean of the CCR9-CXCR5- Th cell subset from the HC as a reference.

Gene expression replication by flow cytometry
For phenotypic validation of RNA sequencing results fresh PBMCs were stained with fixable 
viability dye (eBioscience) and fluorochrome-conjugated antibodies against CD3, CD4, 
CXCR5, CCR9, NCR3 (NKp30), CD8, CD56, CD73 (NT5E), CD45RO, CD27, CD103 (integrin αE), 
CD49a (integrin α1), ABCB1 (MDR-1, P-glycoprotein, CD243) and CCR5 (Supplementary Table 1).  
ABCB1 and CCL5 were stained intracellularly using the Fixation-Permeabilization protocol 
from the manufacturer (eBioscience). CCL5 expression was quantified intracellularly upon 
culture for 4 hours with or without stimulation with PMA and ionomycin in the presence 
of Brefeldin A. This protein secretion inhibitor was added as in part of the analyses IFN-γ 
and TNF-α expression was assessed to identify CCL5 expression by IFN-γ/TNF-α -producing 
effector Th cells. Importantly, in contrast to IFN-γ and TNF-α, CCL5 is hardly affected by 
inhibitors of cytokine secretion such as Brefeldin A.(43) Thus T cell stimulation results in 
CCL5 release reflected by reduced intracellular expression and subsequently release was 
expressed as the difference (delta) of mean fluorescence intensity (MFI) from Th cells with 
and without T cell stimulation (PMA/ionomycin).

Fluorescence-activated cell sorting (FACS) 
Fresh peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient 
centrifugation from Li-heparin blood. PBMCs were stained with fluorochrome-conjugated 
antibodies against CD3, CD4, CXCR5 and CCR9 (Supplementary Table 1). CCR9+CXCR5- 
(CCR9+), CXCR5+CCR9- (CXCR5+) and CCR9-CXCR5- (double negative, DN) Th cells 
were sorted with fluorescence-activated cell sorting (FACS) using BD FACSARIAIII and 
harvested into tubes with RPMI 1640 containing 10% FCS and 1% penicillin/streptomycin 
(gating strategy, Figure 1A). Cells were lysed in RLTplus buffer (Qiagen) with 1% beta-
mercaptoethanol.

RNA sequencing and computational analyses
RNA was extracted from the sorted Th cell subsets from HC and pSS patients using the 
AllPrep Universal Kit in QIACube (both Qiagen). Two CCR9+ Th cell samples from healthy 
controls had to be excluded from analyses since they failed the quality control. 

RNA sequencing libraries were generated with the TruSeq RNA Library Prep Kit (Illumina) 
and sequenced on an Illumina HiSeq4000 generating approximately 20 million 150bp 
paired-ended reads. The sample qualities were assessed by FastQC. The sequencing reads 
were aligned to human genome (GRCh38 build 79) using STAR aligner.(41) For all the 
samples >90% of the reads were uniquely mapped to the human genome.

HTSeq-count was used to generate read counts. To obtain normalized read counts (NRC), 
which are log2 normalized, we performed the variance-stabilizing transformation (VST) on 
the raw read counts using R/Bioconductor package DESeq2.(42) To identify differentially 
expressed genes between Th subsets, paired analyses were performed using likelihood 
ratio test (LRT). Differential expression between HC and pSS was based on Wald test. Venny 
(http://bioinfogp.cnb.csic.es/tools/venny/) was used to generate Venn diagrams. Genes were 
considered differentially expressed with a nominal p-value <0.05. Differentially expressed 
genes (DEGs) from all comparisons were selected for further analyses. No filtering of genes 
was performed based on read counts, as all samples had similar gene count distributions. 
Multidimensional scaling (MDS) plot was generated using R function ‘cmdscale’. 
Hierarchical clustering based on Euclidean distances was performed in R using the top 100 
DEGs from all comparisons. Using weighted gene co-expression network analysis (WGCNA) 
we constructed fifteen gene co-expression networks (modules). WGCNA parameters: 
soft threshold power = 7, network type = unsigned, correlation method = Spearman, 
minimum module size = 30, cutHeight or maximum dissimilarity = 0.25. For each module 
pathway enrichment analysis was performed using ToppFun (https://toppgene.cchmc.org/
enrichment.jsp), with FDR corrected p<0.05. The categories GO: molecular function, GO: 
biological process and pathway were considered. 
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expression patterns. Each module was color named. We further selected modules with the 
consensus expression pattern (eigengene expression) of interest, for example, modules 
that revealed gene expression which was strikingly different between the Th subsets 
or between pSS and HC. As a result, 9 modules were selected: 3 modules with elevated 
eigengene expression in CCR9+ Th cells (black, blue and yellow, Figure 2A) or in CXCR5+ 
Th cells (brown, lightcyan and midnightblue, Figure 2B), and modules with the most 
differential eigengene expression between HC and pSS (cyan, darkgreen and purple, Figure 
2C). 6 modules were excluded based on lack of clearly distinct patterns between subsets or 
between HC and pSS (Supplementary Figure 1). 

Culture
For analysis of CCL5 secretion, 2.104 CCR9+, CXCR5+ or CCR9-CXCR5- FACS sorted Th cells were 
cultured with 5.103 monocytes (MACS sorted with CD14 beads) for 3 days with 10 ng/mL IL-7 or 
0.1 ng/mL superantigen (Staphylococcal enterotoxin B, SEB) and restimulated with PMA and 
ionomycin for 24h. CCL5 release in the supernatants was measured by Luminex technology 
as previously described.(44) 

Statistical analysis
RNA sequencing data were analyzed as described above. For the validation experiments 
(flow cytometry, qPCR and CCL5 production) Student’s t-test, paired parametric t-test, 
Mann-Whitney U test and Wilcoxon non-parametrical paired test were used where 
appropriate. Data were analyzed using FlowJo™ Software, Graphpad Prism 6 and IBM SPSS 
Statistics 26. Differences were considered statistically significant at p≤0.05.

Results

Transcriptome analysis identifies differentially expressed genes between  
Th cell subsets and between healthy controls and pSS patients
To validate our technical procedure of sorting CCR9+, CXCR5+ and CCR9-CXCR5- (double 
negative, DN) Th cells and RNA isolation procedure, we confirmed elevated CCR9 mRNA 
expression in the CCR9+ Th subset and elevated CXCR5 mRNA expression in the CXCR5+ 
subset (Figure 1A,B). The isolated Th subsets were robustly distinguished based on their 
transcriptomic profile as shown in the multidimensional scaling (MDS) plot in Figure 1C. 
5131 genes were differentially expressed between CCR9+ and CXCR5+ Th cells; 6493 genes 
were differentially expressed between CCR9+ and DN and 4783 genes were differentially 
expressed between CXCR5+ and DN (Figure 1D). Transcriptomic profiles differed between 
HC and pSS, with the largest number of DEGs in the CCR9+ subset, followed by the 
CXCR5+ subset and the DN subset (2777, 1416 and 1077, respectively Figure 1E). Based on 
the top 100 of DEGs from all comparisons, the Th cell subsets clearly cluster together per 
subset using hierarchical clustering analysis and most of the samples from patients and 
controls also cluster separately (Figure 1F). These results indicated that gene expression of 
circulating CCR9+, CXCR5+ and DN Th cell subsets differ in their transcriptomes and that 
the transcriptomes of HC and pSS patients differ. 

Network analysis reveals Th subset- and disease-associated modules 
enriched for differentially expressed pathways 
Next we used weighted gene co-expression network analysis (WGCNA) to cluster DEGs into 
15 different gene correlation modules each containing a set of genes exhibiting coherent 

A B
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FIGURE 1 | Transcriptomic profiling robustly separates CCR9+, CXCR5+ and CCR9-CXCR5- Th cell subsets and identifies differentially expressed genes in pSS
patients. RNA sequencing was performed on FACS sorted CCR9+, CXCR5+ and CCR9-CXCR5- (double negative, DN) T helper cells from PBMCs from healthy
donors (HC, n=7, CCR9+ subset n=5) and primary Sjögren’s syndrome patients (pSS, n=7). Representative flow cytometry plot of CCR9 and CXCR5 expression on
CD4+ Th cells used for FACS sorting (A). Confirmation of elevated mRNA expression of CCR9 and CXCR5 in the sorted CCR9+ and CXCR5+ Th cells, respectively
(B). NRC: normalized read counts, log2 normalized. Multidimensional scaling plot (MDS) shows all the differentially expressed genes (DEGs) between the Th cell
subsets (C). Venn diagrams show number and percentages of DEGs between the CCR9+ vs CXCR5+ vs DN Th cell subsets (D) and between HC and pSS patients
within the CCR9+, CXCR5+ and DN Th cell subsets (E). Heatmap representation of hierarchical clustering analysis using the top 100 DEGs of all comparisons,
shows distinct gene expression profiles between the subsets and between HC and pSS patients (F).

Figure 1 | Transcriptomic profiling robustly separates CCR9+, CXCR5+ and CCR9-CXCR5- Th cell 
subsets and identifies differentially expressed genes in pSS patients. RNA sequencing was 
performed on FACS sorted CCR9+, CXCR5+ and CCR9-CXCR5- (double negative, DN) T helper cells 
from PBMCs from healthy donors (HC, n=7, CCR9+ subset n=5) and primary Sjögren’s syndrome 
patients (pSS, n=7). Representative flow cytometry plot of CCR9 and CXCR5 expression on CD4+ 
Th cells used for FACS sorting (A). Confirmation of elevated mRNA expression of CCR9 and CXCR5 
in the sorted CCR9+ and CXCR5+ Th cells, respectively (B). NRC: normalized read counts, log2 
normalized. Multidimensional scaling plot (MDS) shows all the differentially expressed genes 
(DEGs) between the Th cell subsets (C). Venn diagrams show number and percentages of DEGs 
between the CCR9+ vs CXCR5+ vs DN Th cell subsets (D) and between HC and pSS patients within 
the CCR9+, CXCR5+ and DN Th cell subsets (E). Heatmap representation of hierarchical clustering 
analysis using the top 100 DEGs of all comparisons shows distinct gene expression profiles 
between the subsets and between HC and pSS patients (F).
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To functionally annotate each module, we performed pathway enrichment analysis. The 
modules distinguishing between CCR9+ and CXCR5+ Th cells mainly contained pathways 
involved in cell cycle (black and yellow), but also in effector T cell functions including 
migration and adhesion, proliferation, T cell activation and TCR signaling and cytokine and 
chemokine signaling (blue and brown). The modules showing the most distinct patterns 
between HC and pSS patients, mainly comprised of genes involved in transcription and 
translation, interferon signaling and metabolism (cyan, darkgreen and purple, respectively) 
(Figure 2D). In the midnightblue module no enrichment for pathways was found, therefore 
it is excluded from the graph.  

Differentially expressed genes between CCR9+ versus CXCR5+ and CCR9-
CXCR5- Th cells reveal genes involved in effector T cell function and 
transcription factors associated with Th1 differentiation
To narrow down to potential key genes from the RNA sequencing analysis as candidates for 
validation, a set of genes from the 9 modules was selected. The selection was focused on 
both the most robust differences between the Th subsets and between HC and pSS. Genes 
were selected based on several data-driven criteria including expression level (normalized 
read counts >8), module membership >0.7: indicating a strong correlation of the gene 
expression profile with the eigengene expression of the module(45), differential expression 
between the Th cell subsets with a fold change of >1.5 or <0.7, or between HC and pSS of 
>1.5 or <0.7, finally transcription (co)factors were selected (Figure 3A). Representative genes 
selected from the separate modules following this procedure are shown in Figure 3B. 

Following these selection criteria we subsequently focused on genes from the blue module 
as this is the module that has the highest number of upregulated genes in CCR9+ Th 
cells and shows enrichment for the largest number of pathways crucial for effector Th 
cell function. 8 target genes out of 12 (Figure 3A) that were differentially expressed in 
HC vs pSS and have a known function based on literature evidence, were subsequently 
selected for validation. These included two transcription (co)factors HOPX and SOX4, and 
in addition ITGAE, NT5E, C3AR1, CCL5, ITGA1 and ABCB1. Additionally from the 20 genes 
identified in the blue module that were not differentially expressed between HC vs pSS, 
CCR5 and NCR3 were selected given their effector function and potential role in pSS.(46–
48) Next, we tested whether these selected genes could be replicated in an additional 
validation cohort using qPCR or flow cytometry. All of the selected DEGs upregulated in 
the CCR9+ Th subset as compared to the other subsets were validated by qPCR: ITGA1, 
C3AR1, SOX4, HOPX and ABCB1, (CCR9+ vs CXCR5+ and CCR9-CXCR5- all p<0.001, Figure 4A 
and B) or by flow cytometry: ITGAE (CD103), NT5E (CD73), NCR3 (NKp30), CCR5 and, ABCB1 
(CCR9+ vs CXCR5+ and CCR9-CXCR5- all p<0.05, Figure 4C and D, Supplementary Figure 
2). However, the differential expression of these genes between CCR9+ Th cells from HC 
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versus pSS patients was not confirmed in the additional cohort, neither on mRNA nor 
protein level (Figure 4). 

As for association with clinical parameters we only found a significant correlation of NT5E 
with the ESSDAI score (r=0.9274, p=0.0079, based on 7 pSS CCR9+ cell subsets). However, 
this was not validated in the flow cytometry cohort. Other selected target genes did not 
have significant correlations with ESSDAI score, LFS or serum IgG nor in RNA sequencing, 
nor in validation cohorts (data not shown). Also when subdividing in low vs moderate-high 
ESSDAI scores (ESSDAI<5 and ESSDAI≥5) no significant differences were found in any of 
the cohorts. 

CCR9+ Th cells, and mostly effector CCR9+ Th cells, from healthy controls and 
pSS patients produce high levels of CCL5 and CCR9+ Th cells respond more 
potently to IL-7 in the context of monocytes
CCL5 (RANTES) is elevated in CCR9+ Th cells at the transcriptomic level compared to the other 
subsets and met the selection criteria described above (Figure 5A). Because of its increased 
expression in pSS patients and potential key role in regulation of glandular inflammation in 
Sjögren-like disease in mice(49), CCL5 was studied in more detail using multiple technological 
platforms. The differential CCL5 mRNA expression between HC and pSS patients could not 
be confirmed by qPCR (Figure 5B). Nonetheless, differential CCL5 expression between CCR9+ 
Th cells and the other subsets was replicated (p≤0.01). Since the number of CCR9+ Th cells 
and its ligand CCL25 are increased in the blood and salivary glands of pSS patients(10,26), we 
analyzed whether CCR9+ Th cells in the context of antigen presenting cells produce CCL5. To 
test this, FACS sorted CCR9+, CXCR5+ and CCR9-CXCR5- Th subsets were co-cultured with 
monocytes and CCL5 was measured in supernatants upon PMA/ionomycin restimulation. 
Significantly elevated levels of CCL5 were measured in the CCR9+ Th cell cultures as compared 
to CXCR5+ and CCR9-CXCR5- Th cells (p≤0.05, Figure 5C). Since antigen triggering and IL-7 
stimulation, as previously demonstrated(31,50), may be key drivers of CCR9+ Th activation 
and thereby CCL5 secretion, cells were cultured with superantigen Staphylococcal Enterotoxin 
B (SEB) or IL-7. Interestingly, IL-7 strongly upregulated CCL5 production by co-cultured CCR9+ 
Th cells. Their CCL5 production is significantly higher than that of co-cultured CXCR5+ or 
CCR9-CXCR5- Th cells (both p<0.05). SEB even more strongly stimulated CCL5 production by 
CCR9+ Th cells, significantly higher than CXCR5+ Th cells but not significantly higher than 
CCR9-CXCR5- Th cells (p=0.18) (Figure 5D). 

To ensure that CCL5 production is not merely monocyte dependent, using flow cytometry 
we evaluated CCL5 expression levels directly in CCR9+ Th cells vs. CCR9- Th cells in blood 
from HC and pSS patients (gating strategy, Supplementary figure 3). In support of the RNA 
sequencing data CCR9+ Th cells expressed higher CCL5 levels than CCR9- Th cells, both 
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subsets that were shared between healthy controls and pSS patients. Identified pathways 
involved in effector T cell function were upregulated in CCR9+ Th cells including genes 
associated with adhesion, chemotaxis, proliferation, TCR activation, drug response and 
complement activation. This was exemplified by high production of CCL5 by CCR9+ Th cells 
as compared to CCR9- Th cells, which was identified in all Th subsets but in particular in 
effector cells and induced upon antigen challenge and IL-7 stimulation. 

Our strategy for selection of target genes to validate, used strict and robust criteria and 
was focused on upregulated genes in the CCR9+ Th cell subset in one of the CCR9-specific 
(blue) modules showing significant differences between the Th subsets. Using this strategy 
we identified a number of differentially expressed genes that were validated in additional 
cohorts on RNA and/or protein level. These include transcription (co)factors HOPX and SOX4, 
chemokine receptor CCR5, chemokine CCL5, adhesion molecules ITGAE (CD103, integrin αE) 
and ITGA1 (CD49a, integrin α1), cytotoxicity receptor NCR3 (NKp30), multidrug resistance 
gene ABCB1 (MDR-1, P-glycoprotein), complement receptor C3AR1 and inhibitory molecule 
NT5E (CD73). 
Nonetheless, we realize that genes from the other modules potentially also could play key 
roles in the function of CCR9+ Th cells. For example, LZTFL1 that has coherence within the 
black module encodes for a protein that is upregulated by all-trans retinoic acid and upon 
TCR signaling. Its overexpression has been shown to enhance NFAT mediated signaling, 
potentially contributing to the production of cytokines by Th cells.(51) Similarly, genes 
from the yellow module include the genes encoding for CCR9 and integrin α4, which have 
been indicated to represent key molecules for CCR9+ Th cells. Hence, future studies should 
replicate these genes and reveal their roles. 
The same holds true for genes that are unique to CXCR5+ Th cells, in particular those that are 
significantly different between HC and pSS patients. In addition, the interaction between 
genes in identified networks should be studied. 

Here we focused on the highly connected and robustly expressed genes in the blue module 
and their potential role in the pathogenicity of CCR9+ Th cells and their potential relevance 
to pSS immunopathology is discussed. 
Interestingly, we identified transcription cofactor HOPX (homeobox only protein) to be 
strongly expressed by CCR9+ Th cells. HOPX previously was shown to be associated with 
Th1 activity. In humans, HOPX is highly upregulated in effector/memory Th1 cells and in 
mice HOPX is crucial for survival of Th1 cells. HOPX-deficient mice do not develop colitis or 
arthritis in models inducing these inflammatory conditions.(52) In addition, we demonstrated 
increased levels of SOX4 in CCR9+ Th cells as compared to the other Th cells. SOX4 inhibits 
Th2 responses and overexpression of SOX4 during Th1 differentiation induces more IFN-γ-
producing cells.(53) Together, this suggests that HOPX and SOX4 may drive the high IFN-γ 

in HC and pSS patients (p=0.006 and p=0.003, respectively) (Figure 5E). In line with the 
RNA expression data CCL5 protein expression in CCR9+ Th cells in pSS patients was not 
significantly different from HC. However, we confirmed our earlier findings (26), showing 
that the frequency of CCR9+ cells in the Th cell subset is significantly higher in pSS patients 
compared to HC (1.92%±0.97 in HC vs 3.81%±1.25 in pSS patients, Figure 5F). 

Since CCR9+ Th cells are enriched for effector memory and effector Th cells(26) we tested 
whether higher CCL5 expression was related to differentiation of Th cells. For this purpose 
CD45RO/CD27-defined naive, central memory, effector memory and effector Th cell subsets 
were analyzed.
We here show that CCL5 expression is significantly higher in more differentiated cells 
(compared to naive Th cells, Figure 5G). Also in these separate subsets the difference 
between CCR9+ and CCR9- Th cells is statistically significantly different (all p<0.05, 
Figure 5H). To determine if more differentiated Th cells release CCL5 more robustly 
upon stimulation, we compared CCL5 expression in the Th cell subsets after 4 hours 
PMA/ionomycin stimulation as compared to unstimulated Th cells. Histograms of a 
representative donor are shown in Figure 5I. Release of CCL5 is measured as reduced 
intracellular CCL5 expression as previously shown.(43) Effector Th cells release more CCL5 
after stimulation compared to naive, central memory and effector memory cells (all p<0.05, 
Figure 5J). All CCR9+ subsets secrete more CCL5 after stimulation compared to CCR9- cells 
(p<0.05, except for effector memory cells p=0.063, Figure 5K). 

Since it has been demonstrated that CCL5 secretion by CD8 T cells is rapidly induced (43) 
we also assessed whether this holds true for CCR9+ Th cells. For this purpose we performed 
a separate experiment testing the kinetics of CCL5 release measuring CCL5 at t=0, t=10 
minutes and t=4 hours. Interestingly, we found that reduction of CCL5 expression after 
10 minutes of stimulation was similar as compared to 4 hour stimulation (reduction at 10 
minutes to 61%±20 versus 60%±24 reduction at 4 hours, p=0.583, n=12 HC). Hence, this 
indicated a rapid release of CCL5 also by CCR9+ Th cells. Finally, we also assessed whether 
increased CCL5 expression was a specific feature of IFN-γ/TNF-α-secreting effector Th cells 
and found that CCR9+ IFN-γ+TNF-α+ Th cells express higher CCL5 levels (MFI 589±231 vs 
425±190 compared to CCR9+ IFN-γ-TNF-α- cells, p=0.018).

Discussion

In this study, for the first time transcriptomic analysis of CCR9+ Th cells was performed in 
both healthy controls and pSS patients, and compared to CXCR5+ Th cells. RNA sequencing 
analysis revealed multiple networks of differentially expressed genes between the Th 
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In the present study we demonstrate that NCR3 gene expression is elevated in CCR9+ Th 
cells. The ligand for NCR3, B7H6, is present in pSS salivary glands potentially triggering 
CCR9+ Th cells present in the glands, and in addition a SNP in this gene was associated with 
pSS potentially contributing to the pathogenesis.(46) Identification of natural cytotoxicity 
receptor NCR3 on Th cells is unexpected, and indeed only a small percentage of CCR9+ 
Th cells expresses this molecule and levels are much higher on CD56+ NK cells (data not 
shown). Further investigation is needed to study whether this represents a functionally 
relevant expression by CCR9+ Th cells, potentially inducing IFN-γ production like in  
NK cells. 

Elevated NT5E (CD73) gene expression was found in CCR9+ Th cells and on protein level 
CD73 (ecto-5’-nucleotidase) was expressed on 10-40% of CCR9+ Th cells. CD73 is an 
enzyme that dephosphorylates AMP into anti-inflammatory adenosine contributing 
to an anti-inflammatory milieu.(63) CD73 is expressed by regulatory T cells but can be 
upregulated on all Th cells upon activation.(64) As a homeostatic process, regulatory 
molecules are upregulated upon activation of T cells, and this may be the case for CD73 on 
the proinflammatory CCR9+ Th cells. 

Another interesting molecule upregulated in a small subset of CCR9+ Th cells is ABCB1, a 
multidrug resistance gene. It encodes for P-glycoprotein or MDR-1 (multidrug resistance 1) 
which causes efflux of intracellular drugs and is associated with unresponsiveness to 
treatment in various diseases including systemic lupus erythematosus.(65) Some agents 
can induce expression of P-glycoprotein and some can inhibit its function, including 
cyclosporin-A. This suggests that increased expression of ABCB1 on CCR9+ Th cells might 
contribute to resistance to inhibition by some drugs and might benefit from simultaneous 
inhibition of ABCB1 function (e.g. by cyclosporine-A).(66) Further research is needed to 
study the relevance of expression of ABCB1 on CCR9+ Th cells and in pSS.

In some pSS patients, hypocomplementemia of in particular C3 and C4 is found, which is 
associated with lymphoma development.(67) It is generally hypothesized that low C3 and 
C4 levels are a result of consumption mediated by immune complexes. This complement 
activation/consumption is likely associated with formation of complement fragments 
such as C3a and C4a, the latter being elevated in pSS salivary glands.(68) Although not 
demonstrated on protein level or by functional experiments, C3AR1 was found to be 
elevated in CCR9+ Th cells. Upregulated C3aR may contribute to CCR9+ Th cell activation 
since C3aR signaling has been shown to contribute to maintenance of effector functions 
via mTOR.(69) 

production by CCR9+ Th cells, which we and others have previously shown.(13,26) However, 
future research is needed to confirm the role of HOPX and SOX4 in regulating Th1-associated 
activity in CCR9+ Th cells.

In addition to HOPX and SOX4, CCL5 and its receptor CCR5 are upregulated in CCR9+ Th cells 
and have been associated with a Th1 phenotype.(54,55) Also, CCR5 has been implicated 
in dry eye disease. In a mouse model of experimental dry eye disease, desiccating stress 
potently stimulated the expression of Th1-attracting chemokines and their receptors on the 
ocular surface of C57BL/6 mice.(56) In human studies, CCR5 expression has been shown to 
increase in the conjunctival epithelium of patients with dry eye syndrome.(47,57) 
Interestingly, CCL5 and its receptor CCR5 were increased in inflamed glands in Sjögren-like 
disease and blockade of CCL5 can significantly reduce disease.(49) The ligands for CCR5, 
CCL3 and CCL5 are elevated in pSS salivary glands, potentially facilitating recruitment of 
CCR5-expressing cells including CCR9+ Th cells.(48) In this paper we demonstrate higher 
expression and secretion of CCL5 in CCR9+ effector cells. Also when looking at IFN-γ/
TNF-α –secreting cells we find CCR9+ Th cells express highest CCL5. Besides this we have 
demonstrated rapid release of CCL5 by CCR9+ Th cells and a strongly increased secretion of 
CCL5 by co-cultured CCR9+ Th cells as compared to CXCR5+ and DN Th cells. Interestingly, 
IL-7, which is a key early mediator of salivary gland inflammation(31–34) and is a crucial 
factor in lymphoid structure organization(38,58), significantly increased CCL5 production 
by CCR9+ Th cells to a higher level than CXCR5+ and CCR9-CXCR5- Th cells. As IL-7 has 
previously been shown to increase responsiveness of autoreactive T cells (59,60) this could 
implicate that IL-7-driven self-reactive T cell responses associated with CCL5 production 
plays a significant role in early inflammatory responses in pSS, attracting multiple leukocyte 
subsets to affected sites. Similarly, T cell receptor crosslinking by exogenous antigen as we 
demonstrate in this paper can strongly boost CCL5 production by CCR9+ Th cells. 

Genes encoding for adhesion molecules ITGAE (CD103) and ITGA1 (CD49a) were elevated 
on RNA level in CCR9+ Th cells as compared to the other Th cells. On protein level this 
corresponded with around 10% of CCR9+ Th cells expressing CD103 which is elevated as 
compared to the other subsets. CD103 is known as a marker for intraepithelial lymphocytes 
dimerizing with β7 to form αEβ7, and its ligand is E-cadherin, both of these molecules have 
been found to be elevated in pSS salivary glands.(61) Also, laminin, a ligand for CD49a, has 
been found to be upregulated in pSS salivary glands.(62) However, whereas we did find a 
subset of CCR9+ Th cells with increased expression of CD103, we could not find any evidence 
for increased surface expression of CD49a on the CCR9+ Th cells (data not shown). These 
data indicate that part of the CCR9+ Th cells are prone to adhere in the salivary gland of pSS 
patients, potentially mediated via ITGAE. 
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Altogether the present study reveals that CCR9+ Th cells show many differentially 
expressed genes as compared to CXCR5+ Th cells and CCR9-CXCR5- Th cells, identifying 
novel effector molecules that reveal additional properties of these pathogenic cells. This 
is exemplified by CCL5, which may be a key mediator in early migration of inflammatory 
cells. Targeting predicted key molecules based on the results from this study might reveal 
novel therapeutic approaches to halt the pathogenic processes induced by CCR9+ Th cells.

Data availability statement

The RNA sequencing dataset generated for this study can be found in NCBI’s Gene Expression 
Omnibus (GEO) and is accessible through GEO Series accession number GSE173635.
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Although robust differences between Th subsets were detected and replicated, a drawback 
of our study is that the cohort in which RNA sequencing was performed was rather small. 
Especially since differences in mRNA expression between HC and pSS patients were small, the 
number of donors may not have been sufficient to detect true differences. The most robust 
differences between HC and pSS were present in all Th subsets; gene expression differences 
between HC and pSS that were specific for the CCR9+ Th cell subset were smaller. Indeed, 
the small CCR9+ Th cell subset-specific differences between HC and pSS patients were 
unfortunately not validated. False discovery rate correction may have partly increased the 
chance of replicating positive results from RNA sequencing. In this respect, DEGs from the 
modules showing the largest differences between HC and pSS patients i.e. cyan, darkgreen 
including IFN induced genes, which indeed have been shown to be upregulated in part of pSS 
patients(70), and purple, in which the differences between HC and pSS were present in all Th 
subsets, may have given a higher chance of being replicated in additional cohorts. 

In addition, in this study circulating CCR9+ Th cells were studied, but whether these are 
recirculating from the gut or the salivary glands and to what extent these reflect tissue CCR9+ 
Th cells is unclear. As a future perspective, bulk or single cell sorting of CCR9+ Th cells from 
salivary glands of pSS patients to perform RNA sequencing and TCR sequencing may reveal 
the local activation profile and possible autoreactivity of this proinflammatory Th subset. 
Also, further analyses may elucidate the specific and shared molecular features as compared 
to PD-1hiCXCR5- Tph cells.(29,30) 

Also, variation in gene expression data may partly be due to patient heterogeneity. Indeed 
differences were observed between patients used for discovery (RNA sequencing) and 
replication (qPCR, flow cytometry and in vitro). A larger proportion of patients of the RNA 
sequencing cohort was treated with immunosuppressants and there were differences in 
clinical parameters (LFS, presence of autoantibodies, ESSDAI scores, serum IgG levels). 
However, none of these clinical parameters showed statistically significant correlations with 
the expression of the target genes. Finally, the already strongly differentiated nature of (re)
circulating CCR9+ effector Th cells in any individual may also have hampered the detection 
of a difference between HC and pSS patients. Previously we have documented strongly 
increased percentages of IFN-γ, IL-17, IL-21 and IL-10-producing cells in circulating CCR9+ 
vs CXCR5+ Th cells(26), which was similar in HC and pSS patients. The increased numbers 
of CCR9+ Th cells in the circulation and the salivary glands suggest that given the effector 
functions of CCR9+ Th cells these may significantly contribute to immunopathology. In 
the same line, our in vitro data suggest that activation of CCR9+ Th cells upon antigen 
challenge and increased IL-7 significantly could drive local inflammation. Future research 
should elucidate the generalized differentiated nature of circulating CCR9+ effector Th cells 
in additional inflammatory diseases. 
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Supplementary material

Marker Fluorochrome Company Clone

CD3 AF700 Sony Biotechnology UCHT1

CD4 PerCP Biolegend RPA-T4

eF780 eBioscience RPA-T4

BV785 Biolegend RPA-T4

CXCR5 BV421 BD Biosciences RF8B2

PerCP-Cy5.5 Biolegend J252D

CCR9 PE R&D/Bio-Techne 248621

APC Biolegend L053E8

NKp30 PE BD Biosciences P30-15

CD8 PerCP BD Biosciences SK1

FITC BD Biosciences RPA-T8

CD56 FITC Biolegend HCD56

CD73 PE BD Biosciences AD2

CD45RO BV711 Biolegend UCHL1

PE-Cy7 BD Biosciences UCHL1

CD27 eF780 eBioscience O323

BV510 BD Biosciences L128

CD103 FITC Dako Ber-ACT8

CD49a APC Sony Biotechnology TS2/7

ABCB1 FITC eBioscience UIC2

CCR5 PE eBioscience eBioT21/8

CCL5 PE Biolegend VL1

IFN-gamma PerCP-Cy5.5 eBioscience 4S.B3

TNF-alpha BV421 BD Biosciences Mab11

Supplementary Table 1 | Antibodies used for flow cytometry.
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Abstract

Introduction. Increased CCL5 expression and CD8 T cells have been shown to be pivotal 
regulators of immunopathology in primary Sjögren’s syndrome (pSS) and pSS-like disease. 
Increased CCL5 expression by CCR9+ CD4 T cells has previously been implicated as a 
contributor to immunopathology in pSS. The role of CD8 T cells and in particular CCR9+ 
CD8 T cells and their potential to secrete CCL5 has not previously been studied in pSS. In 
this study we investigated both CCR9 and CCL5 expression by CD8 T cells in pSS patients 
compared to healthy controls (HC). 

Methods. CCR9 expression on CD8 T cells from peripheral blood was compared between 
patients with pSS and HC by flow cytometry. Intracellular CCL5 expression by naive, memory 
and effector CCR9- and CCR9+ CD8 T cells was assessed. In addition, the capacity and pace 
of CCL5 release upon T cell activation was determined for all subsets and compared with 
CD4 T cells. 

Results. The frequency of circulating CCR9+ CD8 T cells in pSS patients is increased 
compared to HC. Antigen-experienced CD8 T cells, especially CCR9+ effector CD8 T cells, 
express the highest CCL5 levels, and release the highest levels of CCL5 upon activation. 
Memory and effector CD8 T cells of pSS patients express significantly less CCL5 and 
subsequently release less CCL5 upon stimulation compared to HC. CCR9+ CD8 T cells rapidly 
release CCL5 and significantly more than CCR9+ CD4 T cells. 

