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The Imbalance of Circulating
Follicular T Helper Cell Subsets
in Primary Sjogren’s Syndrome
Associates With Serological
Alterations and Abnormal
B-Cell Distribution
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Britt Nakken?, Peter Szodoray? and Gabor Papp '

" Division of Clinical Immunology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary, 2 Department of
Immunology, Oslo University Hospital, Rikshospitalet, Oslo, Norway

Since B-cell hyperactivity and pathologic antibody response are key features in the
immunopathogenesis of primary Sjogren’s syndrome (pSS), the role of follicular T helper
(Ten) cells as efficient helpers in the survival and differentiation of B cells has emerged. Our
aim was to investigate whether a change in the balance of circulating (c)Tr subsets and
follicular regulatory T (Trg) cells could affect the distribution of B cells in pSS. Peripheral
blood of 38 pSS patients and 27 healthy controls was assessed for the frequencies of
cTey cell subsets, Teg cells, and certain B cell subpopulations by multicolor flow
cytometry. Serological parameters, including anti-SSA, anti-SSB autoantibodies,
immunoglobulin, and immune complex titers were determined as part of the routine
diagnostic evaluation. Patients with pSS showed a significant increase in activated cTgy
cell proportions, which was associated with serological results. Frequencies of CTgy
subsets were unchanged in pSS patients compared to healthy controls. The percentages
and number of cTgg cells exhibited a significant increase in autoantibody positive patients
compared to patients with seronegative pSS. The proportions of transitional and naive B
cells were significantly increased, whereas subsets of memory B cells were significantly
decreased and correlated with autoantibody production. Functional analysis revealed that
the simultaneous blockade of cTgy and B cell interaction with anti-IL-21 and anti-CD40
antibodies decreased the production of IgM and IgG. Imbalance in Try subsets and Teg
cells indicates an ongoing over-activated humoral immune response, which contributes to
the characteristic serological manifestations and the pathogenesis of pSS.

Keywords: follicular T helper cell, follicular regulatory T cell, B cell, chemokine receptors, primary
Sjogren’s syndrome
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INTRODUCTION

Primary Sjogren’s syndrome (pSS) is a chronic autoimmune
disease displaying slow progression and affecting primarily
middle-aged women nine-times more frequently than men.
Histologically, the hallmark feature of pSS is the periductal
cellular infiltration of lacrimal and salivary glands resulting in
the damage and dysfunction of glandular tissue. Clinically,
patients suffer from mouth dryness (xerostomia) and eye
dryness (xerophtalmia) predominantly; however, various
exocrinopathic symptoms are also frequently present. The
clinical manifestations in pSS are not homogenous, besides
glandular symptoms; the disease can involve any organ system
and present with a wide variety of extraglandular manifestations
affecting skin, genitourinary tract, kidneys, cardiovascular,
nervous or musculoskeletal systems (1).

The development of pSS is still unclear; however, recent lines
of evidence support a complex network between salivary gland
epithelial cells and the innate and acquired immune systems.
Epithelial cells, besides being the target of extrinsic and intrinsic
factors that cause disruption of glandular tissue integrity, are also
active participants in the initiation and perpetuation of the
inflammatory process, through the expression of activation
markers and toll-like receptors. The upregulation of adhesion
and chemokine molecules, along with metabolic stress induced
apoptosis initiates the recruitment of innate immune cells and
triggers an interferon-related inflammatory cascade (1). Type 1
interferon production by plasmacytoid dendritic cells induces
infiltrating leukocytes and epithelial cells to secrete B-cell
activating factor (BAFF), which promotes B-cell survival and
not only contributes to B-cell hyperactivity, but also acts as a
mediator between innate and adaptive immunity (2, 3). Local
accumulation and sustained survival of autoreactive B cells
promote the development of ectopic germinal centers (GCs),
which establish the perfect niche for autoantibody production or
lymphomagenesis (4, 5).

T cell support for B cells is a pivotal mechanism for optimal
B-cell selection, development, and activation. A subset of CD4" T
cells, termed follicular T helper (Tgy) cells, are responsible for T-
cell dependent humoral response in the B-cell follicles of
secondary lymphoid tissues. The cognate interaction between
Tpy and activated naive B cells is required for the generation of
short-lived plasma cells at the extrafollicular foci as well as the
development of long-lived high-affinity, antibody-secreting
plasma cells during GC response (6). The ability to
differentiate into GC B cells and GC Ty cells depends on
antigen-specific contact between these cells and the successful
delivery of mutual signals from the very first stage of their
interaction (7). T-cell-dependent B-cell response proceeds in
three spatiotemporal phases in the lymphoid tissues, including
extrafollicular, follicular, and GC reaction phase, which demands
the expression of several molecules. B cells in GCs receive help
through CD40 ligation (CD40L), inducible T cell costimulator
(ICOS) expression as well as via cytokine signals, especially
interleukin-(IL)-21, which promotes B-cell differentiation.
Stable connection between Tgy and B cells is essential to