Conclusion. CCR9+ CD8 T cells express more CCL5 than CCR9- CD8 T cells. CCL5 is rapidly 
released upon activation, resulting in reduced intracellular expression. Reduced CCL5 
expression by an elevated number of antigen-experienced CCR9-expressing CD8 T cells in 
pSS patients points towards increased release in vivo. This suggests that CCL5 release by 
CCR9+ CD8 T cells contributes to immunopathology in pSS. 

Introduction

Primary Sjögren’s syndrome (pSS) is a chronic autoimmune disorder, associated with 
inflammation of the exocrine glands and in some cases other organs, resulting in complaints 
of dryness of eyes and mouth and extraglandular manifestations.(1) Biopsies of salivary 
gland tissue of pSS patients show lymphocytic aggregates, mainly consisting of CD4 T cells, 
CD8 T cells and B cells.(1–4) However, also elevated numbers of cell types such as NK cells 
and NK T cells have been demonstrated in pSS salivary glands.(5–7) B cell hyperactivity is 
a hallmark feature of the disease, which is reflected by the production of autoantibodies, 
elevated serum IgG and the increased risk of developing lymphoma.(1,8) 

T follicular helper (Tfh) cells are important contributors to B cell hyperactivity. Both Tfh cell 
numbers and typical Tfh-associated cytokines (e.g. IL-21, IL-4 and CXCL13) are increased 
in the salivary glands and in peripheral blood of pSS patients.(9–13) Furthermore, Tfh cell 
numbers are correlated to autoantibody production and disease severity, suggesting a 
significant role for these cells in the immunopathology of pSS.(9–13) 

Recent work from our group and others has implicated a role for “Tfh-like” cells in 
pSS immunopathology, which do not express CXCR5, but are characterized by C-C 
chemokine receptor 9 (CCR9) expression. CCR9+ CD4 T cells induce CD8 T cell-dependent 
immunopathology in mucosa-associated tissue, including salivary glands in Sjögren-like 
disease in mice.(14) In pSS patients CCR9+ CD4 T cell numbers are increased in the salivary 
glands and blood compared to controls and express more IL-21, IL-4 and IFN-γ than CXCR5+ 
CD4 T cells.(14,15) Also, the ligand for CCR9, C-C chemokine ligand 25 (CCL25), is elevated 
in salivary gland tissue of pSS patients compared to controls.(15) In healthy human salivary 
gland tissue CCL25 mRNA is not detectable.(16) 

In our previous work studying CCR9+ CD4 T cells in pSS we identified genes that are 
specifically upregulated in CCR9+ CD4 T cells and were involved in effector T cell pathways 
compared to CXCR5+ and CCR9-CXCR5- CD4 T cells.(17) One of the identified genes is 
CCL5. CCL5 (regulated upon activation normal T cell expressed and secreted (RANTES)) is a 
chemokine which mediates trafficking and homing of e.g. T cells, monocytes and NK cells. 
It is associated with Th1 activity, just like its receptor CCR5.(17–19) The main producers of 
type I IFNs, pDCs, have an elevated expression of CCR5 in pSS patients compared to healthy 
controls (HC).(20) Both CCL5 and CCR5 are increased in salivary glands of pSS patients.
(21,22) This increase in both is also seen in inflamed glands in Sjögren-like disease in a 
murine model, where blocking of CCL5 reduces disease.(23)
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Interestingly, in previous studies CD8 T cells were found to be rapid and more potent 
producers of CCL5, originating from unique vesicles and released upon activation.(24,25) 
CD8 T cells through production of CCL5 have been shown to regulate inflammation in 
experimental models of arthritis. In particular CD103+CD69+ CD8 T resident memory 
(Trm) cells were found in elevated numbers in previously inflamed joints in rheumatoid 
arthritis (RA), and shown to initiate flares by recruiting circulating lymphocytes by CCL5 
secretion. Inhibition of CCL5 release by these cells inhibited arthritis flares in a murine 
model of RA.(26) 

In recent years numerous studies have shown that CD8 T cells are not merely cytotoxic 
killers, but can orchestrate inflammation. In this respect CXCR5+ CD8 T cells were found 
to display Tfh features.(27) In line with these observations in a Sjögren-like disease mouse 
model knockdown of CD8α showed diffuse infiltration instead of focal infiltration with no 
acinar atrophy, duct damage, fibrosis nor leukocyte infiltration, and similar results were 
found after therapeutic depletion of CD8 from salivary glands, resulting e.g. in improvement 
of saliva production.(4) Furthermore, whereas CD4 T cells predominate in lymphocytic 
infiltrates in the salivary glands, one subset of CD8 T cells, the CD103+CD69+ CD8  
T resident memory (Trm) cells outnumber CD103+CD69+ CD4 Trm cells and show elevated 
IFN-γ production in Sjögren-like disease in mice.(4) In pSS, circulating activated CD8 T cells 
correlate with a multi-omics-based pSS disease signature and HLA-DR-expressing CD8  
T cells correlate to disease activity, as captured by the EULAR Sjögren’s syndrome disease 
activity index (ESSDAI).(28,29) Altogether these data suggest an important role of CD8 in 
orchestrating pSS immunopathology.  

Previously, we and others have demonstrated increased CCL25 in mucosa-associated 
tissues, including salivary glands of pSS patients compared to non-Sjögren sicca (nSS) 
patients in conjunction with increased CCR9-expression (on CD4-positive and CD4-negative 
T cells).(14,15) Using CyTOF it was established that CD8 T cells are significantly increased 
in pSS patients with a lymphocytic focus score of 1 (LFS≥1) as compared to nSS patients 
without foci (LFS=0).(29) To the best of our knowledge previously no associations of CD8  
T cells or CCR9+ CD8 T cells with B cell hyperactivity associated markers, including Tfh cells, 
in pSS and nSS patients have been reported. Given the pivotal role of CD8 T and CCR9+  
T cells in Sjögren-like disease, the important proinflammatory role of CCL5 and CD8 T cells 
secreting CCL5, and the fact that CD8 T cells can display features of Tfh cells, in this study we 
investigated the role of CD8 T cells, and in particular CCR9+ CD8 T cells, in CCL5 secretion in 
pSS. To this end we studied the association of CD8 T cells with Tfh-associated lymphocytic 
foci. In addition, we studied the frequency of CCR9+ CD8 T cells in pSS patients versus HC, 
CCL5 expression and secretion of CD8 T cell subsets in pSS versus HC and CCL5 release by 
CD8 T cells as compared to CD4 T cells. 

Methods

Patients and healthy controls
As previously described (30), for assessment of inflammatory cells, including CD8 T cells 
by epigenetic cell counting, salivary gland tissue was collected from n=13 non-Sjögren 
sicca (nSS) patients and n=29 pSS patients. For flow cytometry n=7 pSS patients and n=13 
age and sex matched healthy controls (HC) were included. All patients were diagnosed 
by a rheumatologist. The pSS patients all met the 2016 ACR-EULAR criteria.(31) The nSS 
patients were defined as patients with sicca complaints, who do not fulfill the classification 
criteria, do not have a connective tissue disease and are anti-SSA negative, with LFS=0. All 
patients and healthy controls were included in the University Medical Center Utrecht (UMC 
Utrecht). The UMC Utrecht Medical Research Ethics Committee (METC) approved the study 
(reference 14/589 for usage of surplus salivary gland tissue and reference 13/697 for work 
with peripheral blood). All participants gave written informed consent. Demographic and 
clinical data are presented in Table 1. 

Table 1 | Participants’ characteristics. Mean ±SD are shown unless stated otherwise. nSS: non-
Sjögren sicca; pSS: primary Sjögren’s syndrome; HC: healthy controls; ESSDAI: EULAR Sjögren’s 
Syndrome Disease Activity Index; ESSPRI: EULAR Sjögren’s Syndrome Patient Reported Index

  Epigenetic cell counting Flow cytometry

nSS
(n=13)

pSS
(n=29)

 HC 
(n=13)

pSS
(n=7) 

Female, n (%) 10 (77) 26 (90) 13 (100) 7 (100)

Age, years 47 ± 14 53 ± 13 52 ± 11 55 ± 9

Anti-Ro/SSA positive, n (%) 0 20 (69)  - 5 (71)

Anti-La/SSB positive, n (%) 0 9 (31)  - 3 (43)

ANA positive, n (%) 4 (31) 20 (69)  - 5 (71)

Lymphocytic focus score (foci/4mm2) 0 2.3 ± 1.4  - 2.7 ± 1.5

IgA positive plasma cells (%) 75 ± 14 49 ± 16  - 51 ± 20

Schirmer (mm/5min) 4.8 ± 7.1 6.2 ± 6.7  - 0.3 ± 0.4

Serum IgG (g/L) 11.0 ± 2.9 16.3 ± 8.1  - 12.8 ± 2.8

ESSDAI score (0-123) - 3.9 ± 3.2  - 4.1 ± 3.0

ESSPRI score (0-10) - 4.7 ± 2.2  - 6.3 ± 1.1

Immunosuppressants, n

    Hydroxychloroquine, n

3

3

8

6
 -

2

1
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Epigenetic cell counting
Epigenetic cell counting was performed by Epiontis GmbH (Berlin, Germany), full 
methodology was as previously reported.(30,32) In brief, epigenetic cell counting quantifies 
cell frequencies based on cell-specific methylome markers of cellular DNA. Using bisulfite 
converted DNA as substrate, qPCR-assays were performed for the selected cell type-specific 
demethylated loci and for a locus known to be demethylated in all cell types (GAPDH). For 
the present analyses, data of epigenetic-based cell counts are presented as the percentage 
of cell-specific demethylation divided by GAPDH locus demethylation within salivary gland 
tissue DNA samples and multiplying that ratio by 100.(32) Thus, CD3 T cells, B cells, CD4 and 
CD8 T cells, as well as regulatory T cells, Tfh and Th17 cells were assessed.

Flow cytometry 
Fresh peripheral blood mononuclear cells (PBMCs) from Lithium-heparinized blood were 
isolated using Ficoll density gradient centrifugation. Fresh PBMCs were first stained with 
fixable viability dye eF780 (eBioscience) for 10 minutes at 4°C and after washing the cells were 
incubated with fluorochrome-conjugated antibodies against CD3, CD4, CD8, CCR9, CCL5, 
CD27, CD45RO, IFN-γ and TNF-α for 25 minutes at 4°C (details of used antibodies are listed in 
Supplementary table 1. Gating strategies are shown in Supplementary Figure 1). Intracellular 
staining of CCL5, IFN-γ and TNF-α was performed according to the Fixation-Permeabilization 
protocol from the manufacturer (eBioscience) after 4 hours incubation with phorbol myristate 
acetate (PMA), ionomycin and Brefeldin A. All samples were measured on a BD LSRFortessa 
using DIVA software version 8.0.1. Analysis of the obtained FCS files was performed using 
FlowJoTM Software (BD Life Sciences). It was previously shown that CCL5 release is not blocked 
by Golgi complex blockade, such as Brefeldin A and subsequently reduced expression is a 
consequence of increased release. (24,25) A medium control was taken along to calculate CCL5 
release. The release was defined by the difference between CCL5 expression in the medium 
condition minus CCL5 expression after stimulation (deltaCCL5). 

Statistical analysis 
Mann-Whitney U test (for comparison between pSS and HC) and Wilcoxon-non parametrical 
paired test were used. For correlations Pearson’s correlation and Spearman’s rho were used 
where appropriate. Data were analyzed using FlowJoTM Software, Graphpad Prism 8, IBM 
SPSS Statistics 26. Statistical significance was considered for differences at p≤0.05.

Results

CD8 T cells are abundantly present in salivary glands in pSS and correlate 
with lymphocytic foci and Tfh cell numbers
We performed new analyses on epigenetic cell counting data of tissue DNA from labial 
salivary gland tissue from nSS and pSS patients. So far we have not been able to assess 
CCR9-specific CD8 T cell counts in tissue due to technical limitations. However, we were 
able to assess percentages of CD8 T cells, which were significantly higher in pSS patients 
compared to nSS patients (Figure 1A). Furthermore the percentage of CD8 T cells in the 
salivary gland tissue significantly correlated with the lymphocytic focus score (LFS), a 
hallmark clinical parameter in pSS (Figure 1B). Also, CD8 T cell numbers significantly 
correlated with Tfh cell numbers (Figure 1C). Interestingly, significant correlations were 
also found between CD8 T cell and both B cell numbers (Spearman’s rho=0.44 p<0.01) and 
serum IgG (Spearman’s rho=0.45, p<0.01) (Supplementary Figure 2). Finally, increased 
CD8 T cell numbers correlated with reduced percentages of IgA found in the salivary gland 
tissue which is a consequence of increased IgG and IgM-producing plasma cells (Spearman’s  
rho=-0.41, p<0.01, Supplementary Figure 2). 

Figure 1 | CD8 T cells are abundantly present in salivary glands in pSS and correlate with 
lymphocytic foci and T follicular helper cell numbers. Epigenetic cell counting from labial 
salivary gland tissue DNA was used to determine (A) the percentage of CD8 T cells in nSS versus 
pSS patients. (B) Spearman’s correlation between CD8 T cell percentages and lymphocytic  
focus scores (LFS). (C) Spearman’s correlation between CD8 T cell percentages and Tfh cell 
percentages. nSS: non-Sjögren sicca; pSS: primary Sjögren’s syndrome; LFS: lymphocytic focus 
score; Tfh: T follicular helper 
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CD8 effector T cells, in particular CCR9+ CD8 effector T cells, express high levels 
of CCL5 that is reduced in pSS patients as compared to healthy controls 
After confirming the local abundance of CD8 T cells in salivary gland tissue of pSS patients 
we next determined the expression of CCL5 in circulating CD8 and CD4 T cells. We found 
higher expression of CCL5 in CD8 T cells compared to CD4 T cells (Figure 2A). In addition, 
increased percentages of CCR9+ CD8 T cells were observed in pSS patients compared to HC 
(Figure 2B). pSS patients with anti-SSA-antibodies in particular had higher percentages of 
CCR9+ CD8 T cells compared to HC (median 4.7 [IQR 3.4 – 5.9] for pSS patients and median 
1.6 [IQR 1.3 – 3.8] for HC, p=0.03), which was not observed for SSA- patients (median 3.6 [IQR 
3.5-3.7]). In this relative small cohort no significant correlations of CCR9+ CD8 T cells with 
ESSDAI, sIgG, and LFS were found. 

CCR9+ CD8 T cells expressed higher levels of CCL5 compared to CCR9- CD8 T cells. When 
analyzing total CD8 T cells no significant difference was seen in CCL5 expression in pSS 
versus HC (Figure 2C). However, when analyzing CD27/CD45RO-defined cell compartments 
memory and effector CD8 T cells from pSS patients were shown to have significantly 
reduced CCL5 expression as compared to HC (Figure 2D shows the results for CCR9+ CD8 T 
cells, and Supplementary Figure 3 the results for CCR9- CD8 T cells and CD8 total).
Both in HC and pSS patients the CCL5 expression is increased in antigen-experienced cells. 
CCR9+ effector CD8 T cells express the highest level of CCL5 (compared to naive, central 
memory and effector memory cells, Figure 2E). Similar results are found when defining 
effector profile based on IFN-γ/TNF-α co-expression. A significantly higher expression of 
CCL5 is found in IFN-γ+TNF-α+ (double positive) CCR9+ CD8 T cells as compared to IFN-γ-
TNF-α- (double negative) CCR9+ CD8 T cells. Just as for CD27/CD45RO-defined effector cells, 
IFN-γ+TNF-α+ (double positive) CCR9+ CD8 T cells from pSS patients express significantly 
less CCL5 compared to HC (Figure 2F). 

Effector (memory) cells have the highest capacity to release CCL5 in HC and 
this release is reduced in pSS patients
In order to evaluate CCL5 release we compared the medium condition to 4 hours stimulation with 
PMA/ionomycin. Upon this stimulation CD8 T cells express less CCL5 compared to unstimulated 
cells (Figure 3A). In HC a significant difference was seen in CCL5 release between CCR9- and 
CCR9+ CD8 T cells in all subsets except for the effector memory subset. CCR9+ effector CD8 T 
cells released most CCL5 compared to the other subsets. Associated with lower CCL5 expression 
levels in pSS memory and effector CD8 T cell subsets (as compared to HC - Figure 2D), these 
differences in CCL5 release were not seen for the pSS patients. In contrast, naive CD8 T cells that 
did not significantly differ in CCL5 expression from HC ex vivo, showed significantly different 
CCL5 release upon stimulation in both HC and pSS patients (Figure 3B). 

No significant differences in CCL5 release from naive and central memory CD8 T cell subsets 
were found between pSS patients and HC. From effector memory and effector CD8 T cells 
from pSS patients less CCL5 release was detected than from HC (Figure 3C). 

Figure 2 | CCL5 expression is highest in CCR9+ CD8 T cells, of which pSS patients have 
significantly higher cell numbers. Memory and effector CCR9+ cells from pSS patients express 
reduced CCL5 levels compared to HC. Flow cytometric analyses comparing for HC (n=13) and pSS 
patients (n=7). (A) CCL5 expression on CD4 versus CD8 T cells. (B) Percentage of CCR9-expressing 
CD8 T cells from PBMCs of HC and pSS (representative plots of CCR9 expression from a HC and 
a pSS patient). (C) CCL5 expression compared for CCR9- and CCR9+ CD8 T cells in HC and pSS 
patients and between CCR9- and CCR9+ CD8 T cells. (D) CCL5 expression in CD27/CD45RO-defined 
cell subsets within the CCR9+ CD8 T cells. MFI depicted as median with 95% confidence interval. 
CCL5 expression for HC and pSS comparing CCR9- and CCR9+ CD27/CD45RO-defined CD8 T cell 
subsets (E) and in IFN-γ/TNF-α double negative and double positive CCR9- and CCR9+ T cells (F). 
Representative histograms show CCL5 expression normalized to mode. Naive: CD27+CD45RO-; 
Central Memory: CD27+CD45RO+; Effector Memory: CD27-CD45RO+; Effector: CD27-CD45RO-. 
MFI: mean fluorescence intensity. pSS: primary Sjögren’s syndrome; HC: healthy controls; 
PBMCs: peripheral blood mononuclear cells. n.s.: not significant. *, **, ***, **** indicates statistical 
significance of p<0.05, 0.01, 0.001, 0.0001, respectively. # indicates significant difference with 
p<0.05 between pSS and HC in figure 2F.
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Figure 3 | Effector (memory) cells of pSS patients release less CCL5 after stimulation. CCR9+ 
CD8 T cells from HC release more CCL5 than CCR9- CD8 T cells, which is highest in effector 
cells. CD27/CD45RO-defined CD8 T cell subsets from n=13 HC and n=7 pSS were analyzed using 
flowcytometry. (A) Representative histograms show CCL5 expression (normalized to mode) of 
unstimulated (blue) versus PMA/iono stimulated (red) cells with below quantification for CCR9+ 
CD8 T cells. (B) Difference in CCL5 expression (ΔMFI CCL5) between unstimulated and stimulated 
CD8 T cells. Graph shows differences in CCR9- and CCR9+ CD8 T cell subsets, both for HC and for 
pSS patients. (C) Bar plot showing differences between HC and pSS in ΔMFI CCL5 in CCR9- and 
CCR9+ CD8 T cell subsets. Naive (N): CD27+CD45RO-; Central Memory (CM): CD27+CD45RO+; 
Effector Memory (EM): CD27-CD45RO+; Effector (E): CD27-CD45RO-. MFI: mean fluorescence 
intensity. ΔMFI: deltaMFI (CCL5 difference of 4h unstimulated-4h stimulated); pSS: primary 
Sjögren’s syndrome; HC: healthy controls; PMA/iono: phorbol myristate acetate/ionomycin. *, **, 
***, **** indicates statistical significance of p<0.05, 0.01, 0.001, 0.0001, respectively.
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CCR9- and CCR9+ CD8 T cells release CCL5 equally effective and rapidly, but 
CCR9+ CD8 T cells release significantly more CCL5 within 10 minutes than 
CCR9+ CD4 T cells 
To assess the pace of release we compared ex vivo CCL5 expression with 10 minutes and 4 
hours of PMA/ionomycin stimulation. This showed neither relative differences between 
CCR9- and CCR9+ CD8 T cells, nor differences between pSS patients and HC (Figure 4AB), 
but when looking at mean fluorescence intensities (MFI) CCR9+ CD8 T cells displayed the 
highest release (median MFI decrease 419 and 995 for CCR9+ CD8 T cells versus 258 and 278 
for CCR9- CD8 T cells at 10 minutes and 4 hours respectively). 
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Figure 4 | Rapid relative but not absolute CCL5 release is comparable between HC and pSS. 
CCR9+ CD8 T cells release more CCL5 than CCR9+ CD4 T cells. For n=6 HC and n=7 pSS the MFI 
CCL5 was determined at t=0, t=10 minutes and t=4 hours. (A) Graphs showing MFI CCL5 over time 
for both CCR9- and CCR9+ CD8 T cells. (B) Comparison of CCL5 release after 10 minutes stimulation 
with phorbol myristate acetate (PMA) and ionomycin between HC and pSS patients in CCR9- and 
CCR9+ CD8 T cells. (C) Graphs depicting timepoints t=0, t=10m and t=4h (unscaled) for CCR9+ CD4 
T cells and CCR9+ CD8 T cells combining HC and pSS patients. (D) difference between CD4 and 
CD8 T cells in CCL5 release after 10 minutes stimulation for CCR9- and CCR9+ cells. MFI: mean 
fluorescence intensity. pSS: primary Sjögren’s syndrome; HC: healthy controls; n.s.: not significant. 
*, **, ***, **** indicates statistical significance of p<0.05, 0.01, 0.001, 0.0001, respectively.
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When comparing with CCR9+ CD4 T cells also no differences in CCL5 release were found 
between pSS and HC (Figure 4C). Yet, there was a difference in release within 10 minutes, 
with CCR9+ CD8 T cells releasing significantly more CCL5 than CCR9+ CD4 T cells (Figure 4D, 
median 33% [IQR 29-51] and 17% [IQR 7-38], respectively). This corresponds to a decrease 
in median MFI of 419 in CCR9+ CD8 T cells versus a decrease of 68 in CCR9+ CD4 T cells. 

Discussion 

This study demonstrates that CD8 T cells are elevated in the salivary gland tissue of pSS 
patients compared to nSS patients and that their numbers are correlated to the lymphocytic 
aggregates and the number of Tfh cells and B cells. Activation induces release of CCL5, 
which is reflected by reduced intracellular CCL5 levels. CD8 T cells secrete higher CCL5 levels 
than CD4 T cells, with the highest levels found in and secreted by effector CD8 T cells, in 
particular those cells expressing CCR9. The frequency of CCR9+ CD8 T cells is increased in 
pSS patients. CCL5 expression and subsequently release of CCL5 upon in vitro activation was 
higher in circulating CD8 T cells from healthy controls than pSS patients.

Using epigenetic cell counting we found elevated numbers of CD8 T cells in salivary gland 
tissue of pSS patients compared to nSS patients. The CD8 T cell presence in lymphocytic 
infiltrates of pSS patients has been implicated in salivary gland dysfunction, possibly by 
inducing apoptosis of acinar epithelial cells.(33) Many of the CD8 T cells in the salivary 
glands of pSS patients are considered Trm cells, expressing both CD103 and CD69.(4,33) 
Whereas CD8 Trm cells could serve a “traditional” CD8 direct cytotoxic role, it has also been 
suggested that they rather regulate local inflammation by producing cytokines, but are not 
terminally differentiated and can e.g. gain properties fitting to memory T cells from the 
circulation.(34,35) Another indication towards a more orchestrating CD8 function is found 
in “Tfh-like” CD8 T cells as have been described in Hodgkin lymphoma. CXCR5+ICOS+ CD8 
T cells were found secreting cytokines such as IL-4, IL-21 and CXCL13, whereas little to no 
IFN-γ, perforin or Granzyme B was secreted.(27) In our data we find significant correlations 
between CD8 T cell numbers and Tfh and B cell numbers in the salivary glands, the 
lymphocytic focus score and percentage of IgA+ cells in the lymphocytic aggregate and 
serum IgG levels. Although we cannot discriminate whether CD8 T cells, e.g. by secretion 
of CXCL13, contribute to formation of the foci, the strong cytokine producing potential in 
this study strongly suggests that they could play a key role. 
Earlier work in our group has shown that CCR9+CXCR5- “Tfh-like” CD4 T cells form a distinct 
group of cells, which show a potent proinflammatory phenotype and have an increased 
frequency in peripheral blood and salivary gland tissue of pSS patients.(15) Chemokine 
CCL5 was identified as a potential target, and was highest expressed by effector CCR9+ CD4 

T cells.(17) CD8 T cells, however, are described as a more potent producer of CCL5(36,37): 
a finding we confirmed in this study for both HC and pSS patients. We found that CCR9+ 
CD8 T cells and particularly those with an effector (memory) profile have the highest CCL5 
levels. As prolonged T cell stimulation reduces CCR9 expression, we have experienced 
difficulties in finding CCR9 expression and mapping CCL5, because of its rapid release is 
challenging. Hence, the expression and release of CCL5 by (CCR9-expressing) CD8 T cells 
in the inflamed glands remains to be established. However, in juvenile idiopathic arthritis 
(JIA) isolated synovial CD8 T cells were found to rapidly release high levels of CCL5 upon TCR 
stimulation, without new protein synthesis, and synovial CD8 T cells showed high levels of 
CCL5 protein and increased CCL5 mRNA as compared to CD8 T cells from peripheral blood.
(38) In analogy to rheumatoid arthritis (RA) synovial fluid T cells, which were shown to be 
almost completely antigen-experienced memory/effector cells(39), this suggests that in 
the salivary glands of pSS patients the results we have found in blood will be even more 
pronounced. In support of this we demonstrated that effector CD8 T cells were rapid and 
high CCL5 producers. 

Although CCR9+ effector CD8 T cells expressed the highest CCL5 levels, also in all other 
CD27/CD45RO-defined CD8 T cell subsets a significantly higher CCL5 expression was found 
in CCR9+ cells as compared to CCR9- CD8 T cells, which we previously also demonstrated 
for CD4 T cells.(17) Since CCR9 is a chemokine receptor that initiates migration of T cells 
towards CCL25 under both physiological and inflammatory conditions and CCL5 is a 
chemokine that recruits several types of leukocytes to inflamed sites, the high expression of 
CCL5 in CCR9-expressing cells indicates that facilitating recruitment of other inflammatory 
cells is a main feature of these cells in immunopathology. 

Between pSS patients and controls several significant differences in CCL5 expression and 
release were found. Memory and effector CCR9+ CD8 T cells from pSS patients have a 
significantly lower CCL5 expression than from HC. Also, the subsequent release of CCL5 
by these cells is lower in pSS patients than in controls. However, since after 10 minutes 
of stimulation the relative release of CCL5 is similar between pSS patients and controls, 
this indicates that CCR9-expressing cells in pSS patients did not lose the ability to 
quickly release CCL5. Together, these results could indicate that in the proinflammatory 
environment of pSS some CCL5 is already released by CD8 T cells, yet these cells retain their 
ability to release CCL5 and are not exhausted. Together these findings match the increased 
levels of CCL5 in pSS patients. One study has found elevated serum CCL5 in pSS patients 
with an elevated ESR.(40) In addition, several studies have shown increased expression of 
CCR5 by pDCs, cDC2s, and CCR9+ CD4 T cells.(17,20) Both CCL5 and CCR5 were shown to be 
increased in salivary glands of pSS patients and thus increased release of CCL5 by CD8 T 
cells could play a key role in regulation of chemotaxis and subsequent inflammation.(21,22) 
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This is supported by the fact that blockade of CCL5 in inflamed glands halts Sjögren-like 
disease and that blockade of CCL5 by CD8 T cells halts experimental arthritis.(23,26)

What exactly triggers the release of CCL5 is unknown, but several autoantigens have been 
suggested to initiate T cell activation in pSS and could trigger CCL5 release.(41) In addition, 
several viruses such as EBV and HTLV-1 have been demonstrated in pSS and could trigger 
inflammation.(42–44) Additionally, induction of cytokines such as IL-7 and IL-15, which are 
known to be upregulated in the glands of pSS patients, could induce cytokine-activated T cells 
and trigger release of CCL5. Such cytokines could arise upon innate triggering or following 
stimulation by type I and type II IFNs.(45,46) Our data show that increased expression of CCL5 
could arise from increased frequencies of effector T cells co-expressing IFN-γ and TNF-α, and 
specifically those co-expressing CCR9. The rapid release of CCL5 by CD8 T cells in all cases 
could play an important role in the initiation of the immunopathology in pSS.

Besides differences in CCL5 expression also the difference in CCR9+ CD8 T cell numbers 
stands out. Just as for CCR9+ CD4 T cells, increased percentages of CCR9+ CD8 T cells were 
observed in pSS patients compared to healthy controls. To the best of our knowledge this is 
the first paper demonstrating that CCR9-expressing CD8 T cell numbers are elevated in pSS 
patients. Considering the increased expression of CCL25 in the inflamed salivary glands this 
suggests that similarly to CCR9+ CD4 T cells the increased CCR9+ CD8 T cells could home to 
the glands. In addition, we found a very strong correlation between Tfh cells and CXCL13.
(30) Interestingly, we recently also demonstrated co-expression of CCR9 and CXCR5 on a 
small percentage of circulating CD8 T cells (manuscript in preparation). This suggests that 
at least a proportion of CCR9+ CD8 T cells can migrate to the lymphocytic infiltrates. These 
cells through release of CCL5 could further stimulate inflammation. 

Even though our study is performed on samples from a small number of participants, our 
results clearly indicate differences between pSS patients and controls, not only in frequency 
of CCR9-expressing CD8 T cells, but also in these cells’ expression and release of CCL5. Given 
the well-described strong recruiting abilities of CCL5 and the potent anti-inflammatory 
effect of targeting CCL5, in particular CD8-produced in several experimental models, this 
might present a new factor that plays a key role in pSS immunopathology. 
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Marker Fluorochrome Company Clone

CD3 AF700 Sony Biotechnology UCHT1

CD4 BV785 Biolegend RPA-T4

CD8 FITC BD Biosciences RPA-T8

CCR9 APC Biolegend L053E8

CCL5 PE Biolegend VL1

CD27 BV510 BD Biosciences L128

CD45RO PE-Cy7 BD Biosciences UCHL1

IFN-gamma PerCP-Cy5.5 eBioscience 4S.B3

TNF-alpha BV421 BD Biosciences Mab11

Fixable Viability Dye eF780 eBiosciences n.a.

Supplementary Table 1 | Antibodies used for flow cytometry.
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CCL5 release by CCR9+ CD8 T cells

3Supplementary Figure 2 | CD8 T cell number correlates to percentage IgA and B cell number 
in salivary gland tissue, and to serum IgG. Epigenetic cell counting from labial salivary gland 
tissue DNA was used to determine (A) Spearman’s correlation between CD8 T cell percentages 
and percentage of IgA positive cells in salivary gland tissue. (B) Spearman’s correlation between 
CD8 T cell percentages and B cell percentages. (C) Spearman’s correlation between CD8 T cell 
percentages and level of IgG in serum (in g/L). nSS: non-Sjögren sicca; pSS: primary Sjögren’s 
syndrome; SG: salivary gland; sIgG: serum IgG. 

Supplementary Figure 3 | MFI CCL5 pSS vs HC in subsets. Flow cytometric analyses comparing for 
HC (n=13) and pSS patients (n=7). CCL5 expression in pSS patients and HC in CD27/CD45RO-defined 
cell subsets (A) within both CCR9- and CCR9+ CD8 T cells and (B) within CD8 total. MFI depicted as 
median with 95% confidence interval. Naive: CD27+CD45RO-; Central Memory: CD27+CD45RO+; 
Effector Memory: CD27-CD45RO+; Effector: CD27-CD45RO-.MFI: mean fluorescence intensity. 
pSS: primary Sjögren’s syndrome; HC: healthy controls. n.s.: not significant. *, **, ***, **** indicates 
statistical significance of p<0.05, 0.01, 0.001, 0.0001, respectively.
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Abstract

Objectives. Primary Sjögren’s syndrome (pSS) is an autoimmune disease characterised by 
B cell hyperactivity. CXCR5+ follicular helper T cells (Tfh), CXCR5-PD-1hi peripheral helper 
T cells (Tph) and CCR9+ Tfh-like cells have been implicated in driving B cell hyperactivity 
in pSS, however, their potential overlap has not been evaluated. Our aim was to study the 
overlap between the two CXCR5- cell subsets and to study their PD-1/ICOS expression as 
compared to “true” CXCR5/PD-1/ICOS-expressing Tfh cells.

Methods. CXCR5- Tph and CCR9+ Tfh-like cell populations from peripheral blood 
mononuclear cells of pSS patients and healthy controls (HC) were compared by flow 
cytometry. PD-1/ICOS expression from these cell subsets was compared to each other and 
to CXCR5+ Tfh cells, taking into account their differentiation status. 

Results. CXCR5- Tph cells and CCR9+ Tfh-like cells, both in pSS patients and HC showed 
limited overlap. PD-1/ICOS expression was higher in memory cells expressing CXCR5 or 
CCR9. However, the highest expression was found in CXCR5/CCR9 co-expressing T cells, 
which are enriched in the circulation of pSS patients. 