prolong cell-cell contact and the effective delivery of help,
which is established by signaling lymphocyte activation
molecule associated adaptor protein (SAP) (8, 9). In the GCs,
B cells undergo repetitive cycles of somatic hypermutation,
clonal proliferation, and selection with the specialized aid from
Trp cells to ensure the development of memory B cells and high-
affinity antibody-secreting plasma cells (10). Whereas the
evolution of GCs provides potent immune protection against
foreign antigens, the tight regulation of Tgy and B-cell
interaction is essential to maintain immunological self-
tolerance to prevent autoreactivity (11). Regarding the origin
of circulating (c) Tgy cells, strong evidence is supporting that
Try cells can be transported to neighboring GCs and migrate to
the periphery. Activated T cells with decreased expression of
characteristic Ty cell markers appear in the blood, and they
have the potential to form memory cells (9). These circulating
CD4" C-X-C chemokine receptor 5 (CXCR5)" memory Tgyy cells
share functional properties with GC Ty cells and express ICOS
and programmed cell death protein 1 (PD-1) molecules,
however, in a tempered level. Human blood memory Try cells
form a heterogeneous group and include several subsets with
different phenotypes and functions according to the presence of
ICOS, PD-1, C-C chemokine receptor type 7 (CCR7), CD62L,
and chemokine receptors CXCR3, CCR6 (12, 13). The first set of
parameters distinguishes CXCR5"CCR7 CD62L" effector
memory and CXCR5'CCR7'CD62L" central memory cTpy
cells. The expression of the two molecules is probably
promoting the migration of the cells to secondary lymphoid
tissues. Memory cell types can be further divided into ICOS PD-
1"CCR7™ and ICOS PD-1"CCR7™ quiescent and ICOS*PD-
1""CCR7" activated memory cTpy cells. The second set of
parameters defines CXCR3"CCR6™ Thl-like cells (cTgyl),
CXCR3"CCR6™ Th2-like (cTgy2) and CXCR3 CCR6" Thl7-
like (cTgyl7) cells (14). Concerning their distinct functional
roles, T2 and Tryl7 cells are declared as efficient helpers since
they induce naive B cell differentiation into plasma cells and
produce immunoglobulin (Ig)A, IgG, and its subclasses. On the
other hand, Try1 cells are not competent naive B-cell helpers; the
only exception is when this subset is in an activated state
(ICOS'PD-1"), but their helper capacity is limited to memory
B cells (15-18). Recently, a subpopulation of regulatory T cells
expressing Foxp3 and CXCR5, called follicular regulatory T
(Tgr) cells, was identified, which have a capability to modify
GC responses in several ways: direct regulation of Tpy-cell
proliferation via the interruption of costimulation or due to
the modulation of metabolic pathways in Ty and B cells (19).
Consequently, investigations on Tgy and B cell interactions in
PSS not only can shed light on disease pathogenesis, but can also
show the potential use of Ty cells as a biomarker or therapeutic
target in autoimmune diseases as an attractive possibility.

In our study, we investigated the disproportion of Tgr and
CTry cell subsets and assessed their correlations with disease
activity and with various circulating B cell subpopulations in
patients with pSS and healthy individuals. Moreover, we
evaluated the role of cTyy cells in helping B cells by an in vitro
functional assay.
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MATERIALS AND METHODS
Subjects

Based on our clinical practice, patients underwent evaluation
according to the American-European Consensus Group
(AECG), and the diagnosis of pSS was based on it (20). The
diagnosis of patients was also revised in agreement with the 2016
American College of Rheumatology (ACR)/European League
Against Rheumatism (EULAR) criteria for pSS (21). A total of
38 patients with pSS (37 female and one male; median age: 54
(range 37-74) years) fulfilling both classification criteria were
included in the present study. Patients were diagnosed at the
Division of Clinical Immunology, University of Debrecen, where
they received regular follow-up treatment. The median disease
duration was 12 (range 1-25) years. Since immunosuppressive
and immunomodulatory drugs fundamentally affect the
functions and numbers of the investigated lymphocytes, pSS
patients with ongoing immunomodulatory treatments were
excluded from the study. Systemic disease activity in pSS was
assessed with the EULAR Sjogren’s Syndrome Disease Activity
Index (ESSDAI) at the time of the laboratory examinations
(22). The mean ESSDAI was 2.44 (+ 0.51, range 1-4), which
indicated currently a low disease activity without the necessity of
ongoing immunosuppressive drug administration. During
the total disease course, 23 patients suffered from systemic
manifestations, such as vasculitis, Raynaud’s phenomenon,
polyarthralgia, and polyneuropathia, while 15 patients had
common glandular involvements. Based on routine laboratory
results, 24 patients were positive for anti-Ro/SSA autoantibody
(SSA >10 U/ml); moreover, 14 of them showed anti-La/SSB
seropositivity as well. Twenty-nine age and sex-matched healthy
volunteers (27 female and two male; median age: 46 (36-57)
years) served as controls. The characteristics of pSS patients and
healthy participants are presented in Table 1. The study
participants diagnosed with viral or bacterial infections were
excluded. Informed written consent was obtained from all

TABLE 1 | Demographic characteristic of patients with pSS and healthy controls.

pSS (n = 38) Control (n = 29)
Age, years (range) 54 (37-74) 46 (36-57)
Female sex, n (%) 37 (97.4) 27 (938.1)
Systemic involvement, n (%) 23 (60.5) NA
ESSDAI, mean [SD (min-max)] 2.44 [+ 0.51 (1-4)]
Anti-Ro/SSA positivity, n (%) 24 (63.2) NA
Anti-Ro/SSA titer, U/ml 100.0 (99.7-100.0) NA
Anti-La/SSB positivity, n (%) 14 (36.8) NA
Anti-LA/SSB titer, U/ml 89.9 (86.2-98.4) NA
RF, n (%) 29 (76.9) NA
RF titer, 1U/ml 24 (16.5-71.5) NA
IC titer, extinction 81.5 (566.0-150.8) NA
IgG titer, g/L 16.28 + 7.84 NA
IgA titer, g/L 2.80 + 1.56 NA
IgM titer, g/L 1.33 £ 0.91 NA
Lymphocyte count, x10%/L 1.52 (1.23-1.84) 1.86 (1.39-2.41)

Data are displayed as mean + SD or median (25th-75th percentiles). NA, no data
available; pSS, primary Sjégren’s syndrome; ESSDAI, EULAR Sjégren’s Syndrome
Disease Activity Index; RF, rheumatoid factor; IC, immune complex; Ig, immunoglobulin.

patients. The study has been approved by the Ethics
Committee of our University (protocol number: 4879-2017)
and the Policy Administration Services of Public Health of the
Government Office (protocol number: 1660-4/2018). All data
stored and all experiments carried out were in compliance with
the Declaration of Helsinki.