Conclusion. CXCR5- Tph and CCR9+ Tfh-like cells are two distinct cell populations 
that both are enriched in pSS patients and can drive B cell hyperactivity in pSS. The 
known upregulated expression of CCL25 and CXCL13, ligands of CCR9 and CXCR5, at pSS 
inflammatory sites suggests concerted action to facilitate migration of CXCR5+CCR9+  
T cells, which are characterised by the highest frequencies of PD-1/ICOS positive cells. 
Hence, these co-expressing effector T cells may significantly contribute to the ongoing 
immune responses in pSS.

Introduction 

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterised by 
lymphocytic infiltration of exocrine glands, and B cell hyperactivity as a hallmark of the 
disease. Increased B cell activity is often reflected by glandular B cell infiltration and 
increases in local IgM and IgG-producing plasma cells, autoantibody production, systemic 
hypergammaglobulinemia and in 5-10% of the patients B cell lymphoma development.(1–4) 

Several CD4 T cell subsets have been described that can contribute to B cell hyperactivity. 
Follicular helper T cells (Tfh) are C-X-C chemokine receptor 5-expressing (CXCR5+) CD4 
T cells that were shown to be key drivers of B cell hyperactivity in many inflammatory 
conditions, including pSS.(5–8) In more recent years, also several CD4 T cell subsets that 
lack CXCR5 expression (CXCR5-), such as peripheral T helper cells (Tph) and C-C motif 
chemokine receptor 9-expressing (CCR9+) follicular helper-like T cells (CXCR5-CCR9+ T 
cells or CCR9+ Tfh-like cells), were described with potent B cell activating features.(9,10) 
These cells were found to have Tfh-like activities in several inflammatory diseases including 
autoimmune diseases such as rheumatoid arthritis (RA), and systemic lupus erythematosus 
(SLE).(9,11) The present study aimed to study the frequencies and phenotypic features of 
these three B cell activating cell types to reveal potential commonalities and dissimilarities.

Tfh cells are canonically defined as memory CD4 T cells, with expression of transcription 
factor Bcl6, surface expression of CXCR5, ICOS, and PD-1, and secretion of IL-21.(12,13) 
Even though cells defined in this way best resemble activated Tfh cells found in lymphoid 
structures, in some studies – including those studying Sjögren’s syndrome – (memory) 
CXCR5+ CD4 T cells without extensive further phenotyping are pragmatically also 
considered Tfh cells.(7,14) Elevated frequencies of circulating PD-1/ICOS/CXCR5-expressing 
Tfh cells have been reported in pSS patients and were associated with increased B cell 
activity and autoimmunity in these patients.(5,15–19) In salivary glands of pSS patients 
CXCR5, CXCR5-expressing CD4 T cells, and the chemokine specifically mediating migration 
of CXCR5-expressing cells to the glands, CXCL13, are overexpressed.(7,20–27) Increased 
expression of CXCL13 is associated with increased lymphoid aggregates (foci) and increased 
organisation into ectopic lymphoid structures (ELS), and is subsequently associated with 
increased B cell hyperactivity and lymphoma development.(26–29) PD-1/ICOS/CXCR5-
expressing Tfh cells, epigenetically quantified, were found to robustly correlate with 
lymphocytic focus scores, CXCL13 expression, and B cell hyperactivity.(24)  

B cell activating Tph cells are defined as CXCR5-PD-1hi memory CD4 T cells, and were found 
to be increased in the blood of pSS patients.(16,30,31) The cells do not express Bcl6, are 
PD-1hi, can co-express ICOS and secrete high levels of CXCL13 and IL-21.(9,11,32) In pSS 
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patients Tph cells in peripheral blood are more abundant than in healthy controls (HC), 
and a correlation was found between CXCR5-PD-1hi cells (not gated on memory) and 
plasmablasts, and rheumatoid factor positivity.(31) 

CXCR5-CCR9+ Tfh-like cells are potent B cell activating cells, which produce high amounts 
of e.g. IL-21 and IFN-γ.(10,33) pSS patients have a higher frequency of CCR9+ Tfh-like 
cells in their circulation, and these cells frequently demonstrate an effector phenotype, 
e.g. with elevated PD-1/ICOS expression, high CD127 (IL-7Rα) expression, and IFN-γ and 
CCL5 production.(10,34) In addition, in salivary glands of pSS patients numbers of CCR9+ 
CD4 T cells are elevated, and CCL25, the cytokine mediating chemotaxis of CCR9+ cells, 
is overexpressed.(10) Increased CCL25 levels in secretomes of salivary gland tissue were 
associated with autoimmunity (SSA positivity), and increased B cell hyperactivity (serum 
IgG levels), and levels of IL-21 and soluble IL-7R.(25)

It is unknown to what extent overlap between Tfh, Tph, and CCR9+ Tfh-like cells exist. 
Also, the expression of typical Tfh/Tph/CCR9+ Th cell-associated markers PD-1 and ICOS on 
these cell subsets, including CXCR5/CCR9 co-expressing cells, has not been simultaneously 
studied on all these cell subsets. In this study we firstly evaluated the overlap of CCR9+ Tfh-
like cells and Tph cells. Then we compared the expression of hallmark activation markers 
PD-1 and ICOS on the four different CXCR5/CCR9-defined cell subsets (Tfh, Tph, CCR9+ 
Tfh-like cells, and CXCR5/CCR9 co-expressing cells) in pSS patients and HC.

Methods

Participant inclusion
Peripheral blood mononuclear cells (PBMCs) were collected from n=12 pSS patients and 
n=11 age and sex matched healthy controls (HC). All pSS patients were diagnosed by a 
rheumatologist and met the 2016 ACR-EULAR criteria.(35) All participants were included 
in the University Medical Center Utrecht (UMC Utrecht). The Medical Research Ethics 
Committee (METC) of the UMC Utrecht approved the study (reference number 13/697). All 
participants gave written informed consent. An overview of the demographic and clinical 
data is shown in Table 1.

Flow cytometry
Fresh PBMCs from Lithium-heparinized blood were isolated using Ficoll density gradient 
centrifugation. After collection PBMCs were frozen and stored in liquid nitrogen until 
further use. PBMCs were thawed according to protocol and then stained with fixable 
viability dye eF780 (eBioscience) for 10 minutes at 4°C. Then the cells were stained with 

fluorochrome-conjugated antibodies against CD3, CD4, CD8, CCR9, CXCR5, PD-1, ICOS, 
CD27, and CD45RO for 25 minutes at 4°C (details of used antibodies in Supplementary Table 
S1). Fluorescence minus one (FMO) controls were taken along to check marker expression. 
All samples were acquired on a BD LSRFortessa (BD Biosciences) using BD FACSDiva 
software v.8.0.1. (BD Biosciences). FlowJoTM v10.8 Software (BD Life Sciences) was used for 
data analysis. 

Gating of PD-1hi cells
For flow cytometric analysis of Tph cells memory CD4 T cells were gated on PD-1hi. The PD-1hi 
gate was determined based on the histogram of PD-1 staining in memory versus naïve T cells 
combined with gating based on the PD-1/ICOS plot in memory CD4 T cells (Supplementary 
Figure S1). This results in PD-1hi gating in accordance with previously described gating by Rao 
et al. with approximately 1% of memory PD-1hi CD4 T cells in HC.(9,36)

Table 1 | Participants’ characteristics. Medians with interquartile range (Q1-Q3) are shown, unless 
specified otherwise. HC: healthy controls; pSS: primary Sjögren’s syndrome; anti-Ro/SSA: anti-Ro/
Sjögren’s syndrome related antigen A antibody; anti-La/SSB: anti-La/Sjögren’s syndrome related 
antigen B antibody; ANA: antinuclear antibody; ESSDAI: European League Against Rheumatism 
(EULAR) Sjögren’s syndrome disease activity score; ESSPRI: EULAR Sjögren’s syndrome patient 
reported index. 

HC 
(n=11)

pSS 
(n=12)

Female, n (%) 11 (100) 12 (100)

Age, years 55 (49-60) 59 (54-64)

Anti-Ro/SSA positive, n (%) 8 (67)

Anti-La/SSB positive, n (%) 4 (33)

ANA positive, n (%) 7 (58)

Lymphocytic focus score (foci/4mm2) 1.8 (1.1-2.4)

IgA positive plasma cells (%) 65 (40-81)

Schirmer (mm/5min) 0 (0-1)

Serum IgG (g/L) 13.6 (11.4-15.2)

ESSDAI score (0-123) 4 (2-5)

ESSPRI score (0-10) 6.3 (5.3-7.3)

Immunosuppressants use, n 3

      Hydroxychloroquine, n 2



90 91

CCR9/CXCR5 co-expressing Th cells in pSS

4

Statistical analysis
Mann-Whitney U test (for unpaired analyses) and Wilcoxon non-parametrical paired test 
were used (for paired analyses). For correlations Spearman’s rho was used. Data were 
analysed and visualised using IBM SPSS Statistics 26 and Graphpad Prism 8. Statistical 
significance was considered for differences at p≤0.05.

Results

In this study we defined Tph cells as CXCR5-PD-1hi memory (CD45RO+), CCR9+ Tfh-like as 
CXCR5-CCR9+, and CCR9+ Tfh as CXCR5+CCR9+ memory CD4 T cells, as previously described 
(refs). CXCR5+CCR9+ co-expressing cells were not specified on memory phenotype. Tfh cells 
were defined as CXCR5+ memory, and “true” Tfh cells as CXCR5+PD-1+ICOS+ memory cells.

CXCR5-PD-1hi Tph cells and CXCR5-CCR9+ Tfh-like cells are more abundant in 
pSS patients, but these cell types show little overlap in blood
From 12 female pSS patients and 11 age-matched female HC Tph cells and CCR9+Tfh-like 
cells were studied. In pSS patients the number of Tph cells was significantly increased 
compared to HC (median 0.53% versus 0.23% of CD4 T cells, p=0.049) (Figure 1A). Also the 
number of CCR9+ Tfh-like cells was significantly elevated in pSS patients as compared to 
HC, i.e. approximately 2.7% in pSS patients versus 1.7% in HC (medians, p=0.019) (Figure 
1B). CCR9 expression was equally distributed between pSS patients and HC in Tph cells. Only 
a modest number of 2.1% (1.2-3.2%) of Tph cells express CCR9 (median with interquartile 
range) (Figure 1C). Enrichment of CCR9 in PD-1hi and PD-1int as compared to PD-1- was 
observed (Supplementary Figure S2). In summary, from CD4 T cells in peripheral blood of 
both pSS patients and HC 0.011% (0.007-0.019%) expressed CD45RO+CXCR5-CCR9+PD-
1hi (median with interquartile range, Figure 1D). Of this specialised cell subset a trend was 
seen for higher abundance in pSS patients (median values 0.009% and 0.013% for HC and 
pSS, respectively, p=0.12).
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Figure 2 | CCR9 and CXCR5/CCR9 co-expressing memory PD-1hi cells display increased ICOS 
expression. (A) The frequency of PD-1hi-expressing cells in the memory (CD45RO+) compartment 
of CXCR5/CCR9-defined cell subsets for pSS patients and HC. (B) ICOS expression is shown of 
PD-1hi memory subsets for pSS patients and HC. (C) Comparison of ICOS expression between the 
memory PD-1hi CXCR5/CCR9-defined subsets in pSS. Plots show medians plus interquartile ranges. 
HC: healthy control; pSS: primary Sjögren’s syndrome. Tph: T peripheral helper cell (memory 
CXCR5-PD-1hi CD4 T cell); CCR9+ Tfh-like: C-C motif chemokine receptor 9-expressing T follicular 
helper-like cell (CXCR5-CCR9+ CD4 T cell); ICOS: inducible T cell co-stimulator; PD-1: programmed 
death-1; *, ** indicates p-value <0.05, 0.01, respectively.

PD-1hi expression is highest in CXCR5+ memory cells, CCR9 and CXCR5/CCR9 
co-expressing memory PD-1hi cells show increased ICOS expression
After having determined that Tph cells and CCR9+ Tfh-like cells have limited overlap, and 
that Tph cells are mainly CXCR5-CCR9-PD-1hi memory cells, we compared the number of 
PD-1hi cells among all memory subsets and the expression of ICOS within PD-1hi memory 
cell subsets. 
The percentage of PD-1hi memory cells was not different in pSS patients compared to HC. 
CXCR5+ (Tfh) cells are characterised by the highest frequency of PD-1hi cells, either with or 
without CCR9 co-expression (Figure 2A, PD-1hi expression did differ between CXCR5+ T cell 
subsets compared to CXCR5-CCR9- and CXCR5-CCR9+ T cells, both p<0.0001.) No difference 
in PD-1hi expression was seen between CXCR5+CCR9- and CXCR5+CCR9+ cells (p=0.57). 
Within the PD-1hi populations, cells expressing either CXCR5 and/or CCR9 of pSS patients 
showed a trend of higher ICOS expression compared to HC, but this was only significant in 
CCR9+ Tfh-like cells (28.6% and 55%, medians for HC and pSS respectively, p=0.02, Figure 
2B). Taking into consideration that CCR9+ Tfh-like cells have a low percentage of PD-1hi 
cells, this implicates that the ratio between PD-1hi and ICOS is quite different in these cells 
as compared to CXCR5+ cells (Figure 2B, Supplementary Figure S3A). 
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Given the pronounced upregulation of ICOS on CCR9+ Tfh-like cells we next compared ICOS 
expression between sion within the PD-1hi subset was seen for CXCR5/CCR9 co-expressing 
cells (CCR9+ Tfh) in pSS patients (p=0.08, and p=0.06 compared to CXCR5+CCR9- and 
CXCR5-CCR9+ cells, respectively) (Figure 2C). Significantly increased ICOS expression 
in HC was only seen for CXCR5-expressing Tfh cells compared to CXCR5-CCR9- cells 
(Supplementary Figure S3B).

A

HC pSS
0.0

0.5

1.0

CXCR5+CCR9+

%
of

C
D

4
T

ce
lls

*

HC pSS
0

1

2

3

True Tfh

%
C

XC
R

5+
C

D
45

R
O

+I
C

O
S+

PD
-1

+
of

C
D

4

*

HC pSS
0.00

0.05

0.10

0.15

0.20

CCR9+ in true Tfh

%
C

C
R

9+
C

XC
R

5+
C

D
45

R
O

+
IC

O
S+

PD
-1

+
of

C
D

4

0.13

B

C

0

20

40

60

80

ICOS+

%
IC

O
S+

in
C

D
45

R
O

+
su

bs
et

* #
**

CXCR5
CCR9

-
-

-
-

-
+

-
+

+
+

+
+

+
-

+
-

CCR9+
Tfh-like

Tfh

CCR9+
 Tfh

0

20

40

60

80

PD-1+

%
PD

-1
+

in
C

D
45

R
O

+
su

bs
et

CXCR5
CCR9

-
-

-
-

-
+

-
+

+
+

+
+

+
-

+
-

CCR9+
Tfh-like

Tfh

CCR9+
 Tfh

***
*

**
***

0

20

40

60

ICOS+PD-1+

%
IC

O
S+

PD
-1

+
in

C
D

45
R

O
+

su
bs

et

CXCR5
CCR9

-
-

-
-

-
+

-
+

+
+

+
+

+
-

+
-

CCR9+
Tfh-like

Tfh

CCR9+
 Tfh

**

#

****
***

0

20

40

60

ICOS+ in E

%
IC

O
S

+
fr

om
ef

fe
ct

or
ce

lls

CXCR5
CCR9

-
-

-
-

-
+

-
+

+
+

+
+

+
-

+
-

CCR9+
Tfh-like

Tfh

CCR9+
 Tfh

*

##

******

0

10

20

30

40

ICOS+PD-1+ in E

%
IC

O
S+

PD
-1

+
fr

om
ef

fe
ct

or
ce

lls

CXCR5
CCR9

-
-

-
-

-
+

-
+

+
+

+
+

+
-

+
-

CCR9+
Tfh-like

Tfh

CCR9+
 Tfh

#

**
*****

0

20

40

60

80

PD-1+ in E

%
PD

-1
+

fr
om

ef
fe

ct
or

ce
lls

CXCR5
CCR9

-
-

-
-

-
+

-
+

+
+

+
+

+
-

+
-

CCR9+
Tfh-like

Tfh

CCR9+
 Tfh

******

HC
pSS

Figure 3 | CXCR5/CCR9 co-expressing memory and effector cells are enriched in PD-1+ICOS+ 
cells. (A) Expression of ICOS, PD-1 and PD-1+ICOS+ in memory (CD45RO+) CXCR5/CCR9-defined 
cell subsets in pSS patients and HC, comparing the CXCR5-CCR9- (“double negative” - DN) 
subset to the three other subsets and the CXCR5+CCR9+ (“double positive” - DP) subset to the 
CXCR5+CCR9- subset. (B) Abundance of CXCR5+CCR9+ T cells, true Tfh cells, and CCR9-expressing 
true Tfh cells from CD4 total in pSS patients and HC. (C) Expression of ICOS and PD-1 by CD27-
CD45RO- effector cell subsets in pSS patients and HC, comparing the DN subsets with the other 
subsets and the DP subset with the CXCR5 single positive subset. Plots show medians plus 
interquartile ranges. HC: healthy control; pSS: primary Sjögren’s syndrome. CCR9+ Tfh-like: C-C 
motif chemokine receptor 9-expressing T follicular helper-like cell (CXCR5-CCR9+ CD4 T cell); 
ICOS: inducible T cell co-stimulator; PD-1: programmed death-1; *, **, *** indicates p-value <0.05, 
0.01, 0.001, respectively. # p-value <0.05 in comparison pSS vs HC (Mann Whitney test)
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CXCR5/CCR9 co-expressing memory and effector cells are enriched for 
ICOS+PD-1+ cells, and are enriched in pSS 
So far, in the above-mentioned analyses we adhered to the Tph definition of PD-1hi memory 
cells. However, we next studied the expression of ICOS and PD-1 in CXCR5/CCR9-defined 
cells, since PD-1 expression has more frequently been used as a marker in cell phenotyping 
than PD-1hi expression. For this we focused on memory cells to allow comparison of the 
CCR9 and CXCR5-defined subsets. In fact, memory and effector cell populations in our 
study showed an overall significantly increased PD-1 and ICOS expression as compared 
to naive cells (Supplementary Figure S4). While there was a trend for increased ICOS and 
PD-1 expression in pSS patients compared to HC for CXCR5-expressing cells, this was 
only significant for PD-1/ICOS co-expression in CXCR5+CCR9- cells, and ICOS expression 
of CXCR5+CCR9+ co-expressing cells (Figure 3A). When pooling patients and controls, in 
memory cells of the four different CXCR5/CCR9-defined subsets CXCR5-CCR9- (“double 
negative”- DN) cells showed the lowest expression of PD-1 and ICOS+PD-1+ (as compared to 
the three other subsets). ICOS expression was only significantly different in CXCR5+CCR9- 
cells as compared to DN cells (Figure 3A). Furthermore we wanted to evaluate if a difference 
was seen between the two Tfh cell subsets (i.e. CCR9- and CCR9+ memory CXCR5+ cells). 
PD-1, ICOS, and PD-1/ICOS co-expression was significantly higher on CCR9+ Tfh cells than 
on CCR9- Tfh cells (in all three comparisons p<0.05, Figure 3A). 

As we established that higher expression of PD-1/ICOS was found on CXCR5/CCR9 co-expressing 
cells, we next evaluated if CXCR5+CCR9+ cell numbers were different in pSS patients compared 
to HC. Indeed, CXCR5+CCR9+ CD4 T cells were more abundant in pSS patients than in HC 
(Figure 3B). In addition, the number of true Tfh cells (CXCR5+ICOS+PD-1+ memory CD4) was 
also increased in pSS patients compared to HC (p=0.03, Figure 3B). Within these true Tfh cells 
3.6% (2.9-6.8%) CCR9+ cells were observed (median with interquartile range). Calculated as 
percentages of CD4 T cells a trend was seen for higher CCR9-expressing true Tfh cells in pSS 
patients as compared to HC (p=0.13, Figure 3B). 

In earlier work from our group CXCR5/CCR9-defined cells were not predefined on memory 
phenotype.(10,34) It was found that approximately up to 10% of CCR9+ Tfh-like cells has an 
effector phenotype (CD27-CD45RO-).(10) Given the potential important role of such cells in 
immunopathology, we also studied PD-1/ICOS expression within this effector subset. Similar to 
CD45RO+ memory cells, from the four CXCR5/CCR9-defined cell types CXCR5-CCR9- effector cells 
show lowest expression, and CXCR5+CCR9+ cells show highest expression of PD-1/ICOS (Figure 3C). 

Increased numbers of CCR9+ Tfh-like cells and true Tfh cells are associated 
with autoimmunity 
Finally, we evaluated if the four main cell subsets (Tph cells, true Tfh cells, CCR9+ Tfh-
like cells, and CXCR5+CCR9+ T cells) might be associated with B cell hyperactivity or are 
associated to clinical parameters (ESSDAI, LFS, percentage IgA in minor salivary gland 
biopsy). In this small study population we did not find significant correlations of any of the 
subsets with ESSDAI or local inflammatory parameters. The percentage of both true Tfh 
cells and of CCR9+ Tfh-like cells from CD4 T cells was significantly higher in pSS patients 
with anti-SSA-antibodies as compared to HC (Figure 4). 
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Figure 4 | Association of Tph, Tfh-like, true Tfh, and CCR9+ Tfh cell subsets with anti-SSA 
antibodies. Using PBMCs for flow cytometric analysis the abundance of each cell subset from CD4 
T cells is depicted. HC in green, pSS patients in pink. Anti-SSA negative patients (SSA-) in light 
pink, and anti-SSA positive patients (SSA+) in dark pink. Plots show medians (interquartile range). 
HC: healthy control; pSS: primary Sjögren’s syndrome; anti-SSA: anti-Sjögren’s syndrome related 
antigen A antibody/anti-Ro. p-values shown are results of Wilcoxon non-parametrical paired test, 
with in bold significant differences.

Discussion

In this study we evaluated the frequency and phenotype of CCR9+ Tfh-like cells and Tph 
cells in peripheral blood to study the overlap between these populations in pSS. Typical 
markers associated with Tfh activity, PD-1 and ICOS, were assessed on these two CXCR5- 
cell subsets and on CXCR5+ Tfh cells. Our results show that the overlap between both 
memory CXCR5- populations is limited. From four CXCR5/CCR9-defined populations PD-
1hi expression was most pronounced on CXCR5+ cells, whereas ICOS expression is markedly 
higher in both CXCR5 and CCR9 single positive and double positive cells. Furthermore, we 
show that CXCR5+CCR9+ CD4 T cells are more abundant in pSS patients as compared to 
HC, and these cells are enriched in PD-1/ICOS expression in both the memory and effector 
cell subsets. Finally, we demonstrate that cell numbers of CCR9+ Tfh-like cells and true 
CXCR5+ memory PD-1+ICOS+ cells are increased in pSS patients with anti-SSA-antibodies 
when compared with HC.
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The minimal overlap between Tph cells and CCR9+ Tfh-like cells was not anticipated, since 
earlier work from our group shows that CCR9+ Tfh-like cells express upregulated PD-1 
levels, especially in pSS patients.(10) In addition, both cell subsets share B cell stimulating 
functional properties and are characterized by enrichment of IL-21 secreting cells, and 
elevated expression of ICOS, CCR5, and CD127.(9,10,34,36) This suggests that while 
functional properties may overlap, the chemokine receptor profile that CCR9+ cells acquire 
identify them as a separate population, indicating that previous reports studying Tph or 
CCR9+ cells have likely studied separate populations. The expression of CCL25 by inflamed 
epithelial cells could direct CCR9+ cells to the inflamed site.(37) CXCL13 expressed in e.g. 
germinal centers (GCs) or ectopic lymphoid structures (ELS) directs migration of CXCR5+ 
cells towards these specialized locations in the glands.(26,27) 

It is unclear how chemotaxis of Tph cells is regulated but on RNA level increased expression 
of CCR2, CCR3, CCR5, CXCR3, CX3CR1 and CXCR6 in Tph cells as compared to CXCR5+ and PD-
1- cells has been reported.(9) Ligands for several of these chemokine receptors, e.g. CCL5, 
CXCL10, and CX3CL1 (fractalkine) are elevated in pSS patients' salivary glands.(38–40) Hence 
it is very likely that these overexpressed chemokines can facilitate migration of Tph cells to 
the site of inflammation and contribute to immunopathology given their activated status.

Despite the fact that the CD4 T cell subsets described in the present study might be directed 
to specific areas in the inflamed tissues in pSS, they share functional properties such as ICOS 
and IL-21 expression. Hence, inhibiting these cell types might be achieved by targeting 
common surface-expressed proteins such as ICOS. In fact, all cell types studied here can be 
targeted by blocking ICOS/ICOSL interactions. Cells with ICOS expression can interact with 
cells expressing ICOSL (e.g. activated B cells). By blocking this pathway the stimulatory 
signal could be blocked, resulting e.g. in less release of IL-21, and blockade of activation 
and further differentiation of Tph, Tfh and CCR9+ Tfh-like cells, thereby preventing B cell 
hyperactivity.(41–43) 

Our results in pSS fit to the RNA sequencing results from circulating memory CD4 T cells in 
RA patients (sorted based on PD-1hi versus PD-1-, and CXCR5 expression), which indicated 
that the genes for ICOS and PD-1 (ICOS and PDCD1 genes, respectively) were upregulated 
most strongly in CXCR5+PD-1hi cells.(9) Our results show that in PD-1hi cells from pSS patients 
PD-1/ICOS protein expression is the highest in CXCR5+CCR9+ Tfh cells. Of note, for CCR9 gene 
expression a similar pattern was found with RNA sequencing, being most upregulated in 
CXCR5+PD-1hi cells.(9) This is in line with earlier findings from our group showing that ICOS 
and PDCD1 gene expression are highest in CXCR5+CCR9- CD4 T cells and lowest in CXCR5-
CCR9- T cells.(34) Unfortunately, CXCR5+CCR9+ T cells were not studied here. 

In the present study we confirmed findings of earlier studies showing that the abundance of 
Tph cells, CCR9+ Tfh-like cells, and true Tfh cells are elevated in pSS patients as compared 
to HC. In addition, we show that the number of CD4 T cells co-expressing CXCR5/CCR9, is 
elevated in pSS patients. These CXCR5+CCR9+ T cells are enriched for PD-1/ICOS expression, 
particularly effector cells. Both CXCL13 and CCL25 are overexpressed in pSS and associated 
with B cell hyperactivity, presence of autoantibodies, and inflammatory mediators such 
as IL-21 and IFN-γ.(10,26,27) Given the tight connection between PD-1/ICOS co-expression 
and effector functions such as IL-21 secretion, this seems to indicate that even though these 
CXCR5/CCR9 chemokine receptor co-expressing cells form a small subset, these cells have 
very potent B cell activating potential. Their chemokine receptor co-expression indicates 
these cells are primed to traffic to inflamed glands, and to interact with B cells in GCs. 
Future research should further determine functional properties of CXCR5+CCR9+ cells, 
preferably both in matched samples from circulation and salivary gland tissue. 

Despite implications for further research, our study does have some limitations. As a study 
that started out as an evaluation of overlap between Tph cells and CCR9+ Tfh-like cells we 
included a small study population, indicating that definite conclusions about associations 
with clinical features are difficult to draw. In addition, we only performed phenotypic 
evaluation of peripheral blood samples and did not evaluate tissue samples. Nonetheless, 
we and others in previous studies have indicated enrichment of CCR9, CXCR5 and PD-1-
expressing Th cells at inflammatory sites, including the inflamed glands of pSS patients.
(9,10,24,33) Given the fact that the circulating cell populations we studied largely included 
memory/effector T cells that are known to home to inflammatory sites our data might give 
important clues for their role in pSS immunopathology. 

In conclusion, our study demonstrates little overlap between Tph cells and CCR9+ Tfh-like 
cells, and that CXCR5+CCR9+ memory and especially effector CD4 T cells are enriched in 
PD-1/ICOS expression. Besides Tfh cells and the two more recently described CXCR5- cell 
subsets, i.e. Tph cells and CCR9+ Tfh-like cells, these CXCR5/CCR9 co-expressing cells may 
play a significant role in B cell hyperactivity in pSS.
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Supplementary Material

Supplementary Table S1 | Antibodies used for flow cytometry.

Supplementary figure S1 | PD-hi staining. Representative histograms of PD-1 staining in naive 
and memory (CD45RO+) CD4 T cells from one HC and one pSS patient. Vertical lines in histograms 
indicate gating of PD-1 negative, PD-1intermediate, and PD-1hi populations, as can also be seen in 
representative ICOS/PD-1 dotplot from memory CD4 T cells. HC: healthy control; pSS: primary 
Sjögren’s syndrome; ICOS: inducible T cell co-stimulator; PD-1: programmed death-1.
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Supplementary Figure S3 | CXCR5-expressing cells have a higher PD-1hi/ICOS ratio. Increased 
ICOS expression in HC was only seen for CXCR5-expressing Tfh cells compared to CXCR5-CCR9- 
cells. (A) Ratios of PD-1hi/ICOS in memory population of all four CXCR5/CCR9-defined cell subsets 
in pSS patients and HC. (B) Comparison of ICOS expression between the memory PD-1hi CXCR5-
CCR9- subset compared to the three other subsets in HC. Plots show medians plus interquartile 
ranges. HC: healthy control; pSS: primary Sjögren’s syndrome. Tph: T peripheral helper cell 
(memory CXCR5-PD-1hi CD4 T cell); CCR9+ Tfh-like: C-C motif chemokine receptor 9-expressing 
T follicular helper-like cell (CXCR5-CCR9+ CD4 T cell); ICOS: inducible T cell co-stimulator; PD-1: 
programmed death-1. **, *** indicates p-value <0.01, 0.001, respectively. 

Supplementary Figure S2 | The percentage of CCR9-expressing cells is associated with PD-1 
expression. CCR9 expression is evaluated on total (including naive and memory) CXCR5- CD4 T 
cells with negative, intermediate, and high PD-1 expression. HC: healthy control; pSS: primary 
Sjögren’s syndrome. CCR9: C-C motif chemokine receptor 9; PD-1: programmed death-1; neg: 
negative; int: intermediate; hi: high. *, *** indicates p-value <0.05, 0.001, respectively. 
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Immunopathology in autoimmune diseases is promoted by complex interactions 
between many types of immune cells, and adequate disease inhibition relies on targeting 
molecules that orchestrate these interactions. One such molecule, IL-7 , has well-known 
effects on lymphoid cells, but could this cytokine also affect innate immune cells to 
induce immunopathology?

Refers to Kim, S.J. et al. Macrophages are the primary effector cells in IL-7-induced arthritis. 
Cell. Mol. Immunol. https://doi.org/10.1038/s41423-019-0235-z (2019)

IL-7 is a cytokine that is well-known for its lymphopoietic function. In humans, IL-7 
receptor (IL-7R) deficiency affects T cell lymphopoiesis and is associated with reduced 
T cell-dependent B cell activity.(1) Over the past few decades, a role for IL-7 in immune 
reactions against infections and tumours has emerged, as has a contribution of IL-7 to the 
immunopathogenesis of numerous autoimmune rheumatic diseases.(1) The list of IL-7R+ 
cells that can contribute to disease in response to IL-7 is growing. Whereas previous studies 
have shown IL-7 to be involved in T cell-dependent immune responses in several disease 
models(1), a new study by Kim et al.(2) suggests a role for IL-7 in innate immune responses.

In their study, Kim et al.(2) demonstrate that IL-7 contributes to arthritis in a T cell-
independent manner by using RAG-deficient mice, which lack T cells and B cells. In this 
IL-7-mediated model of arthritis, IL-7R+ synovial macrophages were strongly associated 
with joint inflammation, and IL-7 enhanced inflammation and osteoclastogenesis in the 
absence of T cells and B cells. In vitro, lipopolysaccharide (LPS)-primed macrophages 
expressed IL-7R, rendering them responsive to IL-7, which increased their production of 
TNF, IL-6, CC-chemokine ligand 2 (CCL2) and CCL5. These results(2) support previous data 
showing that IL-7R expression on monocytes and macrophages strongly correlates with 
disease activity scores in patients with rheumatoid arthritis (RA), and that IL-7 mediates 
myeloid cell chemotaxis.(3) The increase in IL-7R+ monocytes and macrophages that occurs 
in several inflammatory diseases (such as RA and primary Sjögren syndrome (pSS)) might 
therefore contribute to IL-7-mediated immunopathology.

An unsolved question from the study by Kim et al.(2) is whether other innate cells, such 
as plasmacytoid dendritic cells (pDCs) and innate lymphoid cells (ILCs), also contribute to 
IL-7-mediated inflammatory arthritis. These cell types are present in RAG-deficient mice 
and contribute to inflammatory responses in several rheumatic diseases. In vitro, virus- 
induced activation primes pDCs to secrete type I interferon (IFN) in response to IL-7.(4) 
Type I (and type II) IFNs in their turn can induce IL-7 production by epithelial cells, and 
intranasal administration of IL-7 in mice causes recruitment of pDCs to sites such as the 
lungs or lacrimal glands.(1) These results indicate that IL-7-mediated chemotaxis might 

occur for pDCs, as has been shown for monocytes, although this direct role for IL-7 in pDC 
chemotaxis still needs to be confirmed.