Cell Surface Staining and Flow Cytometric
Analysis of Tgy and B Cell Subsets in
Peripheral Blood Mononuclear Cells
Immunophenotyping of lymphocytes was performed by
multicolor flow cytometry. Venous blood was collected in
vacutainer heparin tubes, and peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll-Histopaque (Sigma-
Aldrich, St Louis, MO, USA) density-gradient centrifugation.
Harvested cells were washed twice and stained with anti-IgD-
fluorescein isothiocyanate (FITC) (clone: IADB6, Beckman
Coulter Inc, Fullerton, CA, USA), anti-CD27-phycoerythrin
(PE) (clone: 1A4CD27, Beckman Coulter), anti-CD19-
phycoerythrin-Cyanine dye 5 (PE-Cy5) (clone: J3-119,
Beckman Coulter), anti-CD38-FITC (clone: HIT2, BioLegend,
San Diego, CA, USA), anti-CD24-allophycocyanin (APC) (clone:
ML5, BioLegend), anti-CXCR5-Alexa Fluor 488 (clone: RF8B2,
BD Biosciences, San Diego, CA, USA), anti-ICOS-PE (clone:
DX29, BD Biosciences), anti-PD-1-Peridinin-chlorophyll
protein-Cyanine dye 5.5 (PerCP-Cy5.5) (clone: EH12.1, BD
Biosciences) and anti-CD4-APC (clone: RPA-T4, BioLegend)
monoclonal antibodies. Cell staining was carried out for
20 min at 4°C in the dark, then washed twice, and prepared
for measurements. In case of B cells, at least 10.000 CD19"
events were analyzed, while Tgy cell data were collected
from at least 75.000 CD4" events per sample within the whole
lymphocyte population.

As described by Morita et al., three Tgy subsets could be
identified according to the expression of CXCR3 and CCR6
chemokines (15). Based on this study, Thl-like Tpyl
(CXCR3"CCR6"), Tgyl/17 (CXCR3*CCR6"Y), Th2-like Tpy2
(CXCR37CCR67) or Th17-like Tgyl7 (CXCR3 CCR6") cells
were defined in CD4"CXCR5" blood T cells with the help of
anti-CXCR3-PE (clone: G025H7, BioLegend) and anti-CCR6-
PerCP-Cy5.5 (clone: G034E3, BioLegend) monoclonal
antibodies. For the determination of Tpg cells we used anti-
CD127-PE (clone: R34.34) and anti-CD25-PE-Cy5 (clone:
B1.49.9) (both from Beckman Coulter) monoclonal antibodies
besides CD4 and CXCR5. Fluorescence Minus One (FMO)
controls were used to determine gate settings in multicolor
panels. The flow cytometric examination was performed with
a FACS Calibur instrument (Becton Dickinson, Franklin
Lakes, NJ, USA). Data were analyzed using FlowJo Software
(Treestar, Ashland, OR, USA). Fig. 1A demonstrates the
gating strategy and the division of Tyy cell subpopulations.
Cell viability was assessed in a number of fresh samples using
7-Aminoactinomycin D (7-AAD) staining. The percentages
of non-viable cells were 3.69 + 0.73 in total PBMCs, 0.13 +
0.10 in CD4" lymphocytes, and 0.03 + 0.02 in case of CD19"
lymphocytes (Supplementary Figure 1C).
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Cell Separation, Cell Culture and
Functional Analysis

B cells were magnetically isolated from the PBMCs using CD19"
B cell isolation kit (Miltenyi Biotec; Bergisch Gladbach,
Germany). CD4" T cells were enriched from PBMCs using
CD4" T cell isolation kit, then CXCR5™ and CXCR5" cell
populations were separated within these cells with the
application of CD185 (CXCR5)-biotin antibody and anti-biotin
microbead (all from Miltenyi Biotec) according to the
manufacturer’s instructions (healthy controls, n = 7; pSS
patients, n = 5). Cell purity was assessed by flow cytometry: it
was greater than 98% for B cells, while the purity was above 80%
for cTgy cells. B cells were pre-activated by cross-linking of B-cell
receptor (BCR) with 2.5 pg/ml affinity purified F(ab’)2 fragment
of goat anti-human IgG + IgM (H + L) (Jackson
ImmunoResearch, Baltimore, PA, USA) in the presence of
recombinant human IL-2 and IL-10 proteins (both 50 ng/ml)
(PeproTech, Cranbury, NJ, USA) for 24 h at 37°C in 5% CO,
milieu in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum in
96-well flat-bottom plates. For in vitro co-culture assay,
5x 10* autologous B cells were cultured with 5x 10*
CD4*CXCR5™ T cells or 5 x 10* CD4"CXCR5" ¢Tyy cell in the
presence of staphylococcal enterotoxin B (SEB) (Sigma-Aldrich;
Steinheim, Germany) (1 pg/ml) in 96-well U-bottom plates.
Blocking of T-B cell interaction was performed using 3 pg/ml
anti-human IL-21 neutralizing antibody (clone MT216G/21.3m,
MabTech Ab) and 5 pg/ml anti-human CD40/TNFRSF5 (clone
82102; R&D Systems, MN, USA). At day 7, supernatants were
collected and stored at —70°C until further measurements, while
cells were harvested then stained with the combination of anti-
CD38-FITC, anti-CD27-PE, anti-CD4-APC monoclonal
antibodies and 7-AAD viability solution. Plasmablasts were
assessed using FACS Calibur flow cytometer and further
analyzed with Flow]Jo software.

Enzyme Linked Immunosorbent Assay

IgG and IgM concentrations were measured in the supernatant
of the co-culture by enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturer’s protocols
(MabTech AB, Nacka Strand, Sweden).

Assessment of Routine

Laboratory Parameters

All patients were followed up on a routine basis, and their
records contain detailed information on symptoms, clinical
conditions, laboratory, and other findings of each visit. Routine
laboratory measurements were carried out at the Department of
Laboratory Medicine, Faculty of Medicine, University of
Debrecen. Blood cell counts including total lymphocyte counts
were analyzed with ADVIA 2120i hematology system (Siemens,
Munich, Germany). Autoantibody levels were determined by
enzyme-linked immunosorbent assay (ELISA) with AUTOSTAT
II kits (Hycor Bio-medical, Indianapolis, IN, USA), according to
the manufacturer’s instructions (anti-Ro/SSA; normal: <10 U/ml
and anti-La/SSB; normal: <10 U/ml). Serum Ig concentrations

were analyzed by turbidimetric method (Dialab GmbH, Wiener
Neudorf, Austria). Rheumatoid factor (RF; normal: <20 IU/ml)
was measured by quantitative nephelometry (Dialab).
Circulating immune complexes (ICs) were detected by
polyethylene glycol precipitation method. Laboratory reference
range was an extinction of 0 to 170 for IC. The results were given
according to the analytical measurement range stated in the
manufacturers’ instructions.