ILCs are another innate cell type involved in IL-7-mediated inflammation.(5) In addition to 
the three non-cytolytic subtypes (ILC1s, ILC2s and ILC3s), this group of cells also includes 
cytolytic natural killer (NK) cells. All ILCs express IL-7R, are increased in number in 
rheumatic diseases and potentially have a role in the immunopathology of these diseases. 
Numerous studies indicate potent proinflammatory functions for ILCs.(5) Notably, ILC3s 
are important in IL-7-mediated lymphoid structure formation and are thought to have a 
vital role in the formation of ectopic lymphoid structures, which characteristically form 
in several rheumatic diseases, including RA, psoriatic arthritis, pSS and systemic lupus 
erythematosus.(5) Thus, although the data from Kim et al.(2) are strongly suggestive of an 
important contribution from macrophages in arthritis pathogenesis in RAG-deficient mice, 
these findings(4,5) suggest that innate cells such as pDCs and ILCs might also contribute 
to inflammatory responses independently of T cells and B cells. However, the relative roles 
of these cell types in the arthritis model used by Kim et al.(2) and in systemic autoimmune 
diseases remains to be demonstrated. 

The comparative contributions of direct  (T cell-independent) and indirect (T cell-
dependent) effects of IL-7 on innate cells have not previously been studied in many disease 
models. In their paper, Kim et al.(2) clearly demonstrate how IL-7 orchestrates interactions 
between IL-7R-expressing innate and lymphoid cells. In this study(2), full-blown 
inflammation (characterized by strongly increased secretion of proinflammatory cytokines 
and chemokines, including CCL2 and CCL5, and an increased number of proinflammatory 
IL-7R+ macrophages and osteoclasts) required the presence of T cells. Joint erosion was 
also only induced in the presence of T cells and was dependent on IL-7, suggesting some 
crosstalk between innate and lymphoid cells. Underscoring this cellular crosstalk, in wild-
type mice, IL-7-induced IFN-γ production (which mostly indicates T helper 1 (Th1) cell 
activity) in the arthritic joint was strongly dependent on the priming of macrophages with 
LPS2, which enabled them to stimulate T cell activity. In line with these data, monocytes 
and activated type 2 classical (myeloid) CD1c+ dendritic cells from patients with RA were 
previously shown to robustly activate both naive and effector T cells upon stimulation with 
IL-7.(1,6) Vice versa, IL-7 induces a potent T cell-dependent activation of myeloid cells that is 
associated with enhanced osteoclastogenesis.(1,2) Similarly, IL-7 triggers T cell-dependent 
B cell activation, inducing synergistic B cell and T cell proliferation upon co-stimulation of 
B cells with TLR7.(1)

In addition to IL-7R+ innate cells and ILCs, discrete populations of tissue-resident IL-7R+ T 
cells with innate-like properties can contribute to immunopathology. For example, mucosa-
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associated tissues harbour IL-7R+ mucosal-associated invariant T (MAIT) cells and IL-7R+ 
CC-chemokine receptor 9 (CCR9)+ T cells.(7,8) The numbers of these cells are increased in 
target tissues in several autoimmune diseases (such as in the salivary glands of patients 
with pSS) and are imprinted to home to mucosa and mucosa-associated sites by specific 
chemokine receptors and adhesion molecules, including CCR9 and integrin α4β7.(7) MAIT 
cells, unconventional innate-like T cells with an invariant T cell receptor, are important in 
defending the body against bacteria and can be activated by bacterial antigens to produce 
Th1 cell-associated and Th17 cell-associated cytokines and to become cytotoxic.(7,8) CCR9+ 
T follicular helper (Tfh)-like cells that highly express IL-7R produced large amounts of 
effector molecules such as IL-21, IFN-γ and IL-17 and induced B cell activation comparably to 
Tfh cells in vitro.(7) A colitogenic population of CCR9+ T helper cells has also been identified 
that had innate-like properties.(9) In addition, a substantial proportion of effector CCR9+ T 
helper cells express CD161, a lectin-like receptor that is also expressed by ILCs, suggesting 
potential innate-like functions for CCR9+ T helper cells.(10) The unique functions of these 
IL-7R+ cells are under investigation to reveal their specific roles in the immunopathology 
of autoimmune disease. 

Overall, the paper by Kim et al.(2) indicates that innate IL-7R+ effector cells can contribute 
to the immunopathology of systemic autoimmunity. Overexpression of IL-7 can promote 
complex interactions between IL-7R+ innate cells (macrophages, monocytes and pDCs), 
ILCs (including NK cells) and T cells with innate-like features to activate IL-7R− cells (such 
as B cells and monocytes), thereby inducing immunopathology in autoimmune rheumatic 
diseases (Fig. 1). Blockade of the IL-7/IL-7R pathway successfully inhibits the spread of 
autoimmunity, B cell hyperactivity and specific immunopathology in different organs in 
many experimental models of disease.(1) Such targeting could be of particular interest 
when potent anti-inflammatory drugs have failed, such as in patients with RA who do not 
respond to abatacept treatment (which targets T cell co-stimulation). The addition of IL-7 
completely overruled T cell inhibition by abatacept in vitro(6), suggesting that targeting 
IL-7 signalling might be an alternative strategy to inhibit T cells in patients with IL-7-mediated 
disease. Drugs targeting IL-7 or IL-7R are expected to enter the clinical arena soon.

Figure 1 | IL-7R+ innate cells in rheumatic autoimmune diseases promote immunopathology. 
IL-7 is produced by stimulated tissue cells such as fibroblasts, epithelial cells and endothelial cells, 
as well as by dendritic cells (not shown), and binds to IL-7 receptor (IL-7R)-expressing innate cells 
(monocytes, macrophages and plasmacytoid dendritic cells (pDCs)) and innate lymphoid cells 
(ILCs; including natural killer (NK) cells). In addition, IL-7 regulates the activity of lymphoid cells 
that have innate functions (such as mucosal-associated invariant T (MAIT) cells and CC-chemokine 
receptor 9 (CCR9)+ T cells). Through direct and indirect activation of cells with innate functions, 
IL-7 orchestrates immunopathology by promoting cell recruitment, cytokine and protease 
secretion, B cell hyperactivity, lymphoid neogenesis, cytotoxicity and osteoclast formation.
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Fig. 1 | IL-7 R+ innate cells in rheumatic autoimmune diseases promote immunopathology. 
IL-7 is produced by stimulated tissue cells such as fibroblasts, epithelial cells and endothelial cells,  
as well as by dendritic cells (not shown), and binds to IL-7 receptor (IL-7 R)-expressing innate  
cells (monocytes, macrophages and plasmacytoid dendritic cells (pDCs)) and innate lymphoid cells 
(ILCs; including natural killer (NK) cells). In addition, IL-7 regulates the activity of lymphoid cells that 
have innate functions (such as mucosal-associated invariant T (MAIT) cells and CC-chemokine 
receptor 9 (CCR9)+ T cells). Through direct and indirect activation of cells with innate functions,  
IL-7 orchestrates immunopathology by promoting cell recruitment, cytokine and protease secretion, 
B cell hyperactivity , lymphoid neogenesis, cytotoxicity and osteoclast formation.
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Abstract

Introduction. Mucosal-associated invariant T (MAIT) cells might play a role in B cell 
hyperactivity and local inflammation in primary Sjögren’s syndrome (pSS), just like 
previously studied mucosa-associated CCR9+ and CXCR5+ T helper cells. Here, we 
investigated expression of CCR9, CXCR5, IL-18R and IL-7R on MAIT cells in pSS, and assessed 
the capacity of DMARDs to inhibit the activity of MAIT cells. 

Methods. Circulating CD161+ and IL-18Rα+ TCRVα7.2+ MAIT cells from pSS patients 
and healthy controls (HC) were assessed using flow cytometry, and expression of CCR9, 
CXCR5, and IL-7R on MAIT cells was studied. Production of IFN-γ and IL-21 by MAIT 
cells was measured upon IL-7 stimulation in the presence of leflunomide (LEF) and 
hydroxychloroquine (HCQ). 

Results. The numbers of CD161+ and IL-18Rα+ MAIT cells were decreased in pSS patients 
compared to HC. Relative increased percentages of CD4 MAIT cells in pSS patients caused 
significantly higher CD4/CD8 ratios in MAIT cells. The numbers of CCR9 and CXCR5-
expressing MAIT cells were significantly higher in pSS patients. IL-7R expression was 
higher in CD8 MAIT cells as compared to all CD8 T cells, and correlated to several clinical 
parameters. The elevated production of IL-21 by MAIT cells was significantly inhibited by 
LEF/HCQ treatment.

Conclusion. Circulating MAIT cell numbers are decreased in pSS patients. Given their 
enriched CCR9/CXCR5 expression this may facilitate migration to inflamed salivary glands 
known to overexpress CCL25/CXCL13. Given the pivotal role of IL-7 and IL-21 in inflammation 
in pSS this indicates a potential role for MAIT cells in driving pSS immunopathology.

Introduction

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease clinically characterized 
by dryness of eyes and mouth, fatigue and myalgia.(1) Hallmark features of pSS are B cell 
hyperactivity and lymphocytic infiltration of exocrine glands.(2,3) B cell hyperactivity is 
reflected by e.g. elevated serum IgG, the presence of autoantibodies in the circulation, 
elevated numbers of IgM/IgG plasma cells in the salivary glands, and an elevated risk of 
developing lymphoma.(4,5) 

Several T cell subsets have been studied in pSS for their potential to drive B cell hyperactivity, 
and to organize ectopic lymphoid structures (ELS).(6–9) 
T follicular helper (Tfh) cells are B cell activating T cells that express CXCR5, and that can 
reside in germinal centers (GCs) in lymph nodes.(10) The number of Tfh cells is elevated in 
salivary glands and in peripheral blood of  pSS patients, just like the levels of Tfh-associated 
cytokines such as CXCL13 (which CXCR5+ cells migrate towards), IL-21, and IL-4.(6,7,11–14) 
Tfh cell numbers correlate to autoantibody levels, and disease severity.(14–18) Increased 
expression of ligand CXCL13 in the glands is associated with a higher number of lymphocytic 
foci and increased organization into ELS.(6,7,9)
In the context of pSS also two Tfh-like cells subsets have been studied recently, T peripheral 
helper (Tph) cells, and CCR9+ Tfh-like cells, both lacking CXCR5. Tph cells are CXCR5-PD-
1hi memory T cells, produce high levels of IL-21 and CXCL13, like Tfh cells, and are found in 
elevated numbers in blood of pSS patients, and in the salivary glands of pSS patients with 
GCs in their gland tissue.(18–20) CCR9+ Tfh-like cells are cells that are enriched in mucosa-
associated tissues, and are potent B cell activating T cells that have elevated expression of 
ICOS, PD-1, CCL5 and IL-7R, and also produce high amounts of IFN-γ, and IL-21.(21–23) The 
number of CCR9+ Tfh-like cells is elevated in peripheral blood of pSS patients. In (mucosa-
associated) salivary glands of pSS patients both CCR9+ T cell numbers, and levels of its 
ligand CCL25 are elevated.(21–24) In secretomes of salivary gland tissue CCL25 levels were 
also found to be associated with SSA positivity, B cell hyperactivity (serum IgG levels), and 
levels of IL-21 and soluble IL-7R.(25)

Other cells that are enriched in mucosal tissues and that are increasingly studied for their 
potential role in autoimmune disease are mucosal-associated invariant T (MAIT) cells. MAIT 
cells are unconventional innate-like effector T cells that become activated by binding to 
MHC class I-like molecule MR1.(26) MAIT cells express a semi-invariant T cell receptor (TCR) 
TCRVα7.2-Jα12/20/33 with a limited amount of options of Vβ chains.(27–30) MAIT cells are 
abundant in e.g. peripheral blood, liver, gastro-intestinal tract, and mesenteric lymph 
nodes, and play an important role in mucosal immunity against infections, e.g. by rapidly 
producing cytokines, such as IFN-γ, IL-21, TNF-α, IL-17, perforin, and granzyme B.(31–37) 
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MAIT cells are activated both in TCR-dependent and TCR-independent ways, including 
stimulation by IL-7, IL-12, and IL-18.(37–40) In humans MAIT cells predominantly express 
CD8, or express neither CD8 nor CD4 (±70-80% and ±15%, respectively), and just a few 
percent of MAIT cells express CD4.(28,35,41,42) MAIT cells can be identified in blood and 
tissues based on the expression of CD3 and TCRVα7.2 in combination with either CD161 
and/or IL-18Rα.(32,35,43) Furthermore high levels of CCR6, CXCR6, IL-7Rα (CD127), ABCB1 
and NKG2D were found.(35) Also CCR9-expressing MAIT cells have been identified, and 
were found to be enriched in mucosal sites such as the colon, with similar CCR9 expression 
between colonic CD8 MAIT cells and non-MAIT CD8 T cells.(44) Finally MAIT cells in a human 
in vitro model have been shown to stimulate B cell activity associated with production of 
IL-21, IL-10, and IL-6, and in a lupus-like mouse model MAIT-driven B cell activation and 
autoantibody production has been shown.(36,45–47)

In pSS patients the number of circulating CD161+TCRVα7.2+ MAIT cells was decreased 
compared to controls, whereas in salivary gland tissue the number of (CD161+)TCRVα7.2+ 
MAIT cells was elevated as compared to non-Sjögren sicca patients and mild sialoadenitis 
patients (without pSS).(48,49) pSS patients had significantly more circulating CD4, and 
naive CD8 CD161+TCRVα7.2+ MAIT cells, which was not the case for CD161-TCRVα7.2+  
T cells.(48) MAIT cells from salivary glands of pSS patients produced increased levels of  
IL-17, an effect that was validated in vitro upon stimulation of MAIT cells with IL-7.(49)  

Currently, the number of studies on MAIT cells in pSS is limited and the precise mechanisms 
by which MAIT cells could instigate pSS immunopathology are not known. In the present 
study in pSS patients and healthy controls we investigated CCR9 (in comparison with 
CXCR5) as a receptor that might facilitate migration to mucosa-associated tissues such as 
salivary glands. In addition, IL-18Rα+ MAIT cells, and IL-18 and IL-7 receptor expression on 
MAIT cells in pSS patients and HC were studied. Also the capacity of IL-7 to induce IL-21 and 
IFN-γ by MAIT cells was studied, as well as the potential of disease-modifying antirheumatic 
drugs (DMARDs) leflunomide and hydroxychloroquine to inhibit this production.

Methods

Patients and controls
Peripheral blood mononuclear cells (PBMCs) were collected from n=12 primary Sjögren’s 
syndrome (pSS) patients and n=11 healthy controls (HC). Controls were age and sex matched 
to patients. All pSS patients were diagnosed by a rheumatologist or clinical immunologist 
and met the 2016 ACR-EULAR criteria.(50) All participants were included in the University 
Medical Center Utrecht (UMC Utrecht) and gave written informed consent. The Medical 

Research Ethics Committee (METC) of the UMC Utrecht approved the study (reference 
number 13/697). Demographic and clinical data are shown in Table 1. Fresh PBMCs were 
isolated from Lithium-heparinized blood using density gradient centrifugation on Ficoll-
PaqueTM Plus (GE Healthcare Life Sciences). Collected PBMCs were frozen and stored in 
liquid nitrogen until further use.

Cultures
From 5 individuals (n=3 HC and n=2 pSS patients) 0,5.106 thawed PBMCs were cultured 
overnight with optimal IL-7 concentrations as previously demonstrated as biologically 
relevant (10ng/ml, Peprotech)(51,52). Leflunomide (33μM, biologically active metabolite A77 
1726, MedChemExpress, Monmouth Junctions, USA ), hydroxychloroquine (10μM, Sigma-
Aldrich), or the combination of both drugs were tested at clinically relevant concentrations 
inducing optimal inhibition of lymphocyte activation as previously demonstrated.(53,54) 
In our hands upon in vitro cultures, and following T cell activation, CCR9 was strongly 
reduced after 48 hours of culture. Hence, to appreciate cytokine secretion by CCR9+ T cells 
we cultured for 24 hours. For T cell cytokine analyses all samples were restimulated with 
phorbol myristate acetate (PMA) and ionomycin for 4 hours, in the presence of Brefeldin A. 
Medium control was taken along. The pSS patients whose PBMCs were used for this culture 
were not prescribed immunosuppressive drugs. 

Table 1 | Participants’ characteristics. Medians with interquartile range (Q1-Q3) are shown, 
unless specified otherwise. Used immunosuppressants are hydroxychloroquine (n=2) and 
methotrexate (n=1). HC: healthy controls; pSS: primary Sjögren’s syndrome; anti-Ro/SSA: anti-
Ro/Sjögren’s syndrome related antigen A antibody; anti-La/SSB: anti-La/Sjögren’s syndrome 
related antigen B antibody; ANA: antinuclear antibody; ESSDAI: European League Against 
Rheumatism (EULAR) Sjögren’s syndrome disease activity score; ESSPRI: EULAR Sjögren’s 
syndrome patient reported index. 

HC (n=11) pSS (n=12)

Female, n (%) 11 (100) 12 (100)

Age, years 55 (49-60) 59 (54-64)

Anti-Ro/SSA positive, n (%) 8 (67)

Anti-La/SSB positive, n (%) 4 (33)

ANA positive, n (%) 7 (58)

Lymphocytic focus score (foci/4mm2) 1.8 (1.1-2.4)

IgA positive plasma cells (%) 65 (40-81)

Schirmer (mm/5min) 0 (0-1)

Serum IgG (g/L) 13.6 (11.4-15.2)

ESSDAI score (0-123) 4 (2-5)

ESSPRI score (0-10) 6.3 (5.3-7.3)

Immunosuppressants use, n 3
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Flow cytometry
PBMCs from all donors were thawed and stained with fixable viability dye eF780 (eBioscience), 
after which the cells were stained with fluorochrome-conjugated antibodies against CD3, 
CD4, CD8, CD45RO, CD161, CCR9, CXCR5, TCRVα7.2, IL-7Rα (CD127), and IL-18Rα (CD218α). 
For intracellular staining after overnight stimulation cells were fixed/permeabilized using 
Fixation/Permeabilization Concentrate and Diluent (Cat #00-5123-43, #00-5223-56, eBioscience) 
according to manufacturer’s protocol. In this panel IL-7Rα and IL-18Rα were replaced with IL-
21 and IFN-γ. Details of used antibodies can be found in Supplementary Table 1. All samples 
were acquired on a BD LSRFortessa (BD Biosciences) using BD FACSDiva software v.8.0.1 (BD 
Biosciences). For data analysis FlowJoTM Software v10.8 (BD Life Sciences) was used. MAIT cells 
were defined using either CD161+ or IL-18Rα+, combined with TCRVα7.2+ CD3 cells. Gating of 
MAIT cells (CD161+ and IL-18Rα+ in combination with TCRVα7.2+) within CD4/CD8 populations 
is shown in Supplementary Figure 1.

Statistical analysis
Data were analyzed and visualized using IBM SPSS Statistics 26 and Graphpad Prism 8. 
Mann-Whitney U test (for unpaired analyses) and Wilcoxon non-parametrical paired test 
were used (for paired analyses). For correlations Spearman’s rho was used. Statistical 
significance was considered for differences at p<0.05.

Results

The number of CD161+ and IL-18Rα+ MAIT cells is decreased in pSS patients, 
and MAIT cells have a significantly different CD4/CD8 ratio in pSS patients
To define MAIT cells from live CD3 cells TCRVα7.2+ expression was analyzed together with 
either CD161+ or IL-18Rα+ (representative plots from HC and pSS patient in Figure 1A). The 
numbers of CD161+, IL-18Rα+, and co-expressing (memory) MAIT cells were all significantly 
decreased in pSS patients compared to HC (Figure 1B). Whereas in the total CD3 population 
CD4 T cells were the largest subset, in MAIT cells CD8 cells represented the largest subset, 
followed by CD4-CD8- and CD4 MAIT cells (Figure 1C). Increased numbers of CD4 MAIT cells 
were found in pSS patients as compared to controls (p=0.02 for CD161+, and p=0.049 for IL-
18Rα+ MAIT cells, Figure 1C). This resulted in significantly skewed CD4/CD8 ratios for CD3 cells 
and MAIT cells from 2.2 (1.7-4.6) (median with interquartile range using pooled HC and pSS 
data) for CD3 cells to below 0.50 (median) in MAIT cell subsets (Figure 1D). In addition, in pSS 
patients a significantly higher CD4/CD8 MAIT cell ratio compared to HC was observed, in line 
with the increased CD4 MAIT cell percentages in pSS patients (Figure 1D). 
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CCR9-expressing MAIT cells are mainly observed in CD4 MAIT cells and are 
rare in CD4-CD8- and CD8 MAIT cell populations
Earlier work from our group and others has shown increased CCR9 expression on CD4 
and CD8 T cells in pSS compared to HC.(21–24) In this study we confirmed these findings 
(representative dot plots in Figure 2A). In fact, in most CD3 populations (CD3 total, CD4 
T cells, CD8 T cells, CD161+ MAIT cells and IL-18Rα+ MAIT cells) the percentage of CCR9-
expressing cells was elevated in pSS patients (Figure 2B). Within both CD161+ and IL-18Rα+ 
MAIT cell subsets CD4 cells expressed most CCR9. In addition, significantly increased CCR9 
expression in pSS patients was found for CD161+ and IL-18Rα+ CD8 MAIT cells (Figure 2C).  
Overall the proportions of CCR9-expressing cells follow the same skewing in CD4-CD8-, 
CD4, and CD8 MAIT cells as in the respective total populations. Interestingly, for CXCR5 
expression similar results were found. CXCR5 expression was elevated in pSS compared to 
HC in CD161+ and IL-18Rα+ MAIT cell subsets, with the highest expression of CXCR5 in CD4 
MAIT cells (Supplementary Figure 2 and 3).  

IL-7R expression is increased on CD8 MAIT cells, and is associated with 
inflammatory parameters. IL-21 production by MAIT cells is increased, and  
in the context of IL-7 activation reduced by LEF and HCQ
CD8 MAIT cells showed a significantly increased IL-7R expression compared to the total 
CD8 population (Figure 3A). This increase was also seen in CD3, CD4-CD8-, and CD4 MAIT 
cells (Supplementary Figure 4). Of note, CCR9+ CD8 T cells showed a significant increase 
in IL-7R expression (p<0.001) compared to CCR9- CD8 T cells, which was not the case for 
IL-7R expression of CCR9+ CD8 MAIT cells compared to CCR9- CD8 MAIT cells, showing 
comparable high expression (Figure 3A). For CXCR5-expressing MAIT cells a similar pattern 
of IL-7R expression was seen as for CCR9+ cells (Supplementary Figure 5).  In pSS patients, 
a decreased expression of IL-7R on CD161+ CD8 MAIT cells significantly correlated to 
increased lymphocytic focus scores (LFS), decreased percentage of IgA+ plasma cells in 
minor salivary gland tissue (IgA%), and increased serum IgG levels (Figure 3B). Also, IL-7R 
expression on CD161+ CD8 MAIT cells was significantly decreased in pSS patients with anti-
SSA-autoantibodies (Figure 3B).

Since DMARDs leflunomide (LEF) and hydroxychloroquine (HCQ) were recently shown to 
be efficacious in vivo, and in vivo block inflammatory activity(54), we tested the capacity 
of these drugs to target MAIT activity. For this purpose we cultured ex vivo IL-7-stimulated 
cells with LEF and HCQ, and evaluated IFN-γ and IL-21 production (Supplementary Figure 
6). CD161+ CD8 MAIT cells produced more IL-21 compared to (CCR9+) non-MAIT CD8 T cells 
(median 12.2% versus 3.8% (p=0.009) and versus 5.4 (p=0.048) for CD8 and CCR9+ CD8 T 
cells respectively, Figure 3C). Unfortunately, it was not feasible to directly evaluate CCR9-
expressing CD161+ CD8 MAIT cells due to limited CCR9 cell counts within this population. 
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However, the results of CD8 T cells, CCR9+ CD8 T cells and CD161+ CD8 MAIT cells could 
be evaluated and showed a similar reduction in IL-21 expression in the presence of LEF 
and/or HCQ, which was statistically significant for conditions in MAIT cells (Figure 3C). 
Like IL-21, IFN-γ was also significantly higher in CD161+ CD8 MAIT cells as compared to 
CD8, and CCR9+ CD8 T cells (mean 84.9% versus 55.0% (p=0.004), and 31.6% (p=0.003), 
respectively). However, in this short-term culture no significant effect on IFN-γ production 
was observed in response to LEF/HCQ treatment (data not shown).

Discussion

In this study we demonstrated decreased circulating CD161+ as well as IL-18Rα+ MAIT cell 
numbers in pSS patients. Additionally, it was established that also memory subsets of CD161+ 
and IL-18Rα+ MAIT cells were significantly lower in the circulation of pSS patients. In addition, 
we found that proportions of CCR9-expressing cells are elevated in MAIT cells of pSS patients, 
and follows the same skewing in CD4-CD8-, CD4, and CD8 MAIT cells as in the respective total 
populations. Furthermore, expression of IL-7R was found to be increased on CD8 MAIT cells as 
compared to the general CD8 T cell population. The expression of IL-7R on CD161+ MAIT cells 
correlated to the LFS, the percentage of IgA+ plasma cells in minor salivary gland tissue, and 
serum IgG levels, and was associated with the presence of anti-SSA-antibodies. IL-21 production 
by CD8 MAIT cells stimulated with IL-7 was significantly reduced by LEF and HCQ treatments. 

In line with earlier reports we found reduced CD161+ MAIT cells, which are at least partly 
caused by increased migration to inflammatory sites, since MAIT cells were found increased 
in the salivary glands of pSS patients as compared to controls.(48,49) In addition, we for the 
first time demonstrate that IL-18Rα+ MAIT cells are decreased in pSS patients compared to 
controls. Also, CD161+ MAIT cells express high levels of the IL-18Rα as compared to non-MAIT 
cells in both pSS patients and HC (Supplementary figure 7), allowing them to strongly respond 
to IL-18 produced by innate cells. In pSS patients increased IL-18 production by macrophages, 
dendritic cells, and epithelial cells has been demonstrated and was associated with increased 
immune activation.(55–57) This indicates that increased IL-18Rα-expressing MAIT cells at the 
inflammatory sites in pSS could form another target for IL-18-mediated immune activation. 

In accordance with earlier work, we found that in pSS patients the number of CD4 MAIT cells 
is elevated as compared to controls.(48) Our data corroborate previous studies demonstrating 
that as compared to CD3 T cells MAIT cells have a strongly skewed CD4/CD8 T cell ratio with 
skewing towards CD8 T cells. (28,35,41,42) Here we demonstrate that for both CD161 and IL-
18Rα-expressing MAIT cells in pSS patients this is even further skewed. As compared to non-
MAIT CD8 cells CD8 MAIT cells produce high levels of IFN-γ and IL-21. Currently, it is unclear to 

what extent CD8 T cells and CD8 MAIT cells contribute to immune activation in pSS patients. 
Nonetheless, it was observed that CD8 T cells were found to associate with lymphocyte 
aggregates and Tfh numbers in salivary glands of pSS patients.(24) Hence, we anticipate 
that increased CD8 MAIT cells may also significantly contribute to immune activation in the 
glandular lymphocytic foci given their effector profile. In addition, their innate-like properties, 
responding to specific environmental/infectious antigens suggests their capacity to respond in 
an early phase, perhaps (in certain cases) playing a crucial role in initiating immune responses. 

Overexpressed CCL25 in salivary glands is associated with the presence of SSA-
autoantibodies and increases in lymphocyte foci,  B cell hyperactivity, and salivary gland 
secretome IL-21 and sIL-7R levels.(22) We here demonstrate that together with increased 
proportions of CCR9-expressing total CD4 and CD8 T cells, also proportions of CCR9-
expressing CD161+ and IL-18Rα+ CD8 MAIT cells were significantly increased in pSS patients. 
Interestingly, the strongest increases in CCR9-expressing cells were found in CD4 CD161+ 
MAIT cells in pSS patients. The elevated levels of CCR9 expression in circulating (memory) 
MAIT cells of patients with pSS, a disease with inflammation in mucosa-associated tissues, 
fit to the observation that colonic MAIT cells with an activated memory phenotype express 
CCR9 and other chemokine receptors such as CCR6.(44) 
In a similar pattern as CCR9-expressing MAIT cells, increased proportions of CXCR5-
expressing MAIT cells were found. CXCR5 expression on CD161+ and IL-18Rα+ MAIT cells 
was significantly increased in pSS patients. CXCL13, the ligand for CXCR5, is overexpressed 
in salivary glands of pSS patients, and increased expression of CXCL13 is associated with 
increased B cell hyperactivity, and development of B cell lymphoma.(6,7,58) Together this 
suggests that overexpressed CCL25 and CXCL13, facilitating the migration of CCR9 and 
CXCR5-expressing MAIT cells, in addition to classical Tfh cells and CCR9 Tfh-like cells, could 
contribute to immunopathology in pSS patients.

Significantly increased IL-7R expression was observed on MAIT cells from both HC and pSS 
patients. Interestingly, reduction of IL-7R expression on CD8 MAIT cells was associated 
with local and systemic immune parameters, including lymphocytic focus scores and B 
cell hyperactivity. Since IL-7 causes IL-7R downregulation this observation could reflect 
increased IL-7 levels in pSS patients.(59,60) Both systemically and in the inflamed glands 
of pSS patients increased IL-7 was associated with inflammatory parameters, and disease 
activity parameters.(61–63) Alternatively, TCR-induced activation, which is another trigger 
of IL-7R downregulation, might be related to reduced IL-7R expression.(64) Thus IL-7R 
downregulation might reflect activation of MAIT cells either via IL-7 stimulation or TCR 
cross-linking. 
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Immunohistochemical assessment of CCR9 and CXCR5 expression, as well as CD161 and 
IL-18Rα expression, on MAIT cells in the salivary gland of pSS patients is currently lacking. 
This might however be challenging due to low cell frequencies, but also due to potential 
downregulation of chemokine receptor CCR9. In our hands CCR9 expression was strongly 
reduced upon T cell activation after 48 hours of in vitro culture. Thus, considering immune 
activation and binding to its ligand CCL25 (which is elevated in pSS salivary gland tissue), 
assessment of CCR9+ T cells in inflamed salivary glands may be a challenge. The same 
uncertainty holds true for MAIT cell markers. For circulating cells it has been established 
that most MAIT cells will be identified using CD3 TCRVα7.2+CD161+ expression.(28) 
Whether this is also the case for MAIT cells in salivary gland tissue of pSS patients still 
needs to be confirmed. Also, which subset of MAIT cells predominates locally (CD4, CD8 
or CD4-CD8-) in pSS patients still is unknown. Enrichment of CD4-CD8- cells up to 40-50% 
of MAIT cells in mucosal tissues previously has been demonstrated and could match with 
the low frequencies seen in blood.(65,66) However, this still needs to be evaluated in pSS.

In this study we have demonstrated that MAIT cells in the circulation of pSS patients are 
antigen-experienced effector T cells that are characterized by high expression of IL-7R, 
IFN-γ, and IL-21. Our data suggest that at least part of the activity of MAIT cells can be 
targeted by DMARD treatment such as leflunomide and hydroxychloroquine combination 
therapy. The increased proportion of CCR9 and CXCR5-expressing MAIT cells, and 
overexpression of their ligands in inflamed tissues in these patients suggests that these 
cells with innate properties might contribute to the immunopathology in pSS. 
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Supplementary Material

Marker Fluorochrome Company Clone

CD3 AF700 Sony Biotechnology UCHT1

CD4 BV785 Biolegend RPA-T4

CD8 PE Biolegend RPA-T8

CCR9 APC Biolegend L053E8

CXCR5 PerCP-Cy5.5 Biolegend J252D4

CD45RO BV711 BD Horizon UCHL1

CD127 (IL-7Rα) PE BD Phamingen HIL-7R-M21

CD161 BV510 BD Horizon DX12

TCRVα7.2 PE-Cy7 Biolegend 3C10

IL-18Rα (CD218α) FITC eBioscience H44

IL-21 PE BD Pharmingen 3A3-N2.1

IFN-γ FITC BD FastImmune 25723.11

Fixable Viability Dye eF780 eBioscience n.a.

Supplementary Table 1 | Antibodies used for flow cytometry.
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CCR9+ innate-like MAIT cells in pSS

0

5000

10000

15000

20000

25000

IL-7R on CCR9+ subsets
IL

-7
R

(M
FI

)

CD4 - - + + - - - - + + - - - - + +  - -
CD8 - - - - + + - - - - + + - - - -  + +
TCRVa7.2 - - - - - - + + + + + + + + + +  + +
CD161 - - - - - - + + + + + + - - - -  - -
IL-18Ra - - - - - - - - - - - - + + + +  + +

0

5000

10000

15000

20000

25000

IL-7R on CXCR5+ subsets

IL
-7

R
(M

FI
)

HC
pSS

CD4 - - + + - - - - + + - - - - + +  - -
CD8 - - - - + + - - - - + + - - - -  + +
TCRVa7.2 - - - - - - + + + + + + + + + +  + +
CD161 - - - - - - + + + + + + - - - -  - -
IL-18Ra - - - - - - - - - - - - + + + +  + +

HC
pSS

Supplementary figure 5 | Expression of IL-7R is similar in CCR9+ and CXCR5+ MAIT cells. 
Expression of IL-7R on CCR9-expressing cells in CD4/CD8-defined cell subsets, and in CD4/CD8-
defined  CD161+ and IL-18Rα+ MAIT cell subsets. Bar graphs show medians with interquartile 
ranges. HC: healthy control; pSS: primary Sjögren’s syndrome.

Supplementary figure 6 | Expression of IL-21 and IFN-γ in CD4 and CD8 cells under different 
culture conditions. Dot plots of unstimulated cells, IL-7 stimulated cells and IL-7 stimulated cells 
in the presence of leflunomide and hydroxychloroquine are shown for CD4 and CD8 T cells. 

Q5
2,43%

Q6
6,92%

Q7
19,2%

Q8
71,5%

0-103
103 104 105

FNg FITC

0

-10 3

103

104

105

IL
21

 P
E

IL-7

medium

IL-7+
LEFHCQ

CD4 CD8

Q5
0,21%

Q6
4,48%

Q7
76,6%

Q8
18,7%

0-103
103 104 105

IFNg FITC

0

-10 3

103

104

105

IL
21

 P
E

Q5
0,90%

Q6
1,90%

Q7
22,9%

Q8
74,3%

0-103
103 104 105

IFNg FITC

0

-10 3

103

104

105

IL
21

 P
E

Q5
0,017%

Q6
0,16%

Q7
82,1%

Q8
17,7%

0-103
103 104 105

FNg FITC

0

-10 3

103

104

105

C
L2

1 
PE

Q5
0,58%

Q6
0,038%

Q7
7,97%

Q8
91,4%

0-103
103 104 105

IFNg FITC

0

-10 3

103

104

105

IL
21

 P
E

Q5
0,12%

Q6
0%

Q7
26,1%

Q8
73,7%

0-103
103 104 105

IFNg FITC

0

-10 3

103

104

105

IL
21

 P
E



138 139

6

CCR9+ innate-like MAIT cells in pSS
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Supplementary figure 7 | Expression of IL-18Rα is similar between pSS patients and controls, 
and elevated in MAIT cells compared to non-MAIT cells. (A) Expression of IL-18Rα on CD4-
CD8-, CD4+, and CD8+ non-MAIT and CD161+ MAIT cells in pSS patients and HC. (B) Expression 
of IL-18Rα on CD3+, CD4-CD8-, CD4+, and CD8+ non-MAIT and CD161+MAIT cells, data from pSS 
patients and HC pooled. Bar graphs show medians with interquartile ranges. HC: healthy control; 
pSS: primary Sjögren’s syndrome. **** indicates statistical significance of p<0.0001.
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Abstract 

Objectives. To evaluate if metabolome analysis of sebum can be used as a non-invasive 
method to identify skin metabolic signatures in patients with primary Sjogren’s syndrome 
(pSS) as compared to healthy controls and other systemic autoimmune diseases. 

Methods. Untargeted metabolomics of sebum samples collected from sebutapes placed 
on the forehead was performed using mass spectrometry. Sebum metabolomes of healthy 
controls (HC) and pSS patients were compared. Additionally, the metabolomes of two 
other systemic autoimmune diseases, i.e. systemic sclerosis (SSc) and systemic lupus 
erythematosus (SLE), were compared to pSS and HC.

Results. Modest significant differences were observed between the sebum metabolome 
of pSS patients as compared to HC. Unsupervised dimensionality reduction using UMAP 
showed no strong differences between metabolic signatures of pSS patients and HC. 
However, correlation analyses of metabolic changes and disease activity markers did 
identify several metabolite ions with a good correlation with disease activity. More robust 
differences, associated with metabolites involved in neurotransmission, were identified 
in patients with systemic sclerosis. Interestingly, when analyzing differentially expressed 
metabolite ions (DEMs) of pSS and SSc patients relative to HC robust and strong correlations 
were observed.  

Conclusion. This pilot study demonstrates that sebum metabolomics might be a novel 
strategy to identify biomarkers in pSS and other (systemic) autoimmune diseases. Larger 
follow-up studies using more targeted metabolomics strategies that take into account 
potential confounding factors and optimize sebum collection should demonstrate the 
feasibility of this novel non-invasive method in molecular monitoring of disease. 

Introduction

Primary Sjögren’s syndrome (pSS) is an autoimmune disease characterized by exocrine 
gland inflammation with lymphocytic infiltrates.(1,2) Subsequently, typical symptoms 
include ocular and oral sicca symptoms due to lacrimal and salivary gland dysfunction.
(1) Another hallmark feature of pSS is B cell hyperactivity, which is associated with an 
increased risk of lymphoma development.(1,3,4)

In recent decades the use of multiple technological platforms has provided helpful insights 
into the immunopathology of primary Sjögren’s syndrome. Phenotypic, proteomic, 
transcriptomic and metabolomic analyses of the immune cells from the inflamed tissue 
and blood have shown to be of value to determine the immunopathological mechanisms 
that underly pSS.(5–12) A downside of these techniques is that invasive procedures such as 
venipuncture and tissue biopsies are necessary for cellular and molecular analyses. Saliva 
and (to a lesser extent) tear collection are considered less invasive.  Using metabolomics 
on saliva has shown potential in establishing metabolic signatures of pSS.(13,14) However, 
saliva and tears have as a major drawback in their collection that a substantial proportion 
of pSS patients suffers from severe dryness, implicating that the patients with most sicca 
complaints cannot be studied. Thus, novel non-invasive strategies applying state-of-the-art 
technologies should be welcomed.

Sebaceous glands are exocrine glands producing sebum. With its mixture of lipids sebum 
moisturises the skin and provides a layer of protection for the skins barrier function.(15) 
Studies using sebum have been performed in dermatological conditions, e.g. determining 
sebum lipid consistency in atopic dermatitis or juvenile acne.(16,17) Recently one study 
using sebum metabolomics has shown lipid dysregulation in Parkinson’s disease and 
identified potential biomarkers for this disease.(18) Sebum or sebaceous glands have 
barely been studied in pSS. To our knowledge only a few publications studied this so 
far, demonstrating that no pathological alterations were detected in a small group of 
pSS patients compared to healthy controls (HC) and that corneometry and evaporimetry 
measures in pSS and HC were not associated with morphological alterations or reduction 
in number of sebaceous glands as compared to HC.(19,20) Nonetheless, as sebum 
offers potential for molecular analyses and can be easily sampled it might represent 
an opportunity to identify disease biomarkers, without using invasive procedures. In 
this study we set out to evaluate if sebum metabolomics can be used as a non-invasive 
method to identify a skin metabolic signature for pSS. To study whether we could identify 
a pSS-specific signature we compared metabolic signatures from pSS patients with those 
from systemic sclerosis (SSc) and  systemic lupus erythematosus (SLE) patients.
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Methods

Patients and healthy controls
We included 32 pSS patients and 17 HC. In addition, disease specificity was assessed by 
comparing pSS sebum metabolome with those from SSc patients (n=21) and SLE patients 
(n=8). All patients were diagnosed by a rheumatologist and met the disease specific 
classification criteria, i.e. 2016 ACR/EULAR criteria, 2013 ACR/EULAR criteria and 2019 
EULAR/ACR criteria for pSS, SSc and SLE, respectively.(21–23) Inclusion occurred between 
March and June 2019. All patients and healthy controls were included at the University 
Medical Center (UMC) Utrecht, the Netherlands. Demographics and clinical data are shown 
in Table 1. The UMC Utrecht Medical Research Ethics Committee (“METC”) evaluated the 
study as low-risk, without requiring further evaluation according to the Dutch Medical 
Research Involving Human Subjects Act (“WMO”) by the committee (study number 19/092). 
All participants gave written informed consent.

Sebum collection 
All participants avoided using facial products for 24 hours and did not wash their forehead 
up to 3 hours prior to sample collection. Before sebum collection the participant’s forehead 
was systematically cleaned with soap (Dove™ Deeply Nourishing) and water. After which 2 
Sebutape Adhesive Patches for collecting sebum (Clinical & Derm) were applied to the 
forehead using tweezers (sebutapes were applied simultaneously). After 5 minutes the 
sebutapes were removed with tweezers and collected on a microscope slide, covered with 
another microscope slide and packed in parafilm. This package was kept on dry ice until 
storage at -80 °C. The overall workflow is schematically presented in Figure 1.

Figure 1 | Sebum metabolomics workflow. Schematic overview of study workflow. LC/MS: liquid 
chromatography mass spectrometry; m/z: mass/charge. Figure created with Biorender.com

Sample extraction, LC/MS and data quality control
Detailed methods on sample extraction, LC/MS and data quality control measures are 
described in Supplementary File 1. In summary, untargeted metabolomics analysis of 
extracted sebum was performed using a previously described platform.(24) Spectral data 
including peak detection and alignment was performed using an automated pipeline 
in R that was designed analogously to the previously published MATLAB version(25), 
and several data quality control measures were taken. Importantly, detected ions were 
tentatively annotated as metabolites based on matching accurate mass within a tolerance 
of 5 mDa using the Human Metabolome database as reference.(26) Summary statistics on 
the acquired datasets are provided in Supplementary Table 1.

Data analysis
Data analysis was performed in Rstudio version 2021.09.1 running R version 4.1.2 using 
functions embedded in the readxl, xlsx, pracma, mzR, MALDIquant, MALDIquantForeign, 
tcltk2, snow, rhdf5, preprocessCore, robustbase, gplots, VennDiagram, SIBER, venneuler, 
qvalue, RColorBrewer, ellipse, scales, rgl, mixOmics, viridis and umap packages. Differential 
testing was performed using unpaired two-sided t-tests (“Welch’s t-test”). In some cases, 
statistically significant hits were filtered based on additional criteria such as fold change as 
indicated. Metabolic pathway enrichment (PWE) analysis was performed based on KEGG 
pathway definitions, with isobaric pathway metabolites collapsed to reflect the inability 
of our metabolomics approach to distinguish between isomers.(27) Using these pathway 
definitions, hypergeometric testing based on significant differential annotated metabolite 
ions was performed, with resulting enrichment p-values corrected for multiple hypothesis 
testing using Benjamini’s and Hochberg’s approach. For further evaluation of metabolite ions 
contributing to enrichment of pathways, we used a threshold of a minimum of two involved 
metabolite ions, with at least 20% contribution to the pathway. To quantify correlations 
between metabolite ion intensities and clinical variables, Spearman’s rho was calculated. 
To capture as much of the biochemical diversity of the polar sebum metabolome as possible, 
we analyzed samples in both negative and positive ionization mode. Due of the propensity 
of many metabolites to preferentially ionize in one of the two modes, the two resulting 
datasets are expected to provide partially overlapping and partially complementary 
insights into the sebum metabolome. In order to highlight findings and avoid repetition 
of information, we have chosen to describe results from negative ionization mode in the 
main text of this paper and refer to results from positive ionization mode in Supplementary 
Figures and Supplementary Files 2-10 unless stated otherwise.  
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HC (n=17) pSS (n=32) SSc (n=21) SLE (n=8)

Ge
ne

ra
l Female gender, n (%) 17 (100) 32 (100) 16 (76) 6 (75)

Age (years), mean ± SD 53 ± 8 59 ± 11 53 ± 12 46 ± 11

Immunosuppressant use, n - 9 11 7

pS
S 

sp
ec

ifi
c 

ch
ar

ac
te

ris
tic

s

Anti-Ro/SSA positive, n (%) - 27 (84) - -

Lymphocytic focus score (foci/4mm2), median (IQR) - 2.0 (1.3 – 3.0) - -

Schirmer positive (≤5mm/5min, ≥1 eye), n (%) - 17 (94) - -

Serum IgG (g/L), median (IQR) - 14.1 (12.0 – 17.6) - -

ESSDAI score, median (IQR) - 6.5 (2.0 – 8.8) - -

ESSPRI score, median (IQR) - 6.5 (5.7 – 7.3) - -

SS
c s

pe
ci

fic
 ch

ar
ac

te
ris

tic
s

Clinical domains for SSc:
Raynaud’s phenomenon, n (%)
Skin thickening of the fingers (puffy fingers or 
sclerodactyly), n (%)
Fingertip lesions (digital tip ulcers or fingertip 
pitting scars), n (%)
Telangiectasia, n (%)
Pulmonary arterial hypertension and/or 
Interstitial Lung Disease, n (%)

- -
20 (95)
18 (86)

7 (33)

9 (43)
13 (62)

-

Disease phenotype:
Early SSc, n (%) 
Limited cutaneous SSc (lcSSc), n (%) 
Diffuse cutaneous SSc (dcSSc), n (%) 

- -
4 (19)

13 (62)
4 (19)

-

Modified Rodnan Skin Score, median (IQR) 3 (0 – 5)
Abnormal nailfold capillaroscopy, n (%) - - 12 (57) -
Scleroderma related antibodies (anti-centromere, 
anti-topoisomerase-1,
anti-RNA-polymerase-III), n (%)

- - 13 (62) -

SL
E 

sp
ec

ifi
c c

ha
ra

ct
er

is
tic

s

Immunological domains for SLE:
Anti-ds-DNA positive, n (%)
Anti-phospholipid antibodies, n (%)
Low C3 and/or C4, n (%)

- - -
4 (50)
1 (20)
3 (38)

Clinical domains for SLE:
Constitutional, n (%)
Hematologic, n (%)
Neuropsychiatric, n (%)
Mucocutaneous, n (%)
Serosal, n (%)
Musculoskeletal, n (%)
Renal, n (%)

- - -
1 (13)
3 (38)
1 (13)
5 (62)
0 (0)
0 (0)
5 (62)

Table 1 | Patient characteristics and demographic data. Medians with interquartile ranges (Q1-Q3) are 
shown unless otherwise specified. HC: healthy controls; pSS: primary Sjögren’s syndrome; SLE: systemic 
lupus erythematosus; SSc: systemic sclerosis; ESSDAI: EULAR Sjögren’s syndrome disease activity index; 
ESSPRI: EULAR Sjögren’s syndrome patient reported index; IQR: interquartile range.

Results 

Differential analysis identifies metabolic profiles associated with disease 
activity in pSS patients 
Unsupervised dimensionality reduction using Uniform Manifold Approximation and 
Projection (UMAP) showed no clear separation between pSS patients and HC, both in 
negative (Figure 2A and positive Suppl. Figure 1A) ionization mode. Nevertheless, in 
both modes differential analysis between pSS and HC identified several significant 
metabolic changes (Figure 2B, Suppl. Figure 1B and Suppl. File 2). These changes included 
metabolites from several distinct classes, such as steroid metabolism (e.g. cortisol), 
fatty acid metabolism (e.g. various acyl carnitines), arachidonic acid metabolism (e.g. 
leukotrienes) and vitamins (e.g. niacinamide) (Figure 2C and Suppl. Figure 1C). Next we 
performed a metabolic pathway enrichment (PWE) analysis to estimate whether identified 
differentially expressed metabolite ions (DEMs) could be categorized into one or more 
particular metabolite pathways. In negative ionization mode no significantly enriched 
pathways were found, and in positive mode five significantly enriched pathways were found 
(Suppl. Figure 2, Suppl. File 3). In pathways that were significantly enriched between pSS 
patients and HC the difference was driven by only few contributing metabolite ions: m/
z=498.268 (leukotriene D4), m/z=403.178 (cortisol), as well as m/z=123.055 and m/z 124.059 
(both niacinamide). 

Identification of metabolite ions significantly correlating to clinical 
parameters
Since in our cohort patients with a broad spectrum of disease activity are included, we next 
performed correlation analysis between all measured metabolite intensities and the EULAR 
Sjögren’s Syndrome Disease Activity Index (ESSDAI), serum IgG (sIgG) and lymphocytic 
focus score (LFS) from labial salivary gland biopsies. 
For negative ionization mode a total of 335 metabolite ions significantly correlated to 
the ESSDAI score (Figure 3A), 13 metabolite ions correlated with sIgG (Figure 3B) and 41 
metabolite ions with LFS (Figure 3C). In positive ionization mode similar results were found 
(Suppl. Figure 3ABC). Correlation plots of the top annotated metabolite ions correlating 
with each parameter are shown in Figure 3DEF (Suppl. Figure 3DEF for positive mode). 
Several metabolite ions corresponding to the classes described in the differential analysis 
between pSS patients and HC correlated with more than one clinical parameter. Examples 
from negative ionization mode include ions such as steroid tetrahydrocortisol, and fatty 
acid derivatives hydroxyvalerylcarnitine and N-heptanoylglycine. From positive mode 
annotated ions such as 18-oxocortisol, aminonicotinic acid/nicotinamide, 20-hydroxy-
leukotriene E4, valerylcarnitine and spermidine were found to be significantly correlated 
to several clinical parameters. Two metabolite ions from negative mode correlated with all 
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three parameters (m/z=162.093, a pyridine or pyrrolizine derivative, and m/z=173.082, e.g. 
suberic acid, a fatty acid derivative) and from positive mode data one metabolite ion (m/
z=461.249, e.g. 3-Sulfodeoxycholic acid, a type of bile acid which could be produced by skin 
microbiota) (Suppl. File 4 and Suppl. Figure 4). 

To understand if pathways in disease activity associated metabolites may underlie the 
observed changes we performed PWE analyses to investigate potential group function of 
the metabolite ions identified in these comparisons. Two significantly enriched pathways 
were identified correlating to the ESSDAI score: alpha-linolenic acid metabolism and 
phenylalanine metabolism (Figure 3G). In the alpha-linolenic acid metabolism pathway 
4 ions which can be summarized to 2 fatty acid derivatives are found: m/z=211.134 and 
m/z=212.137 (both annotated as 3-Ethenyl-4-hydroxy-2,5-dimethylhex-5-en-2-yl acetate) 
and m/z=171.103 and m/z=172.106 (both annotated as 9-Oxo-nonanoic acid) (Figure 3H). 
Of note, m/z=212.137 was the annotated metabolite ion with the highest correlation to a 
clinical parameter (i.e. ESSDAI) and was differentially expressed between pSS patients 
and HC. From the 11 metabolite ions identified in the enriched phenylalanine metabolism 
pathway several are compounds directly involved in this pathway, such as m/z=166.059 (L-3-
Phenyllactic acid) and m/z=179.035 (4-Hydroxyphenylpyruvic acid) (Figure 3I).
In the PWE analyses for sIgG and LFS significantly enriched pathways were based on few 
individual metabolite differences (Suppl. Figure 5). Full details of identified metabolite ions 
and their correlation to clinical parameters can be found in Suppl. File 5. Of note, despite not 
being formally enriched in individual pathways, multiple metabolite ions that significantly 
correlated with clinical parameters could be annotated as chemically related metabolite 
classes such as steroids, leukotrienes, acyl carnitines as well as fatty acid derivatives. 

Pathway enrichment analysis reveals metabolic signatures for SSc and SLE 
patients and metabolites that relate to significantly enriched pathways
Since skin involvement is not considered a hallmark disease feature of pSS, we also included 
patients with the systemic autoimmune diseases systemic sclerosis (SSc) and systemic lupus 
erythematosus (SLE). Phenotypically patients with these diseases more often show skin 
involvement, therefore we expected to find a stronger metabolic signature when performing 
sebum metabolomics and included these patients as a potential positive control. 
Firstly, we repeated the UMAP analysis including SSc and SLE patients, which similarly to 
pSS patients showed no clear separation of the SSc and SLE metabolome as compared to HC 
on group level (Figure 4A negative mode and Suppl. Figure 6A positive mode). Differential 
analysis between SSc and HC and between SLE and HC showed several metabolite ions with 
trending metabolic changes in both modes (Figure 4B SSc vs HC and Figure 4C SLE vs HC, 
negative mode. Suppl. Figures 6BC positive mode). 
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Figure 3 | Correlation of individual metabolite ions with clinical parameters. Spearman’s rho 
correlation of metabolite ions with (A) ESSDAI, (B) serum IgG, and (C) lymphocytic focus score 
(LFS). Correlation plots of the annotated metabolite ions with strongest significant Spearman 
rho correlations for ESSDAI, sIgG and LFS (D, E, F, respectively). (G) Result of pathway enrichment 
analysis with significant correlation to ESSDAI. Correlation plots of metabolite ions from found 

pathways, alpha-linolenic pathway (H) and phenylalanine pathway (I). All data shown is from 
negative ionization mode. HC: healthy controls; pSS: primary Sjögren’s syndrome; ESSDAI: EULAR 
Sjögren’s syndrome disease activity index; sIgG: serum IgG; LFS: lymphocytic focus score; m/z: 
mass/charge.
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Next we performed PWE analyses for DEMs between SSc vs HC and SLE vs HC. For SSc vs HC 
this demonstrated pathways associated with gap junction, synaptic vesicle cycle, morphine 
addiction and Parkinson’s disease, all significantly enriched in negative mode (Figure 4D). No 
pathways were significantly enriched in positive mode between SSc vs HC (Suppl. Figure 7A). For 
the comparison of SLE vs HC no significantly enriched pathways were identified (Suppl. Figure 
7B). When looking at which metabolite ions are involved in the identified significantly enriched 
pathways, metabolite ions with annotations as L-glutamic acid, noradrenaline, dopamine and 
3’-AMP were found (Figure 4E). 
Interestingly, when performing a subanalysis for differential expression between HC and SSc 
patients with the most severe clinical phenotype, diffuse cutaneous SSc (dcSSc), the difference 
in metabolic signature consists of most DEMs. In negative mode 642 DEMs and in positive mode 
666 were found, as compared to 382 and 590 DEMs in SSc overall, for negative and positive 
mode respectively (Suppl. figure 8 and Suppl. Files 6, 7), identifying similar metabolites (e.g. 
glutamines and noradrenaline) and enriched pathways as in all SSc patients (all pathways 
enriched with over 24%, see Suppl. Figure 9 and Suppl. File 8). 

Metabolic signatures from pSS and SSc are strongly correlated in contrast to 
the metabolic signatures of pSS and SLE 
To identify commonalities and differences between pSS, SSc and SLE we performed correlations 
of their metabolic signatures (Figure 5, Suppl. Files 9, 10). Surprisingly, the metabolic signatures 
of pSS and SSc had a high correlation in both ionization modes (R=0.78 in negative (Figure 5A), 
and R=0.75 in positive ionization mode (Suppl. Figure 10A)), indicating that these diseases 
might have a common metabolic dissimilarity as compared to HC. The metabolic signature 
of SLE patients, had a poor correlation with the metabolic signatures of both pSS and SSc 
patients (R=0.35 and R=0.03 for pSS and R=0.28 and R=-0.16 for SSc, in negative and positive 
modes respectively, Figure 5BC and Suppl. Figures 10BC), which might be due to the fact that 
SLE has little DEMs compared to HC, based on low fold change difference. The top annotated 
metabolites (based on fold change differences) are shown in  Figure 5D. Of note, the two 
annotated metabolite ions with the biggest negative fold change difference between pSS and 
SSc metabolic signatures (disease vs HC) are the same in both signatures (m/z=346.237 and m/
z=153.019). Few metabolite ions were differentially expressed in all three diseases versus HC: 17 
in negative ionization mode and 10 in positive ionization mode. These included metabolites as 
gentisic acid; 2-trans,4-cis-decadienoylcarnitine and N-heptanoylglycine. 

Fi
gu

re
 4

 | 
M

et
ab

ol
om

ic
 a

na
ly

si
s 

of
 s

eb
um

 fr
om

 p
at

ie
nt

s 
w

ith
 S

Sc
 o

r 
SL

E.
 (A

) 
Un

su
pe

rv
ise

d 
di

m
en

sio
n 

re
du

ct
io

n 
by

 U
M

AP
 is

 s
ho

w
n 

fo
r 

al
l i

de
nt

ifi
ed

 
m

et
ab

ol
ite

 io
ns

 o
f H

C,
 p

SS
 p

at
ie

nt
s, 

SS
c p

at
ie

nt
s a

nd
 S

LE
 p

at
ie

nt
s. 

Vo
lc

an
o 

pl
ot

s s
ho

w
in

g 
di

ffe
re

nt
ia

l m
et

ab
ol

ite
 io

n 
ex

pr
es

sio
n 

be
tw

ee
n 

(B
) S

Sc
 a

nd
 H

C 
an

d 
(C

) S
LE

 vs
 H

C.
 E

ac
h 

do
t r

ep
re

se
nt

s a
 si

ng
le

 m
et

ab
ol

ite
 io

n.
 Io

ns
 in

 re
d 

ar
e 

co
ns

id
er

ed
 d

iff
er

en
tia

l b
et

w
ee

n 
H

C 
an

d 
pS

S 
pa

tie
nt

s b
as

ed
 o

n 
lo

g2
(1

.5
)-f

ol
d 

ch
an

ge
 

(v
er

tic
al

 li
ne

s)
 an

d 
p-

va
lu

e<
0.

05
 (h

or
iz

on
ta

l l
in

e)
. (

D
) S

ig
ni

fic
an

tly
 e

nr
ic

he
d 

pa
th

w
ay

s i
de

nt
ifi

ed
 w

ith
 p

at
hw

ay
 e

nr
ic

hm
en

t a
na

ly
sis

 in
 S

Sc
 ar

e 
de

pi
ct

ed
 in

 re
d.

 
(E

) B
ox

pl
ot

s o
f m

et
ab

ol
ite

 io
ns

 co
nt

rib
ut

in
g 

to
 id

en
tif

ie
d 

sig
ni

fic
an

t p
at

hw
ay

s. 
Al

l d
at

a 
sh

ow
n 

is 
fr

om
 n

eg
at

iv
e 

io
ni

za
tio

n 
m

od
e.

 H
C:

 h
ea

lth
y 

co
nt

ro
ls;

 S
LE

: 
sy

st
em

ic
 lu

pu
s e

ry
th

em
at

os
us

; S
Sc

: s
ys

te
m

ic
 sc

le
ro

sis
; U

M
AP

: U
ni

fo
rm

 M
an

ifo
ld

 A
pp

ro
xi

m
at

io
n 

an
d 

Pr
oj

ec
tio

n;
 m

/z
: m

as
s/

ch
ar

ge
. 



154 155

Sebum metabolomics to identify biomarkers in pSS and SSc

7

Discussion

Non-invasive strategies to perform molecular analyses that could help in understanding, 
delineating, predicting and targeting of disease such as systemic autoimmune disease 
could be very valuable. Metabolomics of sebum could potentially be such a novel strategy. 
To our knowledge this is the first study to demonstrate the feasibility of performing 
metabolomics analysis of sebum in systemic autoimmune diseases. Using an untargeted 
metabolomics approach we picked up metabolic signatures for pSS, SSc and SLE patients. 

Figure 5 | Coherence of metabolic signatures from patients with pSS, SSc and SLE. Correlation of 
metabolic signatures between (A) pSS and SSc, (B) pSS and SLE and (C) SSc and SLE. Each disease 
signature consists of DEMs between the disease and HC. (D) Boxplots of top DEMs with p<0.05 in 
both pSS vs HC and SSc vs HC signatures (left column top 2 DEMs for pSS vs HC; middle top 2 DEMs 
for SSc vs HC; right column lowest 2 DEMs, which are similar in both signatures). All data shown 
is from negative ionization mode. HC: healthy controls; pSS: primary Sjögren’s syndrome; SLE: 
systemic lupus erythematosus; SSc: systemic sclerosis; m/z: mass/charge; DEMs: differentially 
expressed metabolites. 

Correlation analyses of metabolomic changes and disease activity markers indicated that 
several metabolites were associated with disease activity. Interestingly, when analyzing 
DEMs of pSS and SSc patients relative to HC we observed robust and strong correlations 
between metabolic signatures of pSS and SSc patients. 

In our exploratory pilot study we used untargeted metabolomics to capture the full 
metabolome. This approach ensures that no selection bias was made in our metabolite 
data and relevant metabolites for these diseases would not be missed. On the other hand 
the resolution of the mass spectrometry is lower, due to putative annotation variability, 
leaving some uncertainties as to what would be the correct biological equivalent. In 
this paper we highlighted only annotated metabolites, but in all comparisons also 
significant unannotated metabolite ions were found, indicating the further potential of 
targeted metabolomics. For our exploratory analyses we used nominal p-values to not 
lose potentially relevant molecular and biological information, at the expense of having 
potentially false positive observations. Nonetheless, we found confirmation of many 
metabolites analyzing the data from both ionization modes. In addition, we found multiple 
metabolites that contributed to enriched pathways and in support of a potential role in 
the disease we found robust correlations of numerous metabolites with systemic and local 
clinical parameters. Also, DEMs observed in pSS patients were also detected in SSc patients, 
thus providing confirmation of observed DEMs in the sebum of these two separate patient 
groups. Furthermore, we found abundant expression of metabolites that were unique to 
SSc sebum, strongly enriched for pathways involved in neurotransmission.

Many metabolites can be derived from food intake or environmental factors such as microbes 
or smoking, potentially influencing disease parameters. It is anticipated that more targeted 
approaches may map some of these metabolites to factors such as diet, smoking status, or 
microbiome. In this respect it is interesting that levels of essential fatty acids and amino 
acids were identified in this study. Using the DEMs between pSS patients as compared to HC 
several significantly enriched pathways were identified. This included the alpha-linolenic acid 
metabolism pathway and the phenylalanine pathway. Reduced levels of metabolites in these 
two pathways have been described earlier in metabolomics analysis of urine and plasma of 
pSS patients, corroborating our sebum data.(28) Here we for the first time also demonstrate 
that both pathways correlate to disease activity as measured by ESSDAI scores. 
Alpha-linolenic acid (ALA) is an omega-3 essential fatty acid, which enters the human 
metabolism by eating e.g. seeds and vegetable oils.(29) A recent review has pointed out 
that higher ALA dietary intake and corresponding elevated ALA blood levels are associated 
with a reduced mortality rate due to cardiovascular disease.(30) Also as a group omega-3 
polyunsaturated fatty acids (PUFAs) are described as anti-inflammatory, with associations 
between e.g. Western (omega-3 PUFA low) diet and exacerbations of inflammatory bowel 
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disease, in which a role through activation of PPARγ and downregulation of NF-κB is 
suggested.(31,32). Hence, the reduced levels of ALA correlating with increased disease activity 
may point to a role for the ALA pathway in regulation of disease activity in pSS.
Phenylalanine is an essential amino acid and a precursor for several neurotransmitters, 
such as dopamine and norepinephrine.(33) Previously, dysregulation of the phenylalanine 
metabolism pathway, and reduced levels of phenylalanine, were found in serum and 
urine of pSS patients.(28) Dysregulation in this pathway was also found in saliva of pSS 
patients, but in contrast to serum and urine, phenylalanine concentrations were found to 
be elevated in the saliva of pSS patients.(34,35) High levels of phenylalanine in saliva were 
found to be associated with dysbiosis of oral microbiota in periodontitis.(36) Several amino 
acids, including phenylalanine, were associated to muscarinic M3 receptors, which upon 
activation may trigger salivary gland secretion.(37) However, in both studies describing 
elevated phenylalanine in saliva of pSS patients clinical characteristics were not defined 
and no correlations were found with salivary flow rate.(34,35,38) Hence, it is unclear how the 
discrepancy between reduced systemic and sebum levels and increased saliva levels can be 
explained, but this could be related to dryness-associated (immuno)pathology.

In SSc patients the metabolites that were enriched for pathways associated with 
neurotransmission were related to L-glutamic acid, dopamine, noradrenaline, which 
are neurotransmitters, and 3’-AMP, a metabolite related to adenosine, which is also a 
neurotransmitter.(39,40) The finding of neurotransmitters may reflect disturbances in 
vasculature, like vasoconstriction that is common to SSc patients.(41,42) 
L-Glutamic acid, a derivative of glutamate, which we found to be increased in sebum of SSc 
patients, is considered an excitatory amino acid with effects on vasoconstriction through 
vasopressin release.(43,44) Glutamate-induced vasoconstriction in the skin was shown, 
corroborating a potential contribution of glutamic acid.(45)
3’-AMP is part of the 2’,3’-cAMP-adenosine pathway, in which extracellular cAMP can be 
converted to adenosine, that is an inhibitory neurotransmitter.(40) This pathway was 
previously shown to have a neuroprotective role in mice.(39,40) In addition, 2’,3’-cAMP, 
2’-AMP and 3’-AMP  were shown to have an effect on vascular smooth muscle cells.(46) 
Under stress these mediators may play important regulatory roles in the skin.Dopamine 
and norepinephrine levels were decreased in sebum of SSc patients. 
Dopamine and norepinephrine are typically considered neurotransmitters mediating 
vasoconstriction, however, the balance between these neurotransmitters and their 
receptors is critical for their biological effect, which e.g. can be vasoconstriction or 
vasodilatation.(47) In line with this suggestion it has been shown that e.g. dopaminergic 
stimulation can cause relaxation of cutaneous arteries.(48) The concentrations of none of 
the significantly contributing metabolites in the identified neurotransmission pathways 
was associated with the mRSS score. This might reflect the differential expression of the 

metabolites and the complex regulation of the skin vasculature and fibrosis in SSc. Our 
data suggest that metabolomics analysis of the sebum may provide a valuable tool to 
understand the immunopathology of the skin of SSc patients.

Our untargeted metabolomics approach yields a broad range of metabolites that highlight 
some metabolite classes with differences between patients and controls. Metabolism of 
unsaturated fatty acids (alpha-linolenic acid metabolism), acylcarnitines and metabolites 
directly involved in the phenylalanine pathway were differentially expressed between pSS 
patients and controls. Interestingly, metabolites associated with neurotransmission and 
possibly vasoconstriction were identified in SSc patients.