Statistical Analysis

Data and statistical analyses were performed with GraphPad
Prism 8 software (GraphPad Software, San Diego, USA).
Descriptive data was represented in box plots of interquartile
range (IQR) with a line in the middle as median and “+” sign as
the mean value. Tukey whiskers show the 25th percentile minus
1.5IQR and 75th percentile plus 1.5IQR. Functional assay data
displayed in scattered dot plots and bars with mean + standard
deviation. Kolmogorov-Smirnov and Shapiro-Wilk normality
tests were used to assess normal distribution. In cases of normal
distribution, one-way analysis of variance (ANOVA) with
Tukey’s post hoc test for pairwise multiple comparisons was
carried out. When data sets deviated from normality, Kruskal-
Wallis test followed by Dunn’s post hoc test for pairwise multiple
comparison was used. Two-way ANOVA with posttest Tukey’s
test or Bonferroni’s test for multiple comparisons was used to
assess data in in vitro experiments. Statistics and visualization of
the correlation matrices were done with the R 3.4.0 software,
using the Hmisc and Corrplot packages (23-25). Spearman’s
correlation analysis was used for the correlations between the
percentages of cell subsets and serological parameters, and R-
values were obtained using Corrplot function. Differences were
considered statistically significant at p < 0.05.

RESULTS

Changes in the Proportions of Circulating
Ten Cell Subsets and T Cells in Patients
With pSS

We previously described elevated percentages of circulating Ty
cells in pSS (26). In order to confirm our former observation, we
determined cTgy cell frequencies in a significantly larger patient
cohort with well characterized B-cell abnormalities. Additionally,
we further characterized blood Ty cell subsets in these patients.
Lymphocytes were gated based on a forward and side scatter plot
followed by a CD4" cell gate. The percentages of T cell subsets,
including Trul, Tea2, Trul7, and Teul/17 were quantified
within the CD4"CXCR5" lymphocytes of peripheral blood
(Figure 1A). Several studies have shown that cTgy cells belong
to memory CD45RA™CD4" T cells (15). To confirm the credibility
of our protocol, we evaluated the relative fluorescence
expression of CD45RA on circulating CD4"CXCR5" as well as
CD4"CXCR5"PD-1" T cells and reinforced that both subsets barely
expressed CD45RA compared to CXCR5 T cells; thus they
resembled memory cells (Supplementary Figure 2B). To assess
whether cTgy subsets were altered in pSS, CXCR3"CCR6™ Tgyl,
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FIGURE 1 | The distribution of cTr subsets and Trg cells in patients with pSS and their association with laboratory serological markers. PBMCs were isolated from
38 pSS patients and 29 healthy controls (HC) then were stained with fluorochrome-labeled antibodies as described previously. Peripheral circulating (c)Tgy subsets
were quantified as their percentage within CD4"CXCR5" lymphocyte population. (A) Representative dot plots show the gating strategy and the division of Tg cell
subpopulations. Percentages of cTgy1 (B), CTey1/17 (C), cTen2 (D), cTen17 (E) in pSS patients (n = 38), pSS without anti-SSA(-) (n = 14), pSS with anti-SSA(+)

(n = 24) and HCs (n = 29). (F) Representative dot plots show the gating of ICOS™PD-1" activated cTr cells in pSS and HC. Percentages of activated cTg cells.

(G) Representative dot plots display the gating of Teg cells in pSS and HC. Frequencies of Trg cells. (H) Correlation analysis of the percentages of Tr cell subsets
and Teg cells with different serological parameters in patients with pSS. One-way ANOVA with Tukey’s multiple comparisons test (B, D, E) or Kruskal-Wallis test with
Dunn’s multiple comparisons test (C, F, G) was used. Correlation analysis was performed using Spearman’s test (H). Box plots represent the interquartile range
(IQR) with a line in the middle as median and “+” sign as the mean value. Statistically significant differences are indicated by *p < 0.05; *p < 0.01.

CXCR3*CCR6" Tgyl/17, CXCR3 ' CCR6™ Tgn2, and CXCR3™ (p = 0.0248) and patients with anti-Ro/SSA positivity (p = 0.0047)
CCR6" Tgyl7 cells were identified and quantified. There was no  showed a significantly increased frequency of activated ICOS"PD-1*
detectable difference in percentages of each Ty subsets in pSS patients Ty cells, compared to healthy individuals (Figure 1F).

in comparison to controls or in either designated group within Blood T cells were identified as CD127 CD25%8"t cells
pSS (Figures 1B-E). Interestingly, the entire group of pSS patients ~ within the CD4"CXCR5" T cell population (Figure 1G).
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Although the percentages of Ty cells in the whole population of
pSS patients were similar to that of healthy controls, when
patients were divided into two subgroups based on the
presence or absence of autoantibodies, we found that the
proportion of Tgr cells in patients having anti-Ro/SSA
antibodies was significantly higher than those measured in
autoantibody negative patients (p = 0.0363, Figure 1G).
Regarding the absolute number of circulating Tgg cells, pSS
patients had significantly decreased values compared to healthy
individuals. This observation presumably stems from the fact
that pSS patients have lower lymphocyte counts, which tends to
bias the comparative analysis of absolute number of T cell
subsets between pSS patients and healthy individuals (27, 28).
Nevertheless, among patients, a significant elevation in absolute
numbers of Tpr cell was detected in anti-Ro/SSA positive
individuals, compared to autoantibody negative patients (p =
0.0157) (Supplementary Figure 3F).