In conclusion this study demonstrates the potential of sebum as an easily accessible product 
of the sebaceous glands, to determine metabolite ion abundances in systemic autoimmune 
diseases such as pSS, SSc and SLE. Future research, using targeted metabolomics focusing on 
metabolite classes that we have identified, such as carnitines, vitamins, neurotransmitters 
and metabolites involved in unsaturated fatty acids metabolism might be used to validate 
the results from this first study. Such research could focus on larger patient groups taking 
into account patient heterogeneity and potential confounding factors. Finally, sebum 
metabolomics analysis in systemic autoimmune diseases, that can have overlapping 
features such as pSS and SSc, may identify shared (immuno)pathological pathways.



158 159

Sebum metabolomics to identify biomarkers in pSS and SSc

7

References 
1. Brito-Zerón P, Baldini C, Bootsma H, Bowman SJ, Jonsson R, Mariette X, et al. Sjogren syndrome. Nat Rev 

Dis Primers. 2016;2:16047. 

2. Fox RI. Sjogren’s syndrome. Lancet. 2005 Jul;366(9482):321–31. 

3. Campos J, Hillen MR, Barone F. Salivary Gland Pathology in Sjogren’s Syndrome. Rheum Dis Clin North 
Am. 2016 Aug;42(3):473–83. 

4. Nocturne G, Mariette X. B cells in the pathogenesis of primary Sjögren syndrome. Nature Reviews 
Rheumatology 2018 14:3. 2018;14(3):133–45. 

5. Kroef M van der, Hoogen LL van den, Mertens JS, Blokland SLM, Haskett S, Devaprasad A, et al. 
Cytometry by time of flight identifies distinct signatures in patients with systemic sclerosis, systemic 
lupus erythematosus and Sjögrens syndrome. Eur J Immunol. 2020;50(1):119–29. 

6. Blokland SLM, Hillen MR, van Vliet-Moret FM, Bikker A, de Jager W, Pandit A, et al. Salivary gland 
secretome: a novel tool towards molecular stratification of patients with primary Sjögren’s syndrome 
and non-autoimmune sicca. RMD Open. 2019;5(1):e000772. 

7. Hillen MR, Pandit A, Blokland SLM, Hartgring SAY, Bekker CPJ, van der Heijden EHM, et al. Plasmacytoid 
DCs From Patients With Sjögren’s Syndrome Are Transcriptionally Primed for Enhanced Pro-
inflammatory Cytokine Production. Front Immunol. 2019 Sep 4;10. 

8. Lopes AP, Bekker CPJ, Hillen MR, Blokland SLM, Hinrichs AC, Pandit A, et al. The Transcriptomic Profile 
of Monocytes from Patients With Sjögren’s Syndrome Is Associated With Inflammatory Parameters and 
Is Mimicked by Circulating Mediators. Front Immunol. 2021;12. 

9. Hinrichs AC, Blokland SLM, Lopes AP, Wichers CGK, Kruize AA, Pandit A, et al. Transcriptome Analysis 
of CCR9+ T Helper Cells From Primary Sjögren’s Syndrome Patients Identifies CCL5 as a Novel Effector 
Molecule. Front Immunol. 2021;0:2988. 

10. Bengtsson AA, Trygg J, Wuttge DM, Sturfelt G, Theander E, Donten M, et al. Metabolic Profiling of 
Systemic Lupus Erythematosus and Comparison with Primary Sjögren’s Syndrome and Systemic 
Sclerosis. PLoS One. 2016;11(7):e0159384. 

11. Li J, Che N, Xu L, Zhang Q, Wang Q, Tan W, et al. LC-MS-based serum metabolomics reveals a distinctive 
signature in patients with rheumatoid arthritis. Clin Rheumatol. 2018;37(6):1493–502. 

12. Lu J, Guo Y, Lu Y, Ji W, Lin L, Qian W, et al. Untargeted lipidomics reveals specific lipid abnormalities in 
Sjögren’s syndrome. Rheumatology (United Kingdom). 2021;60(3):1252–9. 

13. Kageyama G, Saegusa J, Irino Y, Tanaka S, Tsuda K, Takahashi S, et al. Metabolomics analysis of saliva 
from patients with primary Sjögren’s syndrome. Clin Exp Immunol. 2015;182(2):149–53. 

14. Herrala M, Mikkonen JJW, Pesonen P, Lappalainen R, Tjäderhane L, Niemelä RK, et al. Variability of 
salivary metabolite levels in patients with Sjögren’s syndrome. J Oral Sci. 2021;63(1):22–6. 

15. Picardo M, Ottaviani M, Camera E, Mastrofrancesco A. Sebaceous gland lipids. Dermatoendocrinol. 
2009;1(2):68. 

16. Agrawal K, Hassoun LA, Foolad N, Borkowski K, Pedersen TL, Sivamani RK, et al. Effects of atopic 
dermatitis and gender on sebum lipid mediator and fatty acid profiles. Prostaglandins Leukot Essent 
Fatty Acids. 2018;134:7–16. 

17. Camera E, Ludovici M, Tortorella S, Sinagra JL, Capitanio B, Goracci L, et al. Use of lipidomics to investigate 
sebum dysfunction in juvenile acne[S]. J Lipid Res. 2016;57:1051–8. 

18. Sinclair E, Trivedi DK, Sarkar D, Walton-Doyle C, Milne J, Kunath T, et al. Metabolomics of sebum reveals 
lipid dysregulation in Parkinson’s disease. Nat Commun. 2021;12:1592. 

19. Bernacchi E, Bianchi B, Amato L, Giorgini S, Fabbri P, Tavoni A, et al. Xerosis in primary Sjogren syndrome: 
immunohistochemical and functional investigations. Vol. 39, Journal of dermatological science. 
Netherlands; 2005. p. 53–5. 

20. Bernacchi E, Amato L, Parodi A, Cottoni F, Rubegni P, de Pità O, et al. Sjögren’s syndrome: A retrospective 
review of the cutaneous features of 93 patients by the Italian Group of Immunodermatology. Clin Exp 
Rheumatol. 2004 Jan;22(1):55–62. 

21. Shiboski CH, Shiboski SC, Seror R, Criswell LA, Labetoulle M, Lietman TM, et al. 2016 American College 
of Rheumatology/European League Against Rheumatism Classification Criteria for Primary Sjögren’s 
Syndrome: A Consensus and Data-Driven Methodology Involving Three International Patient Cohorts. 
Arthritis and Rheumatology. 2017;69(1):35–45. 

22. Aringer M, Costenbader K, Daikh D, Brinks R, Mosca M, Ramsey-Goldman R, et al. 2019 European League 
Against Rheumatism/American College of Rheumatology classification criteria for systemic lupus 
erythematosus. Ann Rheum Dis. 2019 Sep 1;78(9):1151–9. 

23. Van Den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A, et al. 2013 classification criteria 
for systemic sclerosis: An American college of rheumatology/European league against rheumatism 
collaborative initiative. Ann Rheum Dis. 2013;72(11):1747–55. 

24. Vappiani J, Eyster T, Orzechowski K, Ritz D, Patel P, Sévin D, et al. Exometabolome profiling reveals 
activation of the carnitine buffering pathway in fed-batch cultures of CHO cells co-fed with glucose and 
lactic acid. Biotechnol Prog. 2021;e3198. 

25. Fuhrer T, Heer D, Begemann B, Zamboni N. High-throughput, accurate mass metabolome profiling of cellular 
extracts by flow injection-time-of-flight mass spectrometry. Anal Chem. 2011 Sep 15;83(18):7074–80. 

26. Wishart DS, Feunang YD, Marcu A, Guo AC, Liang K, Vázquez-Fresno R, et al. HMDB 4.0: the human 
metabolome database for 2018. Nucleic Acids Res. 2018;46(D1):D608–17. 

27. Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M. KEGG: Integrating viruses and 
cellular organisms. Nucleic Acids Res. 2021 Jan 8;49(D1):D545–51. 

28. Fernández-Ochoa Á, Borrás-Linares I, Quirantes-Piné R, Alarcón-Riquelme ME, Beretta L, Segura-
Carretero A. Discovering new metabolite alterations in primary sjögren’s syndrome in urinary and 
plasma samples using an HPLC-ESI-QTOF-MS methodology. J Pharm Biomed Anal. 2020;179:112999. 

29. Blondeau N, Lipsky RH, Bourourou M, Duncan MW, Gorelick PB, Marini AM. Alpha-Linolenic Acid: An 
Omega-3 Fatty Acid with Neuroprotective Properties—Ready for Use in the Stroke Clinic? Biomed Res 
Int. 2015;2015. 

30. Naghshi S, Aune D, Beyene J, Mobarak S, Asadi M, Sadeghi O. Dietary intake and biomarkers of alpha 
linolenic acid and risk of all cause, cardiovascular, and cancer mortality: systematic review and dose-
response meta-analysis of cohort studies. BMJ. 2021 Oct 14;375:2213. 

31. Marion-Letellier R, Savoye G, Ghosh S. Polyunsaturated fatty acids and inflammation. IUBMB Life. 2015 
Sep 1;67(9):659–67. 

32. Fu Y, Wang Y, Gao H, Li D, Jiang R, Ge L, et al. Associations among Dietary Omega-3 Polyunsaturated 
Fatty Acids, the Gut Microbiota, and Intestinal Immunity. Wu M, editor. Mediators Inflamm. 2021 Jan 
2;2021(8879227):1–11. 

33. Ihlefeldt FS, Pettersen FB, von Bonin A, Zawadzka M, rbitz CH. The Polymorphs of L-Phenylalanine. 
Angewandte Chemie International Edition. 2014 Dec 1;53(49):13600–4. 

34. Mikkonen JJ, Herrala M, Soininen P, Lappalainen R, Tjäderhane L, Seitsalo H, et al. Metabolic Profiling of 
Saliva in Patients with Primary Sjögren’s syndrome. Metabolomics. 2013;3(3):128. 

35. Herrala M, Turunen S, Hanhineva K, Lehtonen M, Mikkonen JJW, Seitsalo H, et al. Low-dose doxycycline 
treatment normalizes levels of some salivary metabolites associated with oral microbiota in patients 
with primary sjögren’s syndrome. Metabolites. 2021 Sep 1;11(9):595. 

36. Liebsch C, Pitchika V, Pink C, Samietz S, Kastenmüller G, Artati A, et al. The Saliva Metabolome in 
Association to Oral Health Status. J Dent Res. 2019 Jun 1;98(6):642–51. 

37. Dawson LJ, Stanbury J, Venn N, Hasdimir B, Rogers SN, Smith PM. Antimuscarinic antibodies in primary 
Sjögren’s syndrome reversibly inhibit the mechanism of fluid secretion by human submandibular 
salivary acinar cells. Arthritis Rheum. 2006 Apr 1;54(4):1165–73. 

38. Vitali C, Bombardieri S, Jonsson R, Moutsopoulos HM, Alexander EL, Carsons SE, et al. Classification 
criteria for Sjogren’s syndrome: a revised version of the European criteria proposed by the American-
European Consensus Group. Ann Rheum Dis. 2002 Jun;61(6):554–8. 



160 161

Sebum metabolomics to identify biomarkers in pSS and SSc

7

39. Newell EA, Exo JL, Verrier JD, Jackson TC, Gillespie DG, Janesko-Feldman K, et al. 2',3'-cAMP, 3'-AMP, 2'-
AMP and adenosine inhibit TNF-α and CXCL10 production from activated primary murine microglia via 
A2A receptors. Brain Res. 2015 Jan 12;1594:27–35. 

40. Verrier JD, Jackson TC, Bansal R, Kochanek PM, Puccio AM, Okonkwo DO, et al. The brain in vivo expresses 
the 2',3'-cAMP-adenosine pathway. J Neurochem. 2012 Jul 1;122(1):115–25. 

41. Jayson MIV. Systemic sclerosis--a microvascular disorder? J R Soc Med. 1983;76(8):635. 

42. Dessein PH, Joffe BI, Metz RM, Millar DL, Lawson M, Stanwix AE. Autonomic dysfunction in systemic 
sclerosis: Sympathetic overactivity and instability. Am J Med. 1992 Aug 1;93(2):143–50. 

43. Takemoto Y. The central effect of L-cysteine on cardiovascular system of the conscious rat. Jpn J Physiol. 
1995;45(5):771–83. 

44. Takemoto Y. Amino acids that centrally influence blood pressure and regional blood flow in conscious 
rats. J Amino Acids. 2012 May 29;2012:1–14. 

45. Kimura Y, Ge HY, Zhang Y, Kimura M, Sumikura H, Arendt-Nielsen L. Evaluation of sympathetic 
vasoconstrictor response following nociceptive stimulation of latent myofascial trigger points in 
humans. Acta Physiol (Oxf). 2009 Aug;196(4):411–7. 

46. Jackson EK, Ren J, Gillespie DG. 2’,3’-cAMP, 3’-AMP, and 2’-AMP inhibit human aortic and coronary vascular 
smooth muscle cell proliferation via A2B receptors. Am J Physiol Heart Circ Physiol. 2011 Aug;301(2). 

47. Brodde OE. Vascular dopamine receptors: Demonstration and characterization by in vitro studies. Life 
Sci. 1982 Jul 26;31(4):289–306. 

48. Hughes AD, Sever PS. The action of dopamine and vascular dopamine (DA1) receptor agonists on human 
isolated subcutaneous and omental small arteries. Br J Pharmacol. 1989;97(3):950–6. 

Supplementary Material

Supplementary File 1: Methods and Supplementary Table 1

Sample extraction
Sebutapes were transferred to uncoated 6-well plates (Sigma CLS3516-50EA) kept on wet 
ice using forceps. The two sebutapes collected from the same donor were combined in the 
same well. Polar metabolites were extracted by applying 2 mL of a 70/30%-v/v EtOH/H2O 
solution pre-heated to 75°C followed by a 3 min incubation in a water bath (Heating Bath 
Circulator S21, Haake) at 75°C with occasional gentle shaking. Plates were subsequently 
allowed to cool down on wet ice for 5 min and finally incubated at 4°C for another 2 h to 
complete the extraction process. Supernatants containing extracted metabolites were 
dried under vacuum in a SpeedVac (UNIVAPO 150 ECH, Uniequip) overnight, before 
resuspension in 120 µL of LC/MS-grade 30/70%-v/v ACN/H2O solution. To remove any 
insoluble debris, extracts were filtered using a 96-well filter plate with 1.2 µm pore size 
(Millipore MSBVN1250) and centrifugation for 2 min at 1,000 g (Multifuge X3R, Heraeus). 
Filtered extracts were collected in 96-well plates (Thermo Scientific 249944) and sealed 
with adhesive film (VWR 60941-090) to prevent evaporation. Samples were stored at -80°C 
for no longer than 1 week until performing metabolomics analysis.

LC/MS
Untargeted metabolomics analysis was performed using a previously described platform.
(Vappiani et al., 2021) Briefly, samples were analyzed on a LC/MS system consisting of 
a Thermo Scientific Ultimate 3000 liquid chromatography system with autosampler 
temperature set to 10°C coupled to a Thermo Scientific Q-Exactive Plus Fourier transform 
mass spectrometer equipped with a heated electrospray ion source and operated in negative 
or positive ionization mode, generating two distinct datasets. For negative ionization mode, 
the isocratic flow rate was 250 μL/min of mobile phase consisting of 60:40% (v/v) isopropanol: 
water buffered with 1 mM ammonium fluoride at pH 9 containing 10 nM taurocholic acid and 
20 nM homotaurine as lock masses. For positive ionization mode, the isocratic flow rate was 
250 μL/min of mobile phase consisting of 60:40% (v/v) methanol: water with 0.1% (v/v) formic 
acid containing 10 nM taurocholic acid and 20 nM homotaurine as lock masses. For negative 
mode, mass spectra were recorded in profile mode from 50 to 1000 m/z with the following 
instrument settings: sheath gas, 15 a.u.; aux gas, 5 a.u.; aux gas heater, 400°C; sweep gas, 0 
a.u.; spray voltage, −3 kV; capillary temperature, 250° C; S-lens RF level, 50 a.u; resolution, 70 k 
@ 200 m/z; AGC target, 3x106 ions, max. Inject time, 120 ms; acquisition duration, 60 s. For 
positive mode, instrument settings were identical to negative mode except inverted signs of 
voltages, a spray voltage of 3.5 kV and reduced aux gas heater temperature of 300°C. Spectral 
data processing including peak detection and alignment was performed using an automated 
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pipeline in R that was designed analogously to the previously published MATLAB version.
(Fuhrer et al., 2011) In brief, the pipeline aligns and averages scans of each individual file, 
then aligns spectra across all files in the dataset, performs centroiding and peak binning, re-
calibrates the mass axis based on the above lock masses and finally assembles a consolidated 
matrix of ion intensities. Detected ions were tentatively annotated as metabolites based on 
matching accurate mass within a tolerance of 5 mDa using the Human Metabolome database 
as reference considering [M-H] and [M-2H] (negative mode) or [M+], [M+H], [M+Na] and 
[M+K] (positive mode) ions and up to two 12C to 13C substitutions.(Wishart et al., 2018) 
Importantly, this approach does not enable to conclusively identify metabolites, as for 
instance metabolites with identical chemical formula, with different adducts or within the 5 
mDa annotation window can map to the same ion. Therefore, we aimed to interpret our data 
conservatively by focusing on most likely annotations, for instance known highly abundant 
metabolites in conserved metabolic pathways. 

Data quality control
To minimize and compensate technical artifacts in the metabolomics dataset, we applied 
several preventive and corrective measures. First, we randomized the sample injection 
sequence to prevent technical artifacts from impacting statistical outcomes. Second, we 
injected each sample twice to improve the accuracy of metabolite ion quantification. 
Third, we injected at regular intervals three different QC standards (a solvent blank, 
a defined mixture of highly pure chemicals, a pooled aliquot of all biological samples 
referred to as “CMATRIX”) to control for changes in instrument performance over the 
course of data acquisition. Fourth, we corrected for systematic trends in metabolite ion 
intensities over the course of (randomized) acquisition by subtracting residuals obtained 
by fitting a robust linear model. Fifth, we confirmed that, for both acquired metabolomics 
datasets, good separation between the above QC samples and biological samples was 
achieved using unsupervised hierarchical clustering, and that data from analytical 
replicates of each sample were strongly correlated. Sixth, we calculated the coefficient of 
variation (CV) of each ion in CMATRIX and biological samples, and removed ions whose CV 
in biological samples did not exceed the CV in CMATRIX samples. Since the CV in CMATRIX 
samples estimates only technical variability, any biologically informative ion would be 
expected to have larger variability as it would be subjected to technical as well as other 
sources of variability. Seventh, we applied a PCA-based approach to detect and remove 
outlier samples that were found to lie outside of the 95% confidence interval containing 
all biological samples in the space spanned by principal components 1 and 2. Summary 
statistics on the acquired datasets are provided in Supplementary Table 1.

Negative mode Positive mode

Number of ions detected 7573 13105

Number of ions remaining after curation (c.f. methods) 4689 6076

Number of ions annotated after curation (c.f. methods) 1400 2303

Number of unique tentatively annotated metabolites 3742 4670

Median metabolite ion variability in CMATRIX (coefficient of 
variation)

24.2% 18.0%

Median metabolite ion variability in biological samples 
(coefficient of variation)

71.6% 74.5%

Outlier samples none 6 (n=2 pSS, n=1 SSc, 
n=1 SLE, n=2 HC)

Supplementary Table 1 | Statistics on the acquired sebum metabolomics datasets. pSS: primary 
Sjögren’s syndrome, SSc: systemic sclerosis, SLE: systemic lupus erythematosus, HC: healthy 
controls.
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Supplementary Figures

Supplementary Figure 1 | Differential expression between patients with pSS and HC. (A) 
Unsupervised dimension reduction by Uniform Manifold Approximation and Projection (UMAP) 
was performed for all identified metabolite ions of pSS patients and HC. (B) Volcano plot using 
all identified metabolite ions for differential analysis between pSS patients and HC. Each dot 
represents a single metabolite ion. Red metabolites are considered differential between HC and 
pSS patients based on log2(1.5)-fold change (vertical lines) and p-value<0.05 (horizontal line). (C) 
Boxplot examples of identified annotated DEMs from different metabolite classes. All plots show 
results from positive ionization mode. HC: healthy controls; pSS: primary Sjögren’s syndrome; 
UMAP: Uniform Manifold Approximation and Projection; m/z: mass/charge; DEMs: differentially 
expressed metabolites.
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Supplementary Figure 3 | Correlation of individual metabolite ions with clinical parameters. 
Spearman’s rho correlation of metabolite ions in positive ionization mode with (A) ESSDAI, (B) 
sIgG and (C) LFS. Correlation plot of the annotated metabolite with strongest Spearman rho value 
for these parameters (DEF). ESSDAI: EULAR Sjögren’s syndrome disease activity index; sIgG: serum 
IgG; LFS: lymphocytic focus score; m/z: mass/charge.

Supplementary Figure 4 | Individual metabolite ions which correlate with all three clinical 
parameters. Spearman’s rho correlation of metabolite ions that correlate with ESSDAI, sIgG and 
LFS. (A) m/z=162.093; (B) m/z=173.082; (C) m/z=461.249. ESSDAI: EULAR Sjögren’s syndrome 
disease activity index; sIgG: serum IgG; LFS: lymphocytic focus score; m/z: mass/charge.
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Supplementary Figure 7 | Pathway enrichment analyses using metabolite ions that are 
differentially expressed in SSc or SLE versus HC. Results from pathway enrichment analysis 
in both negative and positive ionization mode for (A) SSc and (B) SLE. Significantly enriched 
pathways are shown in red. HC: healthy controls; SLE: systemic lupus erythematosus; SSc: 
systemic sclerosis.

Supplementary Figure 8 | Differential analysis between diffuse cutaneous systemic sclerosis 
(dcSSc) patients and healthy controls. Comparing the most severe SSc disease subtype (dcSSc) 
to HC, quite some differentially expressed metabolite ions were identified. (A) Nominal p-values 
in top row for both negative (n=642 metabolites) and positive (n=666 metabolites) ionization 
mode. (B) After FDR-correction using Storey and Tibshirani n=328 metabolite ions are found to be 
differentially expressed between dcSSc and HC in negative ionization mode and n=167 in positive 
ionization mode. HC: healthy controls; dcSSc: diffuse cutaneous systemic sclerosis; FDR: false 
discovery rate.
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Summary

The main aim of this thesis was to gain a better understanding of the role of CCR9-
expressing T cells in pSS. So far in pSS patients CCR9+ CD4 T cells had been studied, but 
other CCR9-expressing cell subsets that could play a role in pSS immunopathology had 
not been considered. Using novel techniques the molecular, phenotypic, and functional 
features of several CCR9+ T cell subsets were studied, as described in chapters 2-6. 
Additionally, in chapter 7 a new minimal invasive method using sebum metabolomics was 
investigated to evaluate its potential to monitor immunopathology and to discover novel 
biomarkers in pSS. 
The main findings reported in this thesis are summarized below.

In chapter 2 the transcriptome of CCR9+ Tfh-like cells was studied. CCR9+, CXCR5+, and 
CXCR5-CCR9- CD4 T cells from pSS patients and healthy controls (HC) were sorted using 
flow cytometry, and RNA sequencing was performed. Computational analysis was used 
to identify differentially expressed genes (DEGs), coherent gene expression networks 
(modules), and differentially regulated pathways. From the three subsets CCR9+ CD4 T 
cells showed most DEGs between pSS patients and HC. For further analysis one module 
was selected that showed high eigengene expression in CCR9+ CD4 T cells, and pathways 
enriched for genes involved in Th1 function (cytokine and chemokine production), and 
migration and adhesion. Target genes were validated in additional cohorts by qPCR or 
on protein level by flow cytometry. However, although the findings in CCR9+ CD4 T cells 
as compared to CXCR5+, and CXCR5-CCR9- CD4 T cells were validated, the differences 
between HC and pSS patients were not. 
One gene of interest was CCL5. CCR9+ CD4 T cells were shown to express higher levels of the 
chemokine CCL5 than CXCR5+ and CXCR5-CCR9- CD4 T cells, with the highest expression of 
CCL5 found in effector CCR9+ CD4 T cells. Antigenic triggering and stimulation with IL-7 of 
the Th cell subsets co-cultured with monocytes strongly induced CCL5 secretion in CCR9+ 
CD4 T cell co-cultures. Additionally, effector CCR9+ CD4 T cells rapidly released CCL5 and 
secreted the highest CCL5 levels upon stimulation. Given the increased numbers of CCR9+ 
CD4 T cells in the blood and inflamed glands of pSS patients, and presence of inflammatory 
stimuli to activate these cells, this suggests that CCR9-specific functions such as cell 
recruitment upon CCL5 secretion, could significantly contribute to immunopathology in 
pSS.

CD8 T cells previously were shown to secrete more CCL5 than CD4 T cells. Furthermore, 
using epigenetic cell counting we found that CD8 T cell presence in labial salivary gland 
tissue was associated with the LFS and presence of Tfh cells, implicating that CD8 T cells 
can play a role in lymphocytic infiltration/organization and ectopic follicular responses. The 

finding that CCL5 is highly expressed by CCR9+ effector CD4 T cells, led to the hypothesis 
that CCL5 expression by CCR9+ CD8 T cells might also be elevated in pSS patients and 
contribute more to total circulating CCL5 levels. In chapter 3 we were the first to show 
that CCR9-expressing CD8 T cells are more abundant in pSS patients as compared to HC. 
Antigen-experienced CD8 T cells, and especially CCR9+ effector CD8 T cells, expressed the 
highest CCL5 levels, and released the highest levels of CCL5 upon stimulation. CCR9+ CD8 
T cells rapidly released CCL5, and released significantly more CCL5 than CCR9+ CD4 T cells. 
pSS patients expressed less CCL5 in their effector and memory CD8 T cells compared to 
HC, and subsequently released lower levels of CCL5 upon stimulation, which could point to 
increased release in vivo. Together these findings suggest a role for CCL5-releasing (CCR9+) 
CD8 T cells in pSS immunopathology.

Tph cells and CCR9+ Tfh-like cells are two CXCR5- Tfh-like cell subsets with B cell activating 
potential and higher frequencies in the circulation of pSS patients compared to controls. 
In chapter 4 the question was answered if in fact these Tfh-like cell subsets are the same 
or separate subsets. It was demonstrated that the two populations of cells are largely 
distinct and only have limited overlap. Only a small percentage of CXCR5-PD-1hi memory 
cells expressed CCR9. Using flow cytometry the expression of activation markers PD-1 
and ICOS was compared between both CXCR5- cell subsets and CXCR5+ cells, taking the 
differentiation status of the cells into account. PD-1/ICOS expression was higher in memory 
cells expressing CXCR5 or CCR9. The highest expression of PD-1/ICOS was found in CXCR5/
CCR9 co-expressing T cells, which were enriched in the circulation of pSS patients. Since 
the ligands for CCR9 and CXCR5 (CCL25 and CXCL13, respectively) are upregulated in pSS 
salivary gland tissue, cells expressing either or both chemokine receptors will migrate to 
the inflammatory site, and may contribute to the ongoing immune responses.

Previously we have demonstrated that CCR9-expressing CD4 T cells have increased 
expression of IL-7R and subsequently strongly respond to IL-7. In recent years it has 
become clear that besides adaptive immune cell subsets such as CD4 T cells, also innate 
and innate-like cell subsets can play a role in IL-7-related immunopathology, including B 
cell hyperactivity and local inflammation as are seen in patients with pSS. In chapter 5 the 
potential of IL-7 to activate IL-7R-expressing innate(-like) cells is summarized. 
As pSS is characterized by inflammation in mucosa-associated tissues, in chapter 6 innate-
like mucosal-associated invariant T (MAIT) cells were studied for their expression of CCR9, 
CXCR5, IL-18Rα and IL-7R in pSS. Both CD161+ and IL-18Rα+ MAIT cell numbers were 
decreased in pSS patients as compared to HC. pSS patients showed a significantly increased 
CD4/CD8 MAIT cell ratio, due to elevated CD4 MAIT cell frequencies compared to controls. 
The number of CCR9+ and CXCR5+ MAIT cells was significantly higher in pSS patients. 
Furthermore, expression of IL-7R, IFN-γ, and IL-21 was higher in MAIT cells as compared to 
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non-MAIT cells. IL-7R expression on CD8 CD161+ MAIT cells correlated to lymphocytic focus 
scores, percentage of IgA-expressing plasma cells in salivary gland tissue, and serum IgG 
levels. Production of IL-21 by MAIT cells was significantly inhibited by LEF/HCQ exposure. 
Given the enriched CCR9/CXCR5 expression of MAIT cells, this suggests that overexpressed 
CCL25 and CXCL13 in the inflamed salivary glands of pSS patients could facilitate increased 
migration of these cells. Given the pivotal role of IL-7 and IL-21 in inflammation in pSS this 
also indicates a potential role for MAIT cells in driving pSS immunopathology.

Although many new technologies require limited amounts of biological material to study 
disease, most still do require invasive procedures to obtain the material. Therefore, the 
development of new minimal invasive technologies might be of interest to patients, 
physicians and researchers. In chapter 7 a new minimal invasive method of high throughput 
metabolomics technology of sebum, the product of exocrine sebaceous glands, was 
investigated. Sebum was easily collected from the forehead of individuals using sebutapes, 
and the extracted sebum was analyzed. Using untargeted mass spectrometry several 
thousands of metabolite ions were found in all samples. Modest differences were observed 
between the sebum metabolome of pSS patients as compared to controls. However, 
correlation analyses of metabolic changes and disease activity markers identified a few 
metabolite ions with a good correlation with disease activity. Sebum metabolome analysis 
of SSc patients showed a more outspoken difference compared to controls, with several 
identified metabolites involved in neurotransmission. When analyzing differentially 
expressed metabolite ions of pSS and SSc patients (relative to controls) strong correlations 
between the metabolites were observed. Altogether, this pilot study demonstrated that 
sebum metabolomics might be a novel strategy to identify biomarkers in pSS and other 
(systemic) autoimmune diseases. 

Discussion 

Derailment of B cell activation is a hallmark feature in pSS, reflected by increased 
production of autoantibodies, elevated serum IgG levels, and elevated numbers of IgM/
IgG+ plasma cells in the salivary glands, which are associated with increased lymphocytic 
focus scores and T follicular helper cell numbers.(1) Help from T cells in the organized 
lymphocyte aggregates (either GC-like or not) can come from different T cell subsets that 
have B cell activating properties. Considering the fact that B cell hyperactivity is strongly 
associated with increased disease activity and an increased risk for developing lymphoma, 
understanding the mechanisms of B cell hyperactivity in pSS is of pivotal importance.(2) 
The data presented in this thesis contribute to increased understanding of CCR9+ T cell-
driven immunopathology in pSS.

CCR9+ T cell-driven immunopathology in pSS: potential role in initiation and 
perpetuation of glandular inflammation
Based on the results from this thesis it is hypothesized that multiple CCR9-expressing 
T cells including CD4 and CD8 T cells and subsets of these cells such as PD-1-expressing 
CXCR5- CD4 T cells, innate-like MAIT cells, and CCR9/CXCR5 co-expressing CD4 T cells could 
play significant roles in immunopathology of pSS.  

Previously and in this thesis CCR9-expressing CD4 Tfh-like cells were demonstrated in 
elevated frequencies in salivary gland tissue and the circulation of pSS patients.(3,4) The 
majority of CCR9+ Tfh-like cells are antigen-experienced memory/effector T cells, that 
express elevated levels of PD-1, ICOS, and IL-7R and secrete high amounts of IL-21, IFN-γ, 
and CCL5 (chapter 2, 4).(3,4) In chapter 4 also CCR9/CXCR5-coexpressing CD4 T cells are 
described, which are also increased in the circulation of pSS patients compared to controls, 
and express high levels of PD-1 and ICOS. Furthermore, the frequency of circulating CCR9-
expressing CD8 T cells was also found to be elevated in pSS patients compared to controls 
(chapter 3, 6). CCR9-expressing CD8 T cells show high expression of IFN-γ, TNF-α, and CCL5, 
particularly antigen-experienced CCR9+ CD8 T cells. Also, CCR9-expressing MAIT cells were 
identified and found in higher frequencies in the circulation of pSS patients compared to 
controls (chapter 6). MAIT cells express high levels of IL-18Rα and IL-7R, indicating that 
once migrated to pSS salivary glands these cells locally can become activated by elevated 
levels of IL-18 and IL-7 which previously have been demonstrated.(5–8) This could explain 
the reduction of MAIT cells in the circulation of pSS patients compared to controls.    
Importantly, CCL25, the ligand for CCR9, is overexpressed in pSS salivary gland tissue, 
indicating that CCR9-expressing cells, often co-expressing other chemokine receptors 
(e.g. CXCR5, CCR5, CXCR3) are addressed to migrate to the inflamed glands.(4) CCL25 
levels in secretomes of salivary gland tissue were associated with presence of anti-SSA-
autoantibodies, elevated serum IgG levels, and levels of IL-21 and soluble IL-7R.(9) 

In Figure 1 the anticipated role of the cells studied in this thesis is summarized in a 
schematic representation. 
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Initiation and perpetuation of immunopathology
Although the findings in this thesis indicate that multiple CCR9-expressing T cells can find 
their way to CCL25 expression in the inflamed salivary glands, it is unknown whether and 
to what extent the CCL25/CCR9 axis and the different CCR9-expressing cell types contribute 
to initiation and/or perpetuation of the inflammation. The CCR9-expressing T cells in the 
studies included in this thesis have demonstrated increased proinflammatory properties 
and effector functions as compared to T cells lacking CCR9 expression. Therefore, it is 
strongly suggestive that CCR9+ T cells could play a significant role in the perpetuation of 
inflammatory responses once attracted and activated.