Altered Circulating Tgy Subset and Tgr
Cell Frequencies Are Associated With
Serological Findings

We investigated whether the alterations in activated cTgy cells as
well as Tgy cell subsets were associated with the disease etiology
and other serological findings in pSS. Interestingly, the percentages
of activated cTgy cells showed a significant positive correlation
with the levels of anti-La/SSB autoantibody (R = 0.3504; p =
0.0310) and with serum IgA titer (R = 0.3530; p = 0.0297) (Figure
1H). In addition, we found that the proportion of Tryl (R =
0.3368; p = 0.0387) and Tgy1/17 cells (R = 0.3734; p = 0.0209), but
not of T2 cells, was significantly positively correlated with the
levels of ICs (Figure 1H). The frequency of Tgy1 cells also showed
a significant positive correlation with the levels of serum IgG (R =
0.3977; p = 0.0134) and anti-La/SSB autoantibody (R = 0.3948; p =
0.0142) (Figure 1H). Interestingly, significant positive associations
were found between the ratio of Tgy cells and levels of anti-La/SSB
autoantibody (R = 0.5158, p = 0.0140; Figure 1H). Associations
between the percentages of Try cells and other Tgy cell subsets are
shown in the supplement, but it is worth mentioning that there
was a positive correlation between the frequency of Tgy cells and
activated Tgy cells (R = 0.5054, p = 0.0164) (Supplementary
Figure 4A).

Altered Distribution of Peripheral B Cell
Subpopulations Is a Characteristic

Feature of pSS

In parallel with the assessment of circulating Tgy; subsets in pSS,
we measured the proportions of different B cell subpopulations, in
order to get a better view on Try-B cell axis in pSS pathogenesis.
Lymphocytes were first gated on their characteristic scatter pattern
and then gated on the CD19" population. Memory B cell subsets
and naive or mature-naive B cells were identified according to IgD,
CD27, CD38, and CD24 expression (Figure 2A). Proportions of
CD19'IgD"CD27 ™ naive B cells were significantly increased in pSS
patients compared to healthy individuals (p = 0.0009, Figure 2B).
As expected, patients with anti-Ro/SSA seropositivity had
significantly higher percentages than controls (p < 0.0001,

Figure 2B). On the other hand, the frequency of
CD19"IgD"CD27" un-switched memory B cells was significantly
diminished in the total pSS population (p = 0.0010, Figure 2C),
while the difference was more pronounced in patients with anti-
Ro/SSA antibodies (p < 0.0001, Figure 2C) compared to controls.
Interestingly, the proportion of un-switched memory B cells in
autoantibody-negative patients was similar to control results
(Figure 2C). Peripheral CD19"IgD CD27" switched memory B-
cell percentages closely followed the above described tendency,
since they were significantly reduced in the whole pSS patient
group compared to controls (p = 0.0016, Figure 2D). Moreover,
the anti-Ro/SSA positive group showed a significant diminished
ratio compared to healthy controls (p = 0.0007, Figure 2D), as
well. The percentages of CD19*CD38™CD24"CD27~ transitional
B cells were significantly elevated in the total patient group (p =
0.0029), along with anti-Ro/SSA antibody positive patients (p =
0.0002) (Figure 3E) compared to control values. On the other
hand, we found that the proportion of transitional B cells had a
tendency to be increased in patients having autoantibodies
compared to the autoantibody-negative patient population (p =
0.0662, Figure 2E). The ratio of CD19*CD38™CD24™ mature-
naive B-cell subset followed a similar tendency as naive B cells (HC
vs. Total: p = 0.0064; HC vs. aSSA+: p = 0.0038, Figure 2F). The
percentages of CD19*CD38 CD24"CD27" primarily memory B
cells were significantly diminished in the total pSS patients (p =
0.0005) as well as in the anti-Ro/SSA subgroup (p < 0.0001)
(Figure 2G) in comparison with healthy subjects.

Upon assessing the associations between B cell subpopulations
and other measured parameters, we identified a significant negative
correlation between the levels of serum anti-Ro/SSA and the
frequency of switched memory B (R = —0.4047; p = 0.0117), un-
switched memory B (R = -0.4046; p = 0.0118) and primarily
memory B cells (R = -0.4311; p = 0.0069), while they showed
positive correlation with naive B cell percentages (R = 0.3957; p =
0.0139) (Figure 2H). The presence of serum anti-La/SSB showed a
significant negative correlation with switched memory B
(R = -0.3232; p = 0.0478) and primarily memory B cells
(R = -0.3888; p = 0.0159), whereas their serum concentrations
revealed a significant positive association with the frequencies of
naive B (R = 0.3532; p = 0.0296) as well as transitional B cells (R =
0.4641; p = 0.0033) (Figure 2H). The levels of IgG and IgA showed
a similar correlation as autoantibodies, since they correlated
negatively with the proportion of primarily memory B cells (IgG:
R = —0.3258; p = 0.0459, IgA: R = —0.3233; p = 0.0477), while IgG
also displayed a significant positive association with the percentages
of naive B cells (R = 0.3490; p = 0.0318) and a significant negative
correlation with the frequency of un-switched memory B (R =
—0.3570; p = 0.0278) (Figure 2H). Interestingly, we found a positive
association between the percentages of transitional B cells and
serum levels of IgG (R = 0.5861; p = 0.0001) and IgA (R = 0.5882;
p = 0.0001) (Figure 2H). Levels of serum IgA also showed a
significant positive correlation with the percentages of plasmablasts
(R =10.3821; p = 0.0179) while IgM exhibited a positive correlation
with primarily memory B cells (R = 0.3237; p = 0.0474) (Figure
2H). Moreover, the presence of serum ICs correlated positively
with naive (R = 0.3794; p = 0.0188) and transitional B cells (R =
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FIGURE 2 | Abnormal distribution of different B cell subsets reflects the pathophysiology of pSS. Peripheral blood B cell subsets were quantified as their percentage
in CD19" lymphocyte population. (A) Representative dot plots indicate the gating strategy and determination of different B cell subsets. Percentages of IgD*CD27"
naive B cells (B), IgD*CD27" un-switched memory B cells (C), IgD" CD27* switched memory B cells (D), CD38"CD24"CD27~ transitional B cells (E), CD38*CD24*
mature-naive B cells (F), CD38 CD24"CD27* primarily memory B cells (G) in pSS patients (n =38), pSS without anti-SSA(-) (n = 14) and pSS with anti-SSA(+)

(n = 24) and healthy controls (HC; n = 29). (H) Frequencies of certain B cell subsets of pSS patients were acquired, and correlation analysis with serological
parameters as well as with the percentages of cTgy subsets was carried out. Data analyses were performed using one-way ANOVA with Tukey’s multiple
comparisons test (D, E) or Kruskal-Wallis test with Dunn’s multiple comparisons test (B, C, F, G). Correlation analysis was carried out with Spearman’s test (H). Box
plots represent the interquartile range (IQR) with a line in the middle as median and “+” sign as the mean value. Statistically significant differences are indicated by

0 < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.

0.4049; p = 0.0117), and negatively with switched memory B cells
(R =-0.3302; p = 0.0429) (Figure 2H).

We also assessed the possible associations between peripheral
Ty cell subsets and B cell subpopulations. The frequency of
activated cTpy cells within CD4"CXCR5" cells revealed a
significant positive correlation with the percentages of
transitional B cells (R = 0.5520; p = 0.0003) and plasmablasts (R
= 0.3960; p = 0.0139), whereas it showed a significant negative
correlation with un-switched memory B cell proportions (R =
—-0.3345; p = 0.0401) (Figure 2H). Interestingly, only the
frequency of Tgu2 subset showed any association with B cell
subsets. A significant positive correlation was found with every
memory B cell subpopulation (switched B: R = 0.3640; p = 0.0246,

un-switched B: R = 0.4301; p = 0.0070, DN B: R = 0.3826; p =
0.0177; primarily memory B: R = 0.3986; p = 0.0132), while a
significant negative correlation was observed with the frequency of
naive B cells (R = —0.4645; p = 0.0033) and mature-naive B cells (R
= -0.3967; p = 0.0137) (Figure 2H). Of note, significant positive
associations were found between the proportion of Ty cells and
transitional B cells (R = 0.5438, p = 0.0089) (Figure 2H). In
summary, the present results reinforced our previously published
observations on the distribution of B cell subsets in pSS (29).
Moreover, our current findings on the proportions of certain B cell
subsets along with the high percentages of activated cTgy cells and
Trr cells, point at the crucial role of Tpr-Try-B cell axis in the
development of aberrant humoral immunity in pSS.
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Ten Cells Help B Cells in the Peripheral
Blood of pSS Patients

It is known that Tgy cells play an important role in B-cell
proliferation and high-affinity antibody production by elevated
expression of costimulatory signals as well as secreting
stimulating cytokines, including IL-21. Our aforementioned
results suggested a direct association between activated Tpy
cells and B cells in the early differentiation state or with
antibody production. To further investigate this issue, we co-
cultured B cells with isolated T helper or circulating Ty cells in
vitro in the presence of SEB superantigen and investigated the
competence of certain T cell subsets to induce B cell
differentiation into CD27*CD38" plasmablasts (Figure 3A).
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In order to reinforce the key function of Ty cells in pSS, we
investigated the neutralization of T and B-cell interaction in co-
culture, blocking antibodies against IL-21, and CD40/TNFRSF5
was added in T-B co-cultures. As expected, cTry cells supported
B-cell differentiation and plasmablast development more
efficiently than CD4"CXCR5™ T cells in both controls and pSS
patients (HC untreated: p = 0.0314 and pSS untreated: p =
0.0432, Figure 3B), but we failed to detect any difference after
neutralization. The results of pSS patients and controls in IgM
and IgG production showed similar patterns, but a tendency
towards lower production of IgM in healthy individuals after
simultaneous treatment with anti-IL-21 and anti-CD40 was
evident (p = 0.0539, Figure 3C). When we measured the fold
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FIGURE 3 | The effects of anti-human CD40/TNFRSF5 and anti-IL-21 on B-cell differentiation and antibody production. (A) Graphical representation of B-T/cTg
co-culture assay. Magnetically isolated CD19™ B cells were pre-activated with F(ab’)2 fragment in the presence of recombinant IL-2 and IL-10 for 24 h. Isolated
CD4*CXCR5" cTry or CD4"CXCR5™ Ty cells were co-cultured for 7 days with autologous B cells under stimulation by SEB and in the presence or absence of anti-
human CD40/TNFRSF5 and anti-human IL-21 antibodies. (B) Representative dot plots show the neutralization effect of anti-human CD40 and IL-21 on plasmablast
differentiation. Percentages of 7-AAD~CD4 CD27*CD38" viable plasmablasts were measured by flow cytometry in healthy controls (HC; n = 6) and pSS patients

(n = 3). Two-way ANOVA followed by Bonferroni’s posttest was used. Bars represent mean with SD. (C-F) Concentration and fold decrease of IgM and IgG were
measured by ELISA in patients with pSS (n = 5) and HCs (n = 7). Bars show the mean with SD and each data point represents an individual subject. Data analysis
performed with two-way ANOVA followed by Tukey’s multiple comparison tests. Statistically significant differences are defined as *p < 0.05.
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decrease in the production of IgG and IgM antibodies, patients
with pSS appeared to be more affected by both neutralizations
than healthy individuals. There was a 31-fold decrease in IgM
secretion by the treatment with both CD40 and IL-21 blockade in
patients with pSS (p = 0.0125, Figure 3D) compared to a 12-fold
decrease in healthy subjects. In case of IgG production, we found
a 15-fold decrease after anti-CD40 and anti-IL-21 treatment in
pSS patients (p = 0.0105, Figure 3F) in comparison with a six-
fold decrease in controls. These data reinforce the importance of
the Try-B cell axis in the development of aberrant humoral
immunity in pSS.