With respect to the initiation of inflammation by CCR9+ T cells it is unclear which factors 
contribute to CCL25 induction. In general there is limited information on the triggers that 
can induce CCL25 expression. In studies on CCL25 expression in the small intestine LTbR 
signaling (LTα, LTb) and TNFR1 signaling were shown to be unrelated to CCL25 mRNA 
expression, even though these are key regulators of homeostatic chemokine expression 
in secondary lymphoid organs and the small intestine.(10) Likewise, inflammatory 
chemokines as IFN-γ, TNF-α and LPS failed to induce CCL25 mRNA expression.(11) Also 
retinoic acid (a vitamin A metabolite), which enhances expression of CCR9 and integrin 
α4b7, does not enhance CCL25 expression.(12) In mice buccal epithelium CCL25 expression 
was upregulated upon local antigen challenge using hen-egg lysozyme (HEL) molecules or 
upon gingival wounding.(13,14) Yet, elevated expression of CCL25 that has been observed 
in salivary glands of pSS patients may cause CCR9+ effector T cells to initiate inflammation 
and contribute to maintaining an ongoing immune response. Alternatively, it is conceivable 
that CCR9-expressing cells are attracted to the salivary glands, e.g. by co-expressing 
chemokine receptors (CCR7, CXCR5, CCR5) and find their place as resident T cells. In that 
case these effector T cells might help in a first line of defense. Additionally, CCL25 might be 
involved in the organization of lymphoid aggregates in the salivary glands of pSS patients. 
The triggers for CCL25 induction remain unknown, as well as the timing and positioning of 
this in the disease course of pSS patients. 

To what extent (CCR9+) MAIT cells contribute to initiation or perpetuation of glandular 
inflammation is unknown. Previously it has been demonstrated that a significant proportion 
of MAIT cells displays a tissue resident phenotype (CD103+CD69+) in buccal mucosa.(15) 
MAIT cell numbers are elevated in pSS salivary glands.(16,17) MAIT cells that provide a first 
line of defense may be triggered to initiate inflammation, which may subsequently cause 
CCL25 upregulation. Future studies will have to unravel this. Also, the ligand triggering MAIT 
cell activation in pSS patients is not known. In general, MAIT cells were shown to become 
activated by binding to glycolipid molecules, such as vitamin B2 derivatives, presented on 
MHC class I-like MR1 molecules.(18,19) In the presence of e.g. IL-18 or type I IFNs MAIT cells 

can recognize antigens from viruses upon viral infections.(20,21) Also, TCR-independent 
cytokine activation of MAIT cells was described.(22) Perhaps microbiome disbalance can 
contribute to altered ligand presence in pSS salivary gland tissue. However, results from 
studies on pSS buccal mucosa and salivary microbiota are inconsistent. Dysbiosis of buccal 
mucosa microbiome in pSS patients and Sjögren-like disease in mice was described, but the 
potential role in pSS immunopathology remains to be demonstrated.(23–30) 

Another potential early trigger of pSS immunopathology is IL-7. Increased IL-7 expression 
and IL-7R-expressing CD4 and CD8 T cells in the salivary glands of pSS patients has been 
demonstrated.(31) Triggers such as TLR3 and poly I:C were found to induce IL-7 production 
in Sjögren-like disease in mice.(32,33) Furthermore, Poly I:C, IFN-α and IFN-γ induced IL-7 
expression in human salivary gland epithelial cells.(33) It is unclear whether IL-7 triggered 
immune activation can cause CCL25 upregulation and stimulate attraction of CCR9-
expressing T cells, facilitating CCR9+ T cell-associated immunopathology. Interestingly, 
it has been demonstrated that IL-7 can upregulate CCR9 expression.(34) Although 
speculative, in this way IL-7 might affect the lymphoid organization once CCL25 is produced. 
This indicates that IL-7, which is found in increased levels in the salivary glands of pSS 
patients and of mice with Sjögren-like disease, similarly to IL-7R-expressing cells, might 
play a role in pSS immunopathology from an early moment in the disease, potentially also 
activating CCR9-expressing T cells once attracted or present.(7,8,31,35) 

CCR9+ T cells: effector cells that recirculate and reflect local inflammation? 
Antigen-experienced memory and effector T cells are enriched at inflammatory sites 
and can drive immunopathology. Some of these cells remain in the tissues as resident T 
cells to warrant a first line of defense. Other cells recirculate to provide immunity at other 
sites of the body. Hence, circulating cells in pSS patients may to some extent reflect local 
inflammation. Several findings reported in this thesis support this hypothesis, such as the 
increased expression of ICOS and PD-1 on circulating CCR9-expressing cells, elevated IL-7R 
expression on circulating MAIT cells, and elevated CCL5 expression in circulating CCR9-
expressing CD4 and CD8 T cells compared to their CCR9-lacking counterparts combined 
with decreased CCL5 expression on effector (memory) cells in pSS patients as compared 
to controls. 

However, activation by inflammatory triggers at the site of inflammation is anticipated 
to cause specific alterations in the (inflammatory) phenotype of cells, that might not be 
reflected in the circulation, e.g. internalization of receptors. Therefore, matched samples from 
salivary gland tissue and peripheral blood taken at the same moment could be a valuable 
approach to compare local and peripheral cell subsets within an individual. However, this 
approach has certain challenges. Apart from the fact that the sampling of salivary gland 
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tissue is an invasive procedure, also the analysis of inflammatory cells from cell suspensions 
(and particularly those subsets that are present in low frequencies) after tissue digestion 
has proven a challenging procedure that can have some concerns, as cell viability and cell 
recovery. Also, longitudinal sampling is difficult, whereas this would provide most insight on 
the plasticity of expression patterns of cell subsets within individuals, and changes over time 
(in controls) or during the course of the disease (in patients). 

New techniques to study immunopathology, such as single cell RNA sequencing (scRNA-
seq) and mass cytometry, are emerging, and could be of use for further research on the role 
of CCR9-expressing T cells in pSS immunopathology. scRNA-seq allows comparison between 
transcriptomes of individual cells.(36) In pSS patients scRNA-seq of circulating mononuclear 
cells e.g. showed upregulation of IFN-related genes, and upregulated expression in CD4 T cells of 
chemokine CCL5.(37) At the moment, scRNA-seq is costly, and the depth of sequencing strongly 
determines the ability to detect transcriptional signatures, i.e. if a gene is expressed but at a 
low level it might not be detected by current scRNA-seq methods.(36) Also mass cytometry (or 
CyTOF) and image mass cytometry (IMC) are promising new tools for research allowing single 
cell analyses.(38) Combining elements from mass spectrometry and flow cytometry, DNA 
content and proteins can simultaneously be assessed.(39) Since antibodies bound to isotypically 
rare earth elements are used, no spectral overlap occurs as is the case in fluorescence activated 
measurements in flow cytometry (due to fluorescence emission profiles).(40) In pSS patients 
one study using CyTOF identified a disease signature that clustered pSS patients into subsets 
with distinct disease activity and glandular inflammation, using paired samples of salivary gland 
tissue and peripheral blood.(41) Although the complexity of this technique currently limits 
its application, it can be expected that these type of techniques will become more common 
practice, e.g. by development of automated research pipelines and commercialized ventures. 

Studying the role of CCR9+ T cells in a heterogeneous disease as pSS
Although the studies reported in this thesis show differences on group level between 
pSS patients and controls, the data show there is heterogeneity in CCR9+ T cell 
frequencies and the activation markers of these cells. Multiple factors may contribute 
to this. pSS is a heterogeneous disease and patients with pSS present with a variety of 
symptoms reflected by immunological and clinical differences seen between patients, 
e.g. in autoantibody presence, the number of organized lymphocytic infiltrates and 
extraglandular manifestations due to inflammation in other organs. For some of these 
clinical manifestations immunological associations have been identified that help in 
prediction, such as the elevated risk of developing a lymphoma in pSS patients with GC-like 
structures or a high number of lymphocytic infiltrates (≥3 foci/4 mm2) in the salivary glands.
(42,43) However, clinical symptoms of pSS patients often do not relate to immunological 
findings. Specifically, correlations between the gold standard clinical disease parameters 

such as ESSDAI, the patient reported indices such as ESSPRI, and immunological parameters 
such as serum IgG or LFS scores are often weak or moderate. Possible explanations for this 
may be that our attempts to capture immunological events only focus on part of the inflamed 
glands, e.g. only on a limited number of minor labial salivary glands (less than ten glands out 
of hundreds present in the oral cavity(44)) and not on parotid, submandibular, or lacrimal 
glands. In addition, the frequency and timing of the sampling (e.g. by biopsies or blood 
collection) to investigate immune activation may be crucial. For example, cross-sectional 
analysis of B cell activity by measurement of long-lived immunoglobulins (e.g. through serum 
IgG) may not optimally reflect immune activation. In this respect, longitudinal analyses of 
e.g. IFN-associated proteins upon treatment were shown to tightly correlate with clinical 
parameters.(45) Lastly, in our attempt to analyze phenotypic and functional properties of 
CCR9+ T cells we were technically limited, unable to capture an extensive array of surface 
or intracellularly expressed proteins. In this respect we may have missed information that is 
associated with specific immunopathological processes. Future research, e.g. through single 
cell sequencing studying cells over time and using other inflammatory mediators to capture 
inflammation (e.g. circulating cytokines) may reveal more tight correlations with disease 
characteristics and immunopathological features. 

PD-1: checkpoint or marker of proinflammatory (CCR9+) T cells?
In this thesis we have studied PD-1 expression on several T cell subsets. PD-1/PD-L 
interactions form a strong regulating mechanism for balance between T cell activation, 
tolerance and immune-mediated tissue damage.(46,47) As some malignancies use PD-1/
PD-L interactions to control T cell responses, interfering in this balance by usage of PD-1/
PD-L blockade (such as nivolumab or pembrolizumab) results in increased anti-tumor 
responses.(48) A downside of these therapeutic strategies affecting immune checkpoints 
is that increased immune responses are associated with induction of autoimmunity and 
clinical features resembling autoimmune disorders such as rheumatoid arthritis and pSS.
(49,50) This illustrates the potential of regulation of T cell-driven responses by PD-1/PD-L 
interactions in pSS patients. As described in chapter 4 we found increased expression of 
PD-1 on CCR9/CXCR5-expressing T cell subsets. PD-1 expression in pSS patients was mostly 
found on antigen-experienced memory and effector T cells. Expression of PD-1 should 
serve as a checkpoint on these cells, however, for reasons still unknown this mechanism 
seems insufficient to control immune activation in pSS. A reason could be that factors like 
IL-7 override T cell control by PD-1/PD-L, as was previously shown for RA patients.(51) IL-
7, despite upregulated PD-1, potently activated T cells, and in fact in the presence of IL-7 
the expression of PD-1 was downregulated.(51) In addition, other surface costimulatory 
molecules may override activity of PD-1. In this respect we found a considerable number of 
ICOS/PD-1 co-expressing cells. ICOS, but also other molecules such as CD28, and CD40 may 
counteract the activity of PD-1. Finally, PD-1/PD-L interactions may be controlled by soluble 
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PD-1 levels. We recently demonstrated significantly increased levels of soluble PD-1 in pSS 
patients and normalization of these levels upon treatment with LEF/HCQ was associated 
with inhibition of disease activity (unpublished observations). Additionally, splice variants 
of soluble PD-1 may affect PD-1/PD-L signaling. In synovial fluid of RA patients a splice 
variant of soluble PD-1 was identified, which could block membrane-bound PD-1/PD-L 
interactions.(52) Overall, other inflammatory mechanisms seem to override checkpoint 
inhibition by PD-1/PD-L in pSS. Hence, PD-1 expression seems to represent a marker of 
activated T cells, including CCR9-expressing T cells. Given that PD-1 has an increased 
expression in salivary glands of pSS patients, and that blockade of PD-1 can result in 
Sjögren-like features, it is indicated that PD-1 expression on T cells from pSS patients is 
not sufficient to control the activation of effector T cells.(50,53,54) 

Targeting options to halt CCR9+ T cell-driven immunopathology in pSS 
patients
In this thesis further support for the significant contribution of CCR9-expressing T cells and 
innate-like cells in the immunopathology of pSS has been provided. These findings and 
data from earlier studies suggest that targeting of CCR9-expressing T cells has potential 
for treatment of pSS. Several potential treatment options that can encompass direct and 
indirect strategies for targeting these cells in pSS are discussed below.

Targeting specific CCR9+ T cell-associated molecules 

CCR9/CCL25
pSS patients have elevated frequencies of CCR9-expressing cells in their blood (chapters 2, 
3, 4, 6) and both CCR9 and its ligand CCL25 are elevated in the salivary glands of pSS patients, 
whereas CCL25 is not detectable in healthy oral mucosa.(4,55) 
Blockade of CCR9 has not been studied in pSS patients or mouse models of Sjögren-like 
disease. However, in recent years several CCR9 antagonists have been developed and tested 
in the context of inflammatory diseases, such as arthritis and inflammatory bowel disease 
(IBD). Inhibiting CCR9 reduced arthritic disease severity and migration of leukocytes to 
the synovium in an arthritis mouse model.(56) In ileitis mouse models inhibition of CCR9 
decreased intestinal inflammation.(57–60) In patients with Crohn’s disease treatment 
with CCR9 antagonists showed inconsistent results, with inhibition reported and lack of 
response.(57,61–63) The reasons for these discrepancies are unclear, but could be related to 
pharmacokinetic properties of the therapy. In a pilot study with patients with ulcerative colitis 
CCL25-tailored leukapheresis was used to extract CCR9-expressing cells, which had a positive 
clinical effect, leading to a currently ongoing follow-up trial (ClinicalTrials.gov Identifier 
NCT04550130).(64) 

Integrins α4ß7 and αEß7
Another strategy to inhibit CCR9+ T cell activity may come from targeting specific integrins. 
CCR9 expression on T cells is often accompanied by expression of integrins α4b7 or αEb7, as we 
confirmed in this thesis for HC and pSS patients (chapter 2).(65,66) Like for CCR9-expressing 
cells, most knowledge on α4b7 and αEb7-expressing cells stems from studies in IBD. α4b7-
expressing cells adhere to MAdCAM-1, and home to mucosal tissues.(67) In IBD patients cell 
numbers of α4b7-expressing cells and MAdCAM-1-expressing cells are increased in the intestinal 
tract.(68,69) Blocking α4b7/MAdCAM-1 results in an accumulation of T cells in high endothelial 
venules (HEVs) in the intestine.(70) Vedoluzimab, a selective α4b7 inhibitor, has shown good 
clinical results in IBD, and currently can be considered as a treatment option.(71) Although 
the overexpression of CCR9 and CCL25 in pSS patients has raised interest of pharmaceutical 
companies, treatment with vedoluzimab in pSS patients has not been studied yet. 
Integrin αEb7 is formed by the dimerization of CD103 (αE subunit) with subunit b7.(72) Its ligand 
is adhesion molecule E-cadherin, which is expressed on epithelial cells.(73) Whereas α4b7 is 
considered a homing molecule, αEb7 is considered to retain immune cells to the mucosa.(72) 
Reports on expression and targeting αEb7/E-cadherin in IBD are inconsistent.(72) In salivary 
gland tissue of pSS patients the levels of CD103 and E-cadherin were found to be elevated, and 
CD103-expressing CD8 T cells were shown to cluster around apoptotic acinar epithelial cells.
(74,75) 
Overall, these data suggest that specific targeting of the CCR9/CCL25 axis or specific CCR9+ T 
cell-associated molecules also may have potential in treatment of primary Sjögren’s disease. 
However, future studies will need to demonstrate the efficacy of those treatment strategies as 
compared to other strategies. 

Targeting functional properties of (CCR9+) T cells

IL-7 and IL-7R 
In this thesis several IL-7R-expressing cell subsets were discussed (chapters 2 - 6). The IL-7/
IL-7R axis is involved in ELS formation in pSS salivary glands, of which the presence is a 
predicting factor for lymphoma development in pSS patients.(31,43,76–78) IL-7R-expressing 
cells were found in elevated numbers in salivary gland tissue of pSS patients compared 
to nSS controls, and correlated to the number of T cells, B cells, and IgM/IgG+ plasma 
cells.(8) Previously and in this thesis we demonstrated that in controls and pSS patients 
the IL-7R is highly expressed on CCR9-expressing T cells and MAIT cells. Reduction of IL-
7R expression on CD8 MAIT cells was associated to lymphocytic focus scores, serum IgG 
levels, and anti-SSA-autoantibodies, likely reflecting IL-7-induced activation, which causes 
receptor internalization (chapter 6). Previously, we demonstrated similar reduced IL-7R 
expression on salivary gland CD4 T cells, corroborating these results.(8) IL-7-induced T 
cell activation, whether it signals CD4, CD8 or MAIT cells, can induce vigorous production 
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of proinflammatory cytokines (including  IFN-γ, TNF-α, IL-21, IL-17) and T cell-dependent 
activation of other immune cells as monocytes, dendritic cells and B cells.(31) 
In Sjögren-like disease in mice blockade of IL-7R was associated with reduced leukocyte 
infiltration in the salivary glands and an increased saliva production.(79) In pSS patients and 
in murine Sjögren models IL-7 was found in increased levels in the salivary glands, saliva, 
and serum, and correlated to salivary output, lymphocytic infiltration, and autoantibody 
positivity.(7,8,31,35) Currently the efficacy and safety of a monoclonal antibody targeting IL-
7Rα (CD127) is under investigation in pSS patients (ClinicalTrials.gov Identifier NCT04605978, 
EudraCT number 2020-001526-59). While less specific, blockade of the IL-7/IL-7R signaling 
pathway seems a good strategy to target effector functions of CCR9-expressing effector  
T cells that abundantly (over)express IL-7R. IL-7 is induced upon innate signaling early on 
in the disease process and it has a pivotal role in organization of lymphoid structures that 
are associated with disease outcome.(31) Considering the potential role of CCR9+ T cells and 
CCR9/CXCR5 co-expressing T cells in these processes IL-7R targeting also seems promising.

ICOS and ICOSL
Several T cell subsets described in this thesis show an increased expression of ICOS  
(chapters 2, 4) in pSS patients. Cells with ICOS expression interact with ICOSL-expressing 
cells, such as activated B cells, and blocking this interaction e.g. results in inhibition of IL-
21 release, and can halt B cell hyperactivity, as the activity of Tph, Tfh, CCR9+ Tfh-like, and 
CXCR5/CCR9 co-expressing cells is inhibited halting their B cell help.(80–82) Because of its 
pivotal role in T cell-driven B cell activation targeting ICOS/ICOSL interaction was tested 
in pSS patients. However, in a phase 2a clinical trial of AMG557/ MEDI5872/Prezalumab 
(ICOSL) in 32 active patients with pSS (ESSDAI ≥6) the primary endpoint (change in ESSDAI 
of 3 or more) was not met (ClinicalTrials.gov Identifier NCT02334306, EudraCT Number 
2014-003896-41).(83) In different hematological and solid tumors several treatment 
strategies combining ICOS/ICOSL pathway targeting with anti-CTLA-4 or anti-PD-1/PD-L 
agents are under investigation for safety and efficacy.(84) 

CCL5 and CCR5 
CCR9+ Tfh-like cells were shown to have increased expression of CCL5 and CCR5 (chapter 2). 
In particular, CCR9-expressing effector CD4 and CD8 T cells had significantly increased 
levels of CCL5 expression compared to controls, and released more CCL5 upon stimulation 
compared to CCR9- cells (chapters 2, 3). Expression of both CCL5 and CCR5 was found to be 
elevated in inflamed salivary glands of Sjögren-like disease, and blocking CCL5 reduced 
disease.(85,86). In pSS no clinical trials using anti-CCL5/CCR5 agents have been performed. 
However, for other autoimmune diseases several options are available such as maraviroc, or 
under clinical investigation such as cenecrivirox, anibamine, Met-CCL5, and vicrivirox.(87) 
Maraviroc is a CCR5 antagonist that competes with CCL5, and like most CCR5-antagonists 

is mainly studied in the context of HIV.(88) It was evaluated for proof of concept in a phase 
2 trial in patients with RA undergoing methotrexate therapy, but showed no added clinical 
benefit.(89,90) In patients with primary sclerosing cholangitis treatment with oral CCR2/CCR5 
antagonist cenecrivirox showed a modest improvement in an open-label phase 2 trial.(91)

Leflunomide and hydroxychloroquine: available DMARDs to target (CCR9+) T cell activity
The targets for treatment described in the above sections might be beneficial in the 
treatment of pSS due to their specificity and selectivity. Recently combination therapy with 
non-specific conventional disease-modifying antirheumatic drugs (cDMARDs) leflunomide 
and hydroxychloroquine, was shown to strongly halt B cell hyperactivity and disease activity 
in pSS patients.(45) Since these cDMARDs are already in use as treatment in several systemic 
rheumatological diseases, their safety profile is well-established and costs are low compared 
to newly developed treatments.(45)

Leflunomide (LEF) is a DMARD that inhibits T and B cell proliferation by inhibiting dihydro-
orotate dehydrogenase (DHODH), the rate-limiting enzyme of pyrimidine de novo synthesis.
(92) Also, in mice B cell antibody production is inhibited by LEF in a T cell dependent and T cell 
independent way by blocking cell cycle transition.(93) 
Hydroxychloroquine (HCQ) is also a non-specific DMARD already in use as treatment in e.g. 
SLE and symptomatic treatment of pSS (e.g. in case of a vasculitis). The high intracellular 
concentrations of HCQ in APCs show that HCQ mainly targets APCs, and antigen presentation 
is decreased under the influence of HCQ.(94) Furthermore, activity of plasmacytoid DCs 
(pDCs), the main producers of type I IFN, and B cells are inhibited by HCQ, as HCQ interferes 
with the functional transformation of endosomal Toll-like receptors (TLRs) by raising 
endosomal pH.(94–96)
By combining these two DMARDS, different effector mechanisms are targeted. In vitro 
a synergistic effect was shown inhibiting T and B cell proliferation, resulting in decreased 
production of CXCL13, and type I and II IFNs.(97) Furthermore, in chapter 6 LEF/HCQ was 
shown to inhibit IL-21 production in CD8 MAIT cells. 
While at the moment the results from two clinical trials on LEF/HCQ combination therapy 
(EudraCT Number 2020-001933-11 and ClinicalTrials.gov Identifier NCT05113004) are awaited, 
it seems that one of the mechanisms that could contribute to the efficacy may comprise of 
inhibition of CCR9+ T cell activity. When proven effective LEF/HCQ combination therapy may 
be a good therapeutic cost-effective treatment option.

Sebum metabolomics as a new minimal invasive method to find biomarkers 
and monitor immunopathology in pSS
Metabolomics is a broad term for the analysis of metabolites in a biological sample.(98) The 
techniques used are quickly developing, e.g. the expected number of metabolites that can 
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be found in the human body, not only coming from the human genome, but also derived 
from external factors as food, medication and microbiota, was increased from approximately 
19000 in 2013 to 80000 in 2018.(99,100) Metabolites can be of great interest for personalized 
medicine, as their abundance in biological samples have been shown to often be directly 
related to pathogenic mechanisms.(98,101) In general a metabolomics workflow after study 
design involves collection of the biological sample, sample treatment to extract metabolites, 
analysis using a form of mass spectrometry (e.g. liquid or gas chromatography), data 
processing and statistical analysis. Initially untargeted approaches (unbiased, i.e. without 
a preselected metabolite library) will be used in order to map the entire metabolome. 
However, more information is gained than currently can be annotated, which is e.g. reflected 
by the fact that in 2015 the proportion of human metabolites identified via untargeted 
mass spectrometry was less than 2% of identified MS peaks.(102) Based on the results from 
untargeted metabolomics, a targeted approach (using a prespecified library) can be used to 
confirm findings in additional cohorts in a (semi-) quantitative manner.(103) 

In pSS metabolomics analysis of saliva has shown potential in establishing a metabolic 
signature of pSS.(104–106) One study using targeted metabolomics analysis of tear fluid 
was able to compose a pSS metabolomic signature distinguishing pSS from other dry eye 
syndromes.(107) Also, urine, plasma and serum metabolomics analyses indicated 
potentially altered metabolic pathways in pSS patients, e.g. in the metabolism of fatty 
acids, phospholipids, and amino acids as phenylalanine and proline.(108–110) The 
validation and potential application of the results from these studies might lead to new 
biomarkers to monitor disease, but the use of saliva and tear fluid do have the clear 
downside that pSS patients with more outspoken sicca complaints might not produce 
enough saliva or tear fluid to make this a feasible approach. In this respect no consistent 
metabolites of metabolite profiles from saliva have been implemented in the prognosis, 
diagnosis or monitoring of pSS patients. Hence, there is still an unmet need to identify 
(metabolome-based) biomarkers in pSS.

Figure 2 | Application of sebutapes to collect sebum from the skin of the forehead for 
metabolomics analysis.

As a product of sebaceous glands in the skin, sebum can be easily sampled. For the pilot 
study presented in chapter 7 several alternative protocols for sebum collection were tested, 
which included different ways to clean the skin, alternative sample locations, and varying 
sample times (data GSK). Also, the desired amount of collected sebum was tested. For this 
the amount of sebutapes was tested and we have shown that increasing the number of 
used sebutapes from 1 to 2 tapes yielded an increase of approximately 30% more detected 
ions. Hence, in this thesis we show the practical approach to include 2 sebutapes from the 
skin of the forehead. Future studies may be focused on further improving the amount of 
collected sebum, e.g. from more sites of the (forehead) skin or for longer or consecutive 
time points. In this respect, it is conceivable that sebum can provide other molecular 
information, and e.g. can be used for proteomics, epigenetics (e.g. miRNA) or other 
analyses such as microbiome analyses (Figure 2). The exploratory analyses from this thesis  
(chapter 7) indicate good correlations of a number of metabolites with disease activity 
markers. Interestingly, sebum metabolome analysis of SSc patients identified multiple 
metabolites involved in neurotransmission. In addition, metabolic signatures of pSS and 
SSc patients (relative to controls) showed strong correlations. Altogether, this pilot study 
demonstrates the potential of sebum metabolomics, indicating this might be a novel 
strategy to identify biomarkers in pSS and other (systemic) autoimmune diseases. 

Although sicca complaints resulting from salivary gland and tear gland dysfunction 
are undisputed clinical features of pSS, dryness of the skin (xerosis) is not. Moreso, 
xerosis is rarely studied in pSS. One study reported that 67% of pSS patients has xerosis. 
However, this was a retrospective study and the degree of xerosis was not objectified.(111)  
No morphological alterations or reduced numbers of sebaceous glands and sweat 
glands have been found, but instead changes in the epidermis (altered expression of 
skin cytokeratins and involucrin) were suggested as an explanation for xerosis in pSS.
(112) Altogether, this could indicate that patients with a disease of more phenotypic skin 
involvement, such as SSc, might have a more robust sebum metabolome signature, as is 
also suggested in chapter 7. 

Nevertheless, the results from our untargeted sebum metabolomics approach can be 
used to specify metabolite classes of interest, that can be measured using a targeted mass 
spectrometry approach in follow-up studies. Although this will not have the unbiased 
advantages of untargeted metabolomics it will provide improved resolution of metabolites. 
Potentially, this will also improve the associations with clinical activity. In fact, targeted 
approaches in larger cohorts to capture the heterogeneity of disease and environmental 
factors such as food intake may hold great promise.
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Conclusion

In this thesis we have shown increased frequencies of several CCR9-expressing T cell 
subsets in the circulation of pSS patients. Based on the effector and migratory phenotype 
of these circulating cells it is hypothesized that CCR9-expressing T cell subsets play a role 
in pSS immunopathology by stimulating B cell hyperactivity and T cell-driven responses 
in the salivary glands of pSS patients. CCR9/CCL25, CCR9+ T cell-associated molecules, 
and/or molecules associated with the effector activity of CCR9-expressing cells, might be 
targets for treatment of pSS. The potential of such strategies should be established in future 
investigations.Furthermore, we have shown that metabolomics analysis of sebum can be 
used to identify metabolites (or metabolite classes), which might lead to the identification 
of new biomarkers in pSS and other systemic autoimmune diseases. Validation of the 
findings from this pilot study and potential for implementation of this low-invasive 
technique needs to be further investigated.  
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Nederlandse samenvatting 

Het primair syndroom van Sjögren (pSS) is een chronische auto-immuunziekte waarbij de 
meeste patiënten last hebben van droge ogen en een droge mond, wat vaak gepaard gaat 
met vermoeidheid en spier -en gewrichtsklachten. De ziekte wordt het meest vastgesteld 
op een leeftijd tussen 30 en 60 jaar en komt vaker voor bij vrouwen (man:vrouw ratio circa 
1:9). De klachten van droogte ontstaan door een verminderde productie van traanvocht en 
speeksel ten gevolge van ontstekingen in de traanvocht -en speeksel producerende klieren. 
Bij een deel van de patiënten ontstaan ook extraglandulaire ziektemanifestaties als gevolg 
van ontstekingen in andere organen, zoals de gewrichten, nieren of de longen. 
Een ander kenmerk van pSS is B-celhyperactiviteit. Uitingen hiervan zijn o.a. de productie van 
autoantistoffen (anti-SSA/SSB en reumafactor antistoffen) en verhoogd serum IgG. Als gevolg 
van B-celhyperactiviteit hebben patiënten met pSS een verhoogd risico op het ontwikkelen 
van B-cel lymfomen (Non-Hodgkin). pSS wordt gezien als een multifactoriële ziekte, waarvan 
het precieze werkingsmechanisme onbekend is. Ook is er momenteel geen effectieve 
behandeling tegen pSS. Wetenschappelijk onderzoek is zowel gericht op het begrijpen van 
de immunopathologie en pathogenese, als op het vinden van een succesvolle behandeling.

In de exocriene klieren van pSS patiënten worden lymfocytaire infiltraten gevonden 
(lymfocyten foci, georganiseerde infiltratie met meer dan 50 lymfocyten per 4 mm2), die 
zich kunnen organiseren in ectopische lymfoïde structuren (ectopic lymphoid structures, ELS). 
De organisatie van T -en B-cellen in de ELS lijken sterk op die van germinal centers (GCs) 
die in lymfoïde organen worden gevonden. De mate van aanwezigheid van foci, om precies 
te zijn 3 of meer foci, of de aanwezigheid van ELS in de speekselklieren is geassocieerd 
met het ontstaan van een lymfoom. T-cellen spelen een zeer belangrijke rol in de activatie 
van B-cellen. Een beter begrip van de rol van deze cellen is cruciaal om de ontsporing van 
B-cellen in het syndroom van Sjögren te begrijpen. Recent heeft onze groep aanwijzingen 
gevonden dat CCR9-positieve (CCR9+) T-cellen een belangrijke rol zouden kunnen spelen. 
In de afgelopen jaren zijn meerdere T-cel subsets genoemd als mogelijke aanjagers van de 
B-celhyperactiviteit in pSS, bijvoorbeeld folliculaire helper T-cellen (Tfh), CCR9+ CXCR5- Tfh-
achtige (CCR9+ Tfh-like) cellen en PD-1hi CXCR5- T peripheral helper (Tph) cellen. 

Het hoofddoel van dit proefschrift was om meer inzicht te krijgen in de rol van CCR9+ 
T-cellen in pSS. Tot dusverre waren bij patiënten met pSS CCR9+ CD4 T-cellen bestudeerd, 
maar andere subsets van CCR9+ T-cellen die een rol zouden kunnen spelen in de 
immunopathologie van pSS waren niet onderzocht. Met behulp van nieuwe technieken 
werden de moleculaire, fenotypische en functionele kenmerken van verschillende 
CCR9+ T-cel subsets bestudeerd, zoals beschreven in hoofdstukken 2-6. Daarnaast werd 
in hoofdstuk 7 het potentieel van een nieuwe non-invasieve methode onderzocht om 

met metabolomics analyse van sebum (talg) immunopathologie te monitoren en nieuwe 
biomarkers voor pSS te vinden. De belangrijkste bevindingen uit de onderzoeken 
beschreven in dit proefschrift worden hieronder samengevat.