DISCUSSION

Disturbance of B-cell homeostasis and autoantibody production
are key hallmarks of pSS (30). We have previously shown the
important role of Tgy cells and their IL-21 secretion in
autoreactive B cell activation and autoantibody production in
pSS (26). Recently, we also demonstrated decreased percentages
of peripheral IL-10" regulatory B cells in pSS and confirmed the
strong relationship between IL-21 production of blood Ty cells
and the characteristic aberrant distribution of circulating B-cell
subsets in the disease (29). In the present study, we confirmed the
increased frequency of activated cTpy cells in an independent
cohort of pSS patients and that their altered distribution is
associated with anti-Ro/SSA seropositivity. Previous studies
have examined circulating ICOS™PD-1" Tgy cells in pSS
patients and have found a correlation with ESSDAI or with the
presence of ectopic lymphoid structures (31-33). Other studies
focused on CCR7°PD-1" or PD-1" ¢Tyy cells and found a positive
association with the degree of focal lymphocytic infiltration in the
salivary gland and also with ESSDAI (34, 35). An important
difference between our study and former research is that we
included only patients with low disease activity without the
necessity of ongoing immunosuppressive treatment. We
investigated the distribution of recently described subtypes of
cTpy cells in a relatively large number of pSS patients. Although
the ratio of these cells did not differ significantly in pSS patients
compared to healthy controls, the percentages of Tgy1 cells tended
to increase within the CD4"CXCR5" cTgy pool. However, the
alteration in the distribution of Ty subsets is still a matter of
debate. The previously published data of Li et al. described that
frequencies of Th17-like cells within CXCR5"CD4" T cells were
significantly higher in pSS patients than in healthy controls (36).
In contrast, another study showed that the frequency of circulating
CXCR5" Th17 cells is decreased in pSS patients, as a result of their
extensive infiltration towards the site of the inflammation related
to the local expression of CCL20 ligand (37). In support of our
data, Kim et al. recently reported similar distributions of Tgy cell
subsets in pSS compared to healthy subjects (34), Interestingly,
patients with IgG4-related disease (RD) are also in the center of
interest concerning Tpy research, but the results are more in
agreement with the original work by Morita et al. (15) stating that
CXCR5" Th2 and Th17 cells are more proficient B cell helpers
than the Th1 phenotype. In line with this, Akiyama et al. described
that only cTgy2 cells induce the differentiation of naive B cells,

enhance the production of IgG4, and associate with disease activity
in patients with untreated IgG4-RD (38). Based on the similarity
of organ involvement, pSS patients were enrolled as controls in
that study, but did not show any difference in Tgy subsets
compared to healthy individuals (38). In another investigation,
IgG4-RD was also characterized by a shift toward Th2/Tpy2 and
Th17/Tgyu17 polarization, but patients with pSS failed to show any
abnormality in the Tgy subsets (39). Our data are in support of no
specific abnormality within Tgy subsets, but rather an enhanced
activation status.

Since their discovery, cTpy cell subsets were investigated
extensively in several autoimmune diseases, including systemic
lupus erythematosus (40-44), rheumatoid arthritis (45-48),
myasthenia gravis (49), multiple sclerosis (50), and IgA
vasculitis (51) with varying results. Considering the
contradictions as well as limited amount of data in pSS, we
attempted to resolve this discrepancy and clarify the distribution
of blood Tgy subpopulations. Since the assessment of peripheral
B cells is lacking in several previous studies (33, 52), we measured
a wide spectrum of B-cell subsets to assess how their
characteristic distribution correlates with the proportions of
Tgy subsets.

We correlated the expression of activation markers ICOS and
PD-1 with the percentages of cTyy subsets and discovered that
mainly cTgyl cells were activated while cTgy17 and cTgy2 cells
were probably in a quiescent state in the peripheral blood of
patients with pSS. Correlation analysis with serological markers
reinforced our previous findings that activated cTgy cells are in
relation with serum IgA and anti-La/SSB but regarding the cell
subsets, only ¢Tryl and partially ¢Tgy1/17 cells seem to play a
role in the pathogenesis of pSS. In order to correlate the ratio of
cTgy cells and B cells, we measured a wide variety of B cell
subpopulations. Our results on B cells confirmed previous
observations (29); moreover, the present pSS patient group
showed a more characteristic imbalance regarding memory B
cells and transitional B-cell distributions. Hence, according to
our data, significant correlation with B cells was restricted only to
activated cTgy and cTgy2 cells. Activated cTry showed negative
correlation with un-switched memory B cells and correlated
positively with transitional B cells and plasmablasts, while, c T2
cells correlated positively with memory B cell subtypes and
demonstrated negative association with naive and mature-
naive B cells. Inevitably, these data raise the question of how
the counterintuitive decrease in memory B cell and altered cTyy
cell frequencies could contribute to humoral autoimmunity in
pSS. Central and peripheral tolerance checkpoints are known to
be defective in patients with autoimmune diseases, leading to the
expansion of transitional and naive autoreactive B cells in
peripheral blood. A recent study has demonstrated that
activated naive B cells could generate highly polyclonal
antibody-secreting cells and could be responsible for serum
autoantibody repertoire in lupus (53). From several studies it
has become clear that the decreased ratio of peripheral memory
B cells may be interpreted by the upregulation of CXCR4 and
CXCR3 chemokines which arrange their recruitment into the
inflamed tissues of affected organs (3, 54-57). Ectopic expression
of chemokines, including CXCL13, CCL21, and CXCL12 not
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only induces the migration and survival of memory B cells and
long-lived plasma cells, but supports lymphoid neogenesis in the
pSS salivary glands (58). Upregulated expression of CXCL10 and
CCL20 in the salivary gland tissue of pSS raises the possibility
that an altered Tgy subset distribution at the periphery may be a
consequence of their migration towards the affected organs (37).