In hoofdstuk 2 is het transcriptoom van CCR9+ T folliculaire helper-achtige (Tfh-like) 
cellen bestudeerd. CCR9+, CXCR5+ en CXCR5-CCR9- CD4 T-cellen van patiënten met pSS 
en gezonde controles werden gesorteerd met behulp van flowcytometrie waarna RNA 
sequencing werd uitgevoerd. Computationele analyses werden gebruikt om differentieel 
tot expressie gebrachte genen (DEGs), coherente genexpressie netwerken (modules) 
en differentieel gereguleerde immuun pathways te identificeren. Van de drie subsets 
vertoonden CCR9+ CD4 T-cellen de meeste DEGs tussen pSS patiënten en controles. Een 
module werd geselecteerd voor verdere analyse, vanwege hoge eigengene expressie 
in CCR9+ CD4 T-cellen, en pathways met verrijking voor genen die betrokken zijn bij 
Th1-functie (cytokine- en chemokineproductie), migratie en adhesie. Geselecteerde 
genen werden gevalideerd in aanvullende cohorten met qPCR of op eiwitniveau met 
flowcytometrie. Hoewel de bevindingen tussen de verschillende CD4 T-cel subsets (CCR9+ 
CD4 T-cellen versus CXCR5+ -en CXCR5-CCR9- CD4 T-cellen) werden bevestigd, was dit niet 
het geval voor de verschillen tussen controles en patiënten met pSS.
Een van de geselecteerde genen was CCL5. CCR9+ CD4 T-cellen bleken hogere expressie van 
dit chemokine CCL5 te hebben dan CXCR5+ en CXCR5-CCR9- CD4 T-cellen, met de hoogste 
expressie van CCL5 in effector CCR9+ CD4 T-cellen. Antigeen-triggering en stimulatie 
met IL-7 van de CD4 T-cel subsets in co-cultures met monocyten, induceerde sterke CCL5-
secretie in de CCR9+ CD4 T-cellen. Bovendien scheidden effector CCR9+ CD4 T-cellen snel 
en het meeste CCL5 uit na stimulatie. Gezien het toegenomen aantal CCR9+ CD4 T-cellen 
in zowel het bloed als in de ontstoken klieren van pSS patiënten, en de aanwezigheid van 
inflammatoire stimuli om deze cellen te activeren, zouden CCR9-specifieke functies, zoals 
rekrutering van andere immuuncellen na CCL5-secretie, significant kunnen bijdragen aan 
immunopathologie in pSS.

Eerder werd aangetoond dat CD8 T-cellen meer CCL5 uitscheiden dan CD4 T-cellen. We 
besloten verder in te gaan op de rol van CD8 T-cellen in pSS, aangezien we met behulp 
van DNA-gebaseerde cel kwantificatie (epigenetic cell counting) hadden vastgesteld dat 
de aanwezigheid van CD8 T-cellen in speekselklierweefsel geassocieerd was met de 
lymfocytaire focus score (lymphocytic focus score, LFS) en de aanwezigheid van Tfh-cellen. 
Dit impliceert dat CD8 T-cellen een rol kunnen spelen bij lymfocyten infiltratie/organisatie 
en ectopische folliculaire reacties. De bevinding dat CCL5 in hoge mate tot expressie wordt 
gebracht door CCR9+ effector CD4 T-cellen, leidde tot de hypothese dat CCL5-expressie 
door CCR9+ CD8 T-cellen ook verhoogd zou kunnen zijn bij pSS-patiënten en meer zou 
bijdragen aan het totaal circulerende CCL5. In hoofdstuk 3 toonden wij voor het eerst 
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aan dat CCR9+ CD8 T-cellen in hogere frequenties voorkomen bij pSS-patiënten dan bij 
controles. Antigen-experienced CD8 T-cellen, en vooral CCR9+ effector CD8 T-cellen, lieten 
de hoogste CCL5-expressie zien en scheidden het meeste CCL5 uit na stimulatie. Deze CCL5-
uitscheiding was significant hoger door CCR9+ CD8 T-cellen ten opzichte van CCR9+ CD4 
T-cellen. Patiënten met pSS hadden een lagere CCL5-expressie in hun effector/memory CD8 
T-cellen in vergelijking met controles, en scheidden minder CCL5 uit na stimulatie, wat zou 
kunnen wijzen op een verhoogde afgifte in vivo. Deze bevindingen suggereren een rol voor 
CCL5-producerende (CCR9+) CD8 T-cellen in de immunopathologie van pSS.

Tph-cellen en CCR9+ Tfh-like cellen zijn twee CXCR5-negatieve (CXCR5-) Tfh-like cel subsets 
met B-cel-activerende eigenschappen en hogere frequenties zijn aangetoond in de circulatie 
van pSS-patiënten in vergelijking met controles. In hoofdstuk 4 werd de vraag beantwoord of 
deze Tfh-like cel subsets in feite dezelfde of afzonderlijke subsets zijn. Er werd aangetoond 
dat de twee cel subsets grotendeels uniek zijn en maar beperkt overlappen. Slechts een 
klein percentage van de CXCR5-PD-1hi memory cellen bracht CCR9 tot expressie. Met behulp 
van flowcytometrie werd de expressie van activatiemarkers PD-1 en ICOS vergeleken tussen 
beide CXCR5- cel subsets en CXCR5+ T-cellen, waarbij rekening werd gehouden met de 
differentiatiestatus van de cellen. PD-1/ICOS-expressie was hoger in memory cellen die 
CXCR5 of CCR9 tot expressie brachten. De hoogste expressie van PD-1/ICOS werd gevonden in 
CCR9+CXCR5+ dubbelpositieve T-cellen, die tevens in hogere frequentie gevonden werden in 
de circulatie van pSS-patiënten. Aangezien de liganden voor CCR9 en CXCR5 (respectievelijk 
CCL25 en CXCL13) verhoogd zijn in speekselklierweefsel van pSS-patiënten, zullen cellen die 
een of beide chemokinereceptoren tot expressie brengen, naar de plek van ontsteking kunnen 
migreren waar ze kunnen bijdragen aan de immuunactiviteit.

Eerder werk uit onze groep had aangetoond dat CCR9+ CD4 T-cellen een verhoogde 
expressie van IL-7R hebben en sterk reageren op IL-7. In de afgelopen jaren is duidelijk 
geworden dat naast adaptieve immuuncellen zoals CD4 T-cellen, ook aangeboren (innate) 
en “innate-like” cellen een rol kunnen spelen in IL-7-gerelateerde immunopathologie, 
waaronder B-celhyperactiviteit en lokale ontsteking zoals gezien wordt in patiënten met 
pSS. In hoofdstuk 5 wordt het potentieel van IL-7 om IL-7R-positieve innate(-like) cellen te 
activeren beschreven.
Omdat pSS wordt gekenmerkt door ontsteking van mucosa-geassocieerde weefsels, werden 
in hoofdstuk 6 innate-like mucosa-geassocieerde invariante T (MAIT)-cellen onderzocht 
op hun expressie van CCR9, CXCR5, IL-18Rα en IL-7R in pSS. Zowel de aantallen CD161+ 
als IL-18Rα+ MAIT-cellen waren verlaagd bij pSS-patiënten in vergelijking met controles. 
pSS-patiënten vertoonden een significant verhoogde ratio tussen CD4/CD8 MAIT-cellen, als 
gevolg van verhoogde CD4 MAIT-celfrequenties in vergelijking met controles. Het aantal 
CCR9+ -en CXCR5+ MAIT-cellen was significant hoger bij pSS-patiënten. Bovendien was de 

expressie van IL-7R, IFN-γ en IL-21 hoger in MAIT-cellen vergeleken met non-MAIT-cellen. 
IL-7R-expressie op CD8 CD161+ MAIT-cellen correleerde met de LFS, het percentage IgA+ 
plasmacellen in speekselklierweefsel en serum IgG-spiegels. De productie van IL-21 door 
MAIT-cellen werd significant geremd door behandeling met LEF/HCQ. Gezien de verrijkte 
CCR9/CXCR5-expressie van MAIT-cellen, suggereert dit dat de verhoogde expressie van 
CCL25 en CXCL13 in de ontstoken speekselklieren van pSS-patiënten een verhoogde 
migratie van deze cellen zou kunnen vergemakkelijken. Gezien de cruciale rol van IL-7 en 
IL-21 bij ontstekingen in pSS, duidt dit ook op een mogelijke rol voor MAIT-cellen bij het 
aansturen van pSS-immunopathologie.

Hoewel veel nieuwe technologieën beperkte hoeveelheden biologisch materiaal nodig 
hebben om ziekten, zoals pSS, te bestuderen, vereisen de meeste technologieën nog steeds 
invasieve procedures om het materiaal te verkrijgen. Daarom is de ontwikkeling van nieuwe 
minimaal invasieve technologieën interessant voor patiënten, artsen en onderzoekers. In 
hoofdstuk 7 werd een nieuwe minimaal invasieve methode van high-throughput metabolomics 
technologie van sebum (talg), het product van exocriene talgklieren, onderzocht. Sebum 
kon makkelijk verkregen worden van het voorhoofd met behulp van sebutapes, waarna 
de sebum werd geanalyseerd. Met behulp van untargeted massaspectrometrie werden 
in alle verzamelde monsters enkele duizenden metaboliet-ionen gevonden. Er werden 
bescheiden verschillen waargenomen tussen het sebum metaboloom van pSS-patiënten in 
vergelijking met controles. Enkele metaboliet-ionen hadden ook een goede correlatie met 
ziekteactiviteit. Een andere interessante bevinding was dat sebum metaboloom analyse 
van SSc-patiënten een meer uitgesproken verschil toonde in vergelijking met controles. 
De verschillende geïdentificeerde metabolieten toonden verrijkte pathways die betrokken 
zijn bij neurotransmissie, een biologisch fenomeen dat van invloed zou kunnen zijn bij 
vasoconstrictie in deze patiënten. Tevens werd er tussen de differentieel tot expressie 
komende metabolieten van pSS -en SSc-patiënten (ten opzichte van controles, ook wel 
metabolic signatures) sterke correlaties waargenomen tussen de metabolieten van beide 
metabolic signatures. Al met al toonde deze pilotstudie aan dat sebum metabolomics een 
nieuwe strategie zou kunnen zijn om biomarkers in pSS en andere (systemische) auto-
immuunziekten te identificeren.
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Dankwoord

Voor velen het eerste hoofdstuk om te lezen, is voor mij het slotstuk van mijn 
promotietraject. Ruim vier jaar heb ik me mogen verdiepen in de wereld van onderzoek. 
Terugkijkend kan ik alleen maar dankbaar zijn dat in deze bewegingsvolle jaren, waarin 
zowel op professioneel als persoonlijk vlak veel gebeurde, ik zo’n geluk heb gehad met de 
mensen om me heen. Ik wil iedereen bedanken die (direct of indirect) aan dit werk heeft 
bijgedragen. 

Allereerst wil ik de patiënten en gezonde vrijwilligers bedanken die hebben deelgenomen 
aan de onderzoeken beschreven in dit proefschrift. De interesse van patiënten in het 
wetenschappelijk onderzoek dat we in het UMC Utrecht verrichten, heeft me zeer geraakt 
en heeft mij eraan herinnerd dat ook voor basale en translationele onderzoeken de 
interesse en inbreng van patiënten van grote meerwaarde is. In dit kader wil ik de Nationale 
Vereniging Sjögrenpatiënten (NVSP) en het UMC Utrecht Sjögren studiepanel uitlichten 
en bedanken voor de fijne samenwerking, verschafte inzichten en bron van inspiratie. In 
het bijzonder wil ik Joyce, Mascha, Wilma, Lucienne, Annemieke, Marianne en Nienke 
bedanken. Dank ook, Joyce en Johan, met jullie aan de NVSP informatiebrochure over 
Sjögren werken, was de perfecte start van mijn promotietraject.

Joel, het gaat me niet lukken om hier te vangen wat je de afgelopen jaren voor me betekend 
hebt. Met een enorme bevlogenheid (en soms onnavolgbare gedachtesprongen), ga je elk 
project aan. In het begin kwam ik nog wel eens beduusd uit je kantoor gelopen, want wat 
was nou eigenlijk het plan, maar dan had je me wel aangestoken met je enthousiasme. Ik 
heb heel veel van je geleerd en onze discussies over T-celplotjes en experimenten waren de 
leukste besprekingen. Dankjewel voor je vertrouwen, je steun, je gekkigheden en je kalmte 
en optimisme als ik ontplofte of implodeerde bij het tegenkomen van onmogelijke papers 
of reviewers. Ik hoop dat je nog veel promovendi zult begeleiden, maar het wordt dan wel 
hoog tijd om je ius promovendi aan te vragen! 

Aike, gevoelsmatig begint mijn avontuur bij de reumatologie bij jou. Na een coschap was 
mijn interesse in de reumatologie aangewakkerd, maar na mijn wetenschapsstage begon ik 
een toekomst als clinicus en arts-onderzoeker pas als echte mogelijkheden te zien. Vanaf het 
begin heb ik me welkom gevoeld en betrok je me ook bij niet-medisch-inhoudelijke zaken, 
zoals patiëntparticipatie, waarbij je altijd interesse had in mijn ideeën. Ik heb veel van je 
geleerd en waardeer het zeer dat je zelfs na je pensionering tijd bent blijven maken om als 
copromotor betrokken te zijn bij mijn promotietraject en me samen met Sofie nog zoveel 
hebt geleerd over allerlei aspecten van ons werk. Heel veel dank.

Floris, ik kan me niet voorstellen hoe het voor jou moet zijn geweest om plotsklaps een 
extra groep promovendi te begeleiden. Je hebt deze verantwoordelijkheid met verve op 
je genomen en ik ben je heel dankbaar dat je er altijd was op het moment dat ik je nodig 
had. Dank voor je soms strenge woorden, die uiteindelijk altijd gepaard gingen met een 
luide lach en aanmoediging.

Tim, we hebben korter samengewerkt dan voorzien, maar je enthousiasme heeft een 
blijvende indruk achtergelaten. Dank voor de kans om in jouw groep een PhD te gaan doen. 

Helen, het is voor mij een plezier geweest in het staartstuk van mijn promotietijd met 
jou te mogen  samenwerken. Ik kende je vooral als de (ietwat intimiderende) alleskunner 
uit de kliniek, die razendsnel verbanden ziet en kan schakelen, maar leerde nu ook je 
onuitputtelijke energie voor onderzoek, onderwijs en samenwerking kennen, waarbij alles 
gaat met een flinke dosis humor.

Lieve Sofie, we leerden elkaar kennen toen ik mijn wetenschapsstage in jaar 6 kwam doen 
en jij mijn begeleider werd. Vervolgens werden we vrienden, collega’s en nu zijn we allebei 
reumatoloog in opleiding. Ik wil je bedanken voor hoe je me altijd bij alles hebt betrokken, 
waardoor ik snel mijn draai kon vinden. Ik bewonder het enorm dat je ongeacht wat er 
zich in jouw leven afspeelt, altijd ruimte maakt en interesse hebt voor anderen. Dank voor 
je steun. Ik kijk er naar uit weer gewoon naar een museum of restaurant te gaan samen, 
zonder dat CCR9’s het hoofdonderwerp zijn. 

Liefste Winchesters, lieve Wouter, Nila, Rianne en Safae, mijn ultieme PhD-buddies. 
Dank voor alle gezellige momenten; ongelooflijk hoe makkelijk wij van klagen naar lachen 
kunnen gaan.

Wouter, in het lab de CRISPR-man, maar ik heb vooral veel geleerd van je kennis over 
speciaalbier, whiskey, kamerplanten, planten in je speciale kas(t), en (astro)fotografie. 
Dankjewel voor veel leuke momenten in en buiten het WKZ. Ik denk met veel plezier 
terug aan planteninspecties, bezoek aan De Molen en de roadtrip met Rianus naar Nila 
in Heidelberg. Alles lijkt bij jou met een enorm gemak en kalmte te gaan. Zelfs voor de 
toekomst lijk je alles al geregeld te hebben, alleen nog je PhD afronden! Veel succes met 
de laatste loodjes. Nila, volgens Maarten Hillen de “positieve controle bij elke grap”. Strak 
om 11:30u lunchen werd al snel uitgebreid met rondjes lopen door het WKZ, rocycle (met 
Rianus en Safoe) en koffie drinken in jullie kamer. In coronatijd hadden we de Winnies en 
hebben we alle frustraties die ook bij een PhD komen kijken samen weggelachen. Nilaatje, 
ik ben heel benieuwd welke route jij voor jezelf gaat uitstippelen, voor nu in ieder geval 
veel plezier en succes in Heidi. Ik weet zeker dat iemand die zoveel facetten van onderzoek 
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beheerst en daarnaast zo sociaal is als jij, op een mooie plek zal eindigen! Rianne, 
sambalfanaat, wat kan ik toch altijd met jou lachen. Voor mij ben jij de definitie van prettig 
gestoord, maar je hebt ook een serieuze kant. Je staat altijd klaar voor andere mensen en 
hebt veel oog voor collega’s die het moeilijk hebben. Bijzondere eigenschappen, die jij 
steevast afdoet als de gewoonste zaak van de wereld. Dank voor veel gezellige momenten, 
van statistiekles van Cas(sie) samen met Nila en je geduldige hulp met R, naar rocycle, eten 
bij Jingwen en wandelingetjes door je nieuwe buurt. Je hebt me geleerd dat er voor elke 
outfit een matching scrunchie is en dat 30 het nieuwe 20 is, of dat op je 30e verjaardag je 
foto’s vervormd in een poster verwerkt worden. Ik wens je veel succes en vooral plezier bij 
de oogheelkunde. Safae, toen we elkaar leerden kennen maakten je welbespraaktheid, 
rust en humor meteen veel indruk op me. Vervolgens bleek je ook een enorm attente en 
lieve vriendin te zijn, die altijd voor me klaarstaat. Je zet me vaak aan het denken en hebt 
me veel geleerd. Dankjewel voor je steun en bijsturing als ik aan mezelf twijfel. Nu mijn 
PhD bijna klaar is beloof ik weer vaker Haroun te komen knuffelen en weer gewoon koffie 
te kunnen drinken, zonder over papers te praten.

Joel, je hebt een fijne club mensen om je heen verzameld. Ik wil de Van Roon groep graag 
bedanken voor al jullie geduldige uitleg, ideeën en gezelligheid. Rina, dankjewel voor al je 
hulp (mijn opvoeding!) in het lab, maar vooral ook voor alle gezelligheid buiten het lab. Je 
bent enorm attent (je verrassingscadeau op mijn 30e verjaardag middenin coronatijd zal ik 
nooit vergeten) en ondanks het feit dat je constant om hulp wordt gevraagd, houd je altijd 
een grote lach op je gezicht. Dank ook voor de vele prachtige Rina-tegeltjeswijsheden! 
Sarita, ook jij gaf me meteen een welkom gevoel met je gekkigheid, plantenkwekerij op 
het lab, Adidasliefde en vertalingen van Joel als ik verward uit een meeting kwam. Dank 
voor alle positieve energie en je aanstekelijke lach. Ana, thank you for all your help, endless 
patience and wise words. I felt very lucky that we were seated next to each other in the 
office, sharing frustrations and (luckily much more) laughs. You’re a great scientist and 
I’m curious to see which steps you will take next. Céline, wij hebben helaas maar kort 
samengewerkt. Ik wens je heel veel succes en plezier met je onderzoek. Maak er een leuke 
tijd van! Cornelis, dank voor je hulp met qPCR en het vinden van spullen in het lab als ik 
weer eens vergeten was waar iets ligt. Michel, weliswaar niet zo lang “van Roon”, maar altijd 
bereid te helpen in het lab en in voor een praatje (tenzij de hardrock muziek op maximaal 
staat tijdens het Ficollen). Maarten, dank voor je kritische blik tijdens presentaties in van 
Roon groepsmeetings en je luide lach tijdens de lunch (luide lach en luide commentaren 
overigens). Eefje, dank voor de gezellige eerste maanden op het lab. Ik kijk er naar uit je in 
de toekomst weer tegen te komen als collega!

Sanne, samen met Rina en Sarita ben jij voor mij een van de immer goedgehumeurde 
sfeermakers op het lab. Dank voor je rust en hulp wanneer die nodig zijn, en voor alle 
gezelligheid op ieder ander moment. Nanette, gekkie met je boterham kaas in de 
magnetron en je luide lach die over de gang van jouw werkkamer naar de mijne galmt. 
Het is altijd gezellig met jou, ik wens je het allerbeste voor de toekomst! From the “former 
Radstakes” I’d also like to thank Ralph, Tiago, Chiara, Jonas, Maili, Wiola, Samu, Bea, 
Roos, Abhinandan, Maarten Kroef, Aridaman, Kris, Andrea, and Nienke for the fun times 
(especially at the retreat, New Year’s Dinner with chickpea brownies, and barbecue at the 
Uithof), scientific discussions and journal clubs.  

Dear Weiyang, I’m very happy we became friends during our PhDs. Thank you for your 
interest in my work and your always friendly words of support. I very fondly remember your 
hilarious invention of the KroCro (kroket on a croissant). Also, thank you for creating a list 
of food recommendations for Xi’an, this was super helpful. Lastly, thank you and Bohui for 
your hospitality. It was such a wonderful experience to meet Yicheng and enjoy dinner with 
your family. Dear Jingwen, also you have become a dear friend during our PhD trajectories. 
I admire your perseverance and strength, I’m sure your family is very proud of you. Thank 
you for all your help and advice when Ralf and me went to China. You are a very caring and 
generous person. Also, you clearly know the best place in Beijing to go for Peking duck! I 
wish you all the best for your future. Weiyang and Jingwen, I trust you and your families 
will come to visit us and the tulip fields again in the future!

Juliette, toen we 16 waren en samen scheikundeles hadden op het Stedelijk, konden we niet 
voorzien dat we veel dezelfde stappen zouden gaan maken. Studie, reizen, ANIOS interne 
en nu aan het eind van onze promotietijd en aan de slag als reumatologen in opleiding. Je 
harde werken zorgt ervoor dat je alles gedaan krijgt waar je je voor inzet en hoewel je een 
druk schema hebt, maak je altijd ruimte voor sport, je vrienden en gezelligheid. Dank voor 
je steun en de leuke tijd als kamergenoten; het was soms iets te gezellig in onze hoek van 
de kamer! Hoewel we de opleiding in andere regio’s gaan doen, weten we gelukkig al dat 
we elkaar blijven tegenkomen. Op naar nog meer leuke momenten samen op congressen, 
nascholingen en andere uitjes!  

Kamergenoten en oud-kamergenoten, Akashdip, Lude, Els, Matevz, Kamil, Sara, Gerdien, 
Shiva, Lotte, Tim en Uxía, dank voor alle gezelligheid, in een kringetje in de kamer 
koffiedrinken uit de illegaal geplaatste Senseo, met een groepje om iemands scherm 
hangen om figuren te verbeteren, veel geklets en veel gelach. 

Buiten AIO-kamer 2, kom je in de gangen en laboratoria van het CTI ook altijd leuke mensen 
tegen. Ik wil alle CTI collega’s bedanken voor het gezamenlijk creëren van een fantastische 
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werkplek. Een paar mensen wil ik nog los benoemen. Ellen, ik ben blij dat wij elkaar beter 
hebben leren kennen en kijk er naar uit je in de toekomst nog veel tegen te komen als 
reumatologen (in spé)! Laura, gesprekken in de gang of koffiekamer kunnen bij ons zo van 
T-cellen naar verbouwingen springen. Veel succes met het afronden van je PhD! Hajar, 
dank voor de goede gesprekken in het lab op de 2e. Ik ben benieuwd welke stappen je hierna 
gaat zetten en wens je het allerbeste. Marlot, altijd in een goed humeur, in voor een praatje, 
behulpzaam bij de FACS en met aanstekelijke schaterlach! Julia, always a pleasure to run 
into you (in the WKZ or spooking you on the bike). Thanks for the hugs and the big smiles! 
Leida, dank voor je altijd goede humeur en de vriendelijkheid die jij met je meebrengt. 
Zelfs in alle vroegte op een uitgestorven kweeklab, bracht jij gezelligheid. Ook Wouter, 
dank voor de leuke gesprekken. 

Als ik langs de kamers in het WKZ loop, dan blijf ik graag hangen bij de kamer van het 
secretariaat. Eerst nog met Yvonne, later Saskia, Mareille en Sigrid op de kamer. Ik wil jullie 
enorm bedanken voor al jullie hulp met dingen die geregeld moesten worden, maar vooral 
voor jullie interesse en steun. Mareille, dank voor de gezellige “curly girl” krullengekte met 
dikke knipoog. Saskia, dankjewel voor je wijze woorden en warmte, het betekent veel.   

Ook aan de AZU-kant zijn er veel mensen die ik graag tegenkom. Anneloes en Karin, met 
jullie heb ik het meest van doen gehad als researchverpleegkundigen. Dank voor jullie 
enorme inzet, flexibiliteit en vriendelijkheid. Jullie kamer verlaat je altijd met een brede 
lach. Lysanne, Julia, Evelien, Anne Karien, Marieke, Arno, Marion, Matthijs, Marianne, 
Tammo, Eline, Sina, Frank, Noortje, Bo, Rubaina, Emmerik, Nadia, Ria, Khalid en Arjan; 
het was altijd gezellig om jullie tegen te komen in het lab, bij meetings, borrels of bij de 
koffieautomaat. Diana, Sladjana en Judith dank voor alle organisatorische hulp, zeker bij 
het inplannen van meetings met mensen met veel te drukke agenda’s.

Behalve mensen die al kennis hadden van onderzoek, reumatologie en immunologie, wil 
ik ook graag mijn vrienden en familie bedanken die onvrijwillig hebben bijgeleerd over 
T-cellen.

Harmen, ik kan voor alles bij je aankloppen. Wandelingen door de stad, advies over 
koelkasten en auto’s, zegevieren in Iberia, discussies over Marcus Aurelius, filosoferen over 
volgende banen, en sparren over hoe we het beste een moeilijke situatie kunnen oplossen 
(al dan niet met jas aan liggend op het tapijt). Van Poortstraat, naar Utrecht-Zuid, naar de 
toekomst. Dankjewel dat je er altijd bent. Kinga, thank you so much for all the fun times, 
much laughter (I fondly remember the waterslide in Phantasialand) and always spoiling 
Ralf and me with your delicious foods and homemade cocktails. I always feel at home with 
you, Harmen and Arya, even when I’m tired or grumpy: thank you so much! 

Lieve vrienden uit Leiden, dank voor alle mooie momenten samen. Soof, we kennen elkaar 
sinds groep 1/2B bij juf Wil. Ik ben heel blij dat we na bijna 30 jaar nog steeds goede 
vrienden zijn. Shos, dank voor alles. Je bent een fantastische vriendin. Ik kijk uit naar een 
avond cocktails drinken. Evelien, je blijft me verbazen met je enorme hoeveelheid aan 
kennis. Ik kijk er naar uit om straks dichterbij te wonen en elkaar vaker te zien. Martje, 
Esther en Rebecca, van Leiden naar Amsterdam, Utrecht, Nijmegen en nu weer Leiden en 
Rotterdam. We hebben veel samen meegemaakt. Hoog tijd voor een weekend met wijn 
en kaas! Myrthe, vrienden vanuit Leiden, studiegenoten, samen mentor van eerstejaars, 
en uiteindelijk tegelijkertijd aan de PhD. Dank voor je lieve woorden en luisterend oor als 
ik ergens mee zit. Heel veel succes met het laatste stuk van je PhD!

Anadeijda, lieve Ana, jij weet als geen ander hoe het einde van een PhD kan gaan. Je 
woorden doen me altijd goed. Dankjewel voor alle knuffels, tranen, schaterlachen en 
dansjes. Savannah, Savvie, je stelt altijd precies de juiste vragen. Ik ben benieuwd welke 
kant jouw onderzoekshart op zal gaan! Sophie, Soofje, wat heb je toch een fantastische 
energie. Dank voor je immer vrolijke aanwezigheid. Ik kijk uit naar je dikke monsterboek! 
Maartje, jij houdt me altijd bij de les dat je als arts ook een maatschappelijke rol vervult. 
Dank voor de goede discussies! Maaike, ik kijk er naar uit dichter bij elkaar te wonen en 
vaker bij te kletsen tijdens wandelingen met Elmo! Vivian, je verklaarde me voor gek dat ik 
wilde promoveren, misschien had je gelijk! Natanja, zoals afgesproken: nu gaan we feesten! 
Dankjewel voor al je lieve woorden. AM, dankzij jouw eerlijke verhalen wist ik dat een PhD 
een hobbelige weg kan zijn, maar dat je aan het einde het gevoel hebt Muktinath te hebben 
bereikt. Je had gelijk. Anne en Joost, van op Anne’s schouders uitrusten tijdens colleges in 
jaar 1 naar huisje-boompje-beestje. Het gaat ons makkelijker af dan gedacht! Nick, kleine 
draakjes worden sterke volwassenen. Op naar nog veel mooie avonturen samen! Leonie, 
altijd in voor koffie of wijn. Je blijkt telkens weer in staat om ook bij serieuze onderwerpen 
een lach en lucht in het gesprek te brengen, dankjewel!

Ludwike en Don, dank voor de vele uren orks afslachten, biertjes drinken, heerlijk eten en 
veel gezelligheid. Scott en Paula, hoewel we uitzonderlijk goed zijn als Jaws of the Lion (en 
dit tijdens de lockdown zelfs via een ingewikkelde installatie van schermen en camera’s 
konden spelen), zijn we misschien toch beter in bier drinken. Dank voor de leuke avonden! 
Thanos and Lamprini, thank you so much for all those lovely evenings filled with laughter, 
homemade foods and games, Hermione Granger in action, terrible wins at Scythe by only 
moving back and forth, and talks about politics and Eurovision. A great diversion during 
stressful periods in my PhD. Rüdiger, thank you for a wonderful holiday in Greifswald, 
playing cards on the beach (winning 50 levels of The Crew) and enjoying a barbecue in your 
garden. Hopefully this thesis convinces you that medical doctors can finish a proper PhD!
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Malte, I’m very happy we have remained friends ever since we met 9 years ago waiting for 
the train from Khajuraho to Varanasi. I’m glad that I survived my eye infection and our trip 
to Tilicho Lake. I always look forward to the next time that we will meet you and Jean again. 
Thank you for many great memories and I’m sure there’s more to come!

Oud-huisgenoten van Poortstraat 21 en van Van ’s-Gravesandestraat 17B, Ellis, Andreas 
(en Lise), Donna, Phil, Anne en Marilla, fantastische huisgenoten werden bijzondere 
vrienden. Dank voor alle goede gesprekken en kritische vragen met een grote kop thee of 
een heerlijke G&T. 

Angelique, Reinet en Pauline, van onbezorgde studentjes, naar moeders en getrouwde 
vrouwen. Ik ben blij dat we al die belangrijke overgangen samen doormaken!

Monika, lieve Moni, dankjewel voor je enthousiasme en betrokkenheid. Ik kijk uit naar 
nieuwe Tivoli avonden (maar dan de Leidse/Haagse versie) of een Harry Potter marathon.

Marleen, jouw veerkracht, doorzettingsvermogen en positieve houding zijn aanstekelijk. 
Dankjewel voor alle mooie momenten.

Lisa, Meije, Maylin, Tim, Twirre, Morris, Duux, Haroun, Ella, Vesper, Isaac, Evi, Loïc, Ethan, 
Amber en Marie-Lou: jullie lachende gezichten en rare fratsen vrolijken me altijd op!

Weliswaar niet fysiek meer hier, maar voor altijd in mijn hoofd en hart wil ik mijn avó, 
opa en oma bedanken, en oom Han, die ook op zijn 90e geanimeerd doorvroeg over hoe 
flowcytometrie precies werkt en me geruststelde dat soms een copromotor bepalender is 
voor je promotieonderzoek dan een promotor. 

Tia Isabel, tia Anita, Claúdia e Marta, muito obrigada família de perto e de longe pelo 
carinho e atenção. Mesmo longe fazem-me companhia. Obrigada do coração pelo incentivo 
para que eu alcançasse os meus sonhos.

Ute, Ralf, Anja, Nima, Marie-Lou, Katharina und Sandro; vielen Dank für das herzliche 
Willkommen in die Familie. In den letzten Jahre ist viel passiert: mehrere Hochzeiten und 
die Geburt von Marie-Lou. Es hat mich sehr gefreut so viele besondere Momente mit der 
ganzen Familie zu feiern und ich hoffe noch viel mehr solche schöne Momente mit euch 
zu haben.

Lieve papa en mama, ik weet hoeveel geluk ik heb gehad met jullie als mijn ouders. Jullie 
hebben me een wereld vol mogelijkheden geboden en ik ben jullie heel dankbaar voor alles 
wat jullie voor Lau en mij hebben gedaan. Het geeft een enorm gevoel van vrijheid te weten 
dat jullie altijd achter me staan, welke keuze ik ook maak. Lieve Lau, lieve Lautje, dankjewel 
voor het altijd weer vinden van de perfecte balans tussen een oogrol als ik me misschien 
een beetje aanstel en aanmoedigingen wanneer die nodig zijn. Je voelt altijd precies aan 
welke steun het beste effect zal hebben. Ik blijf altijd je grote trotse zus, maar in de praktijk 
ben je eigenlijk al jaren ook gewoon mijn beste vriendin. Love you.

Mijn liefste Ralf, jij hebt van heel dichtbij mijn PhD meegemaakt. Van samen dansen en 
rondspringen in mijn studentenkamer toen ik was aangenomen, naar onverwacht veel 
bijleren over T-cellen (terwijl je zo’n hekel had aan biologie), obscure papers opsporen 
waar het UMCU geen toegang tot had (maar SRON gek genoeg wel), de frustraties over 
reviewer 2, en uiteindelijk de stressvolle eindsprint en de opluchting dat alles kon worden 
ingeleverd. In deze 4,5 jaar gingen we samenwonen, zijn we op reis gegaan door China en 
hebben we elkaar als collega leren kennen door het samen thuiswerken in coronatijden. 
Inmiddels zijn we getrouwd en weten we dat we er samen altijd het beste van maken. Ik 
kijk uit naar alle grote en kleine avonturen die ons nog te wachten staan. Ik hou van jou. 
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