Besides revealing the alterations and associations of the
distribution of cTpy cell subsets, the present study also
explored the possible importance of Tggr cells in pSS. Our
study defined peripheral Tgg cells as CD127'°"CD25™ within
CD4"CXCR5" cTyy cells and found that their frequency and
absolute number were increased in pSS patients with
seropositivity for anti-Ro/SSA autoantibody compared to
seronegative patients. In addition, we investigated the
relationship between Ty cells and the investigated Ty subsets
and demonstrated a positive correlation with activated ¢Tgy and
cTeyl cells, whereas a negative correlation was found with
cTpyl7 cells. Furthermore, the ratio of Tgg cells also showed a
positive association with the percentages of transitional B cells as
well as the serum levels of anti-La/SSB and IgM. Our
observations on Ty ratios are in accordance with the recent
findings of Kim et al. and Fonseca et al., who also reported such
increased percentages of Ty cells in pSS (34, 59). Additionally,
when the latter workgroup compared the suppressive capacity of
Trg cells and CXCR5™ Treg cells, they found that Trg cells do not
have specialized humoral regulatory capacity, but these cells were
able to up-regulate CXCR5 upon in vitro activation and migrate
towards CXCL13 gradient, therefore circulating Tgr cells could
be recruited into subsequent GC responses (59). It is assumed,
that blood Tgr cells form before the full differentiation into
follicle resident Try cells and retain the expression of CD25 and
CXCR5, but lack BCL6 expression as well as the humoral
suppression capacity of the mature phenotype (60). Therefore,
the increase in cTy ratio in the peripheral blood could indicate
an ongoing humoral response and not a measure of suppressor
activity (31, 59). Possibly, the elevated IL-21 production during
the follicular and GC phase inhibits Trr commitment through
the down-regulation of Foxp3 and CD25 (61, 62), thus the
elevation of pre-Ter cells and their traffic to the periphery
could be a part of an increased counter-regulatory reaction.
Hence, the negative correlation of Trr/Tgl7 in the peripheral
blood may be not the outcome of a Trr-mediated suppression,
but it is rather derived from the imbalance of the differentiation
process in secondary lymphoid tissue.

Costimulatory and cytokine-mediated signals are needed to
support T cell-dependent B-cell responses (8). Since CD40
ligation is necessary for the survival and differentiation of GC
B cells, blockade of CD40L signaling or disruption of CD40L-
CD40 interaction could be beneficial for preventing
autoantibody production and B cell abnormality (63). The role
of this interaction has been implicated by others, as an increased
expression of CD40 has been observed in the salivary gland of
pSS and in mice (64, 65). IL-21 is a pleiotropic cytokine, mainly
secreted by Ty cells, and it signals through IL-21 receptor which
is broadly expressed by different types of lymphoid and myeloid
cells. This cytokine has a crucial role not only in the development
of Tgy cells but also in the differentiation of B cells and the

generation of humoral immune responses as well (66). Of note,
in vitro analyses on Tgy mediated B cell responses with blocking
CD40L-CD40 interaction and neutralizing IL-21 effects in pSS
were previously performed only in animal models (67, 68). To
further clarify the role of costimulation in our in vitro assay, anti-
human CD40/TNFRSF5 and anti-human IL-21 antibodies were
added together or by itself to inhibit Try-B-cell interaction. To
examine their functions, CXCR5™ T helper and CXCR5" ¢Tgy
cells were isolated from CD4" lymphocytes. As expected,
blood Tgy cells offered more efficient B-cell help than
conventional T helper cells, resulting in the generation of more
CD19"°CD27"CD38" plasmablasts in the T-B co-culture in both
patients and controls. Nevertheless, B cells co-cultured with
CD4"CXCR5™ T cells were still able to differentiate into
plasmablast. Of note, a recent study defined a population of
PD-1" expressing CD4"CXCR5~ peripheral helper T (Tpyy) cells
that effectively induce the formation of ectopic lymphoid
structures by recruiting B cells via CXCL13 secretion and
support their survival and maturation by the production of IL-
21 (69). There was a clear difference in the expression of factors
associated with B-cell help between the PD-1" and PD-1"
populations within the CD4"CXCR5™ T cells for the benefit of
the latter; presumably this subset interfered with our results.
Blockade of CD40 decreased the production of both IgM and IgG
in the in vitro assay, suggesting a CD40L-CD40 dependent
interaction between CD4" T cells and B cells. Neutralization of
human IL-21 bioactivity affected IgG and IgM production
similarly, but simultaneous treatment with both substances
proved to be more effective. When we analyzed the fold-decrease
of Ig production, we were able to demonstrate a difference between
patients with pSS and healthy individuals, since the neutralization
effect was more pronounced in pSS. The limitation of our study is
the use of total CD4"CXCR5" T and CD19" B cells in our
functional analysis, as the B-cell population consists of an
increased proportion of naive B cells in patients with pSS;
furthermore cTgg cells probably occur within CD4"CXCR5" T
cells. Since Fonseca et al. demonstrated in a functional assay that
blood Trr cells suppress Ty cell and naive B cell proliferation,
thus it could have influenced the outcome of the assay in pSS
patients compared to controls (59). Other limitations are the
inclusion of patients with a broad range of disease duration and
small sample size in the functional analysis.

Of note, the blockade of the CD40-CD40L co-stimulatory
pathway is a promising therapeutic approach in pSS. A phase II
study on subcutaneous or intravenous administration of an
inhibitory monoclonal antibody against CD40 (iscalimab/
CFZ533) revealed a decrease in circulating CXCL13 levels and B-
cell activation (70). Another study demonstrated that there was no
significant difference in ESSDAI score between subcutaneous
iscalimab and placebo; therefore therapeutic potential for CD40
blockade in pSS should be further investigated (71).

In conclusion, our findings suggest that there may be no
detectable imbalance in the distribution of ¢Tgy subsets in the
periphery of pSS. However, our study points out that increased
ratios of activated cTgy cells and Tgyr cells are involved in the
pathogenesis of pSS by providing help to B cells. Neutralization
of CD40 and/or IL-21 reduced antibody production more
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effectively in pSS than in healthy controls in vitro; thus, the
interruption of T and B-cell collaboration may be a potential
therapeutic approach for down-regulating pathological humoral
immunity in pSS.
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