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Introduction

Summary

Synovial fluid from rheumatic joints displays a well-documented
enrichment of forkhead box protein 3 (FoxP3)™ regulatory T cells (tissue
Theqs)- However, we have previously demonstrated that the mere frequency
of FoxP3 expressing cells cannot predict suppressive function. Instead,
extrinsic factors and the functional heterogeneity of FoxP3™" Tregs
complicate the picture. Here, we investigated FoxP3" T\cgs from blood and
synovial fluid of patients with rheumatic disease in relation to Helios
expression by assessing phenotypes, proliferative potential and cytokine
production by flow cytometry. Our

discriminatory potential of Helios when studying FoxP3" T, in an

aim was to investigate the
inflammatory setting. We demonstrate that the majority of the synovial
FoxP3"CD4" T cells in patients with inflammatory arthritis expressed
Helios. Helios " FoxP3™ T\ displayed a classical T,., phenotype with regard
to CD25 and cytotoxic T lymphocyte-associated antigen (CTLA)-4
expression and a demethylated T,..-specific demethylated region (TSDR).
Furthermore, Helios "FoxP3™ T cells were poor producers of the effector
cytokines interferon (IFN)-y and tumour necrosis factor (TNF), as well as
of the anti-inflammatory cytokine interleukin (IL)-10. The less abundant
Helios FoxP3" T cell subset was also enriched significantly in the joint,
displayed a overlapping phenotype to the double-positive T,., cells with
regard to CTLA-4 expression, but differed by their ability to secrete IL-10,
IFN-y and TNF upon T cell receptor (TCR) cross-linking. We also
demonstrate a striking enrichment of IL-1R1 expression in synovial CD4" T
cells that was restricted to the CD25-expressing FoxP3 population, but
independent of Helios. IL-1R1 expression appears to define a tissue T, cell
phenotype together with the expression of CD25, glucocorticoid-induced
TNF receptor family-related gene (GITR) and CTLA-4.

Keywords: FoxP3, Helios, inflammatory arthritis, Human regulatory T cells,
tissue T, cells, ILIR1

of the T,y lineage marker forkhead box protein 3 (FoxP3:

Regulatory T cells (Tyg) are central in immune homeosta-
sis and in preventing autoimmune disease [1]. Tyg preva-
lence and functionality in different settings of autoimmune
disease has been studied extensively, both for understand-
ing whether T, deficiency is part of the disease aetiology
and for setting a basis for T.,-mediated therapeutic
approaches [2].

Today, T cells with immune-modulating properties show
a high degree of heterogeneity, even though the discovery

forkhead—winged helix transcription factor) made a more
precise characterization of different T,., phenotypes possi-
ble [3,4]. FoxP3 is expressed in natural Tyegs (nTieqs) and in
Tiegs induced in the periphery (iTeg), the absence of a
functional FoxP3 gene leads to severe immunopathology
both in mice [5,7] and humans [6,8]. Cytotoxic T lympho-
cyte-associated antigen (CTLA)-4 is another essential mol-
ecule for T.g function [9], where deficiency leads to
immunopathology in mice [10,11] and humans [12].
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Helios belongs to the Ikaros gene family of zinc-finger
DNA-binding proteins, which have important roles during
embryonic haematopoiesis and the development of immu-
nity [13]. Helios is also expressed in haematopoietic stem
cells (HSC), but thereafter is largely restricted to T cells.
Helios was put forward initially as a marker that could dis-
tinguish between nT,ee and iTyegs [14,15]. However, evi-
dence has emerged more recently also showing expression
of Helios, in certain conditions, in iT,eg. Helios appears to
be associated more with the path of activation rather than
the origin of these cells [16,17]. However, it has been of
interest to distinguish Helios™ from Helios™ Tregs as some
functional differences have been suggested, such as the abil-
ity to produce cytokines [18,19]. Recently, surface expres-
sion of IL-1R1 (IL-1 receptor type 1) in conjunction with
CCR7 has been shown to be a useful combination of cell
surface markers to distinguish Helios™ Ty from Helios™
T cells [20]. The IL-1R1 is expressed predominantly on T
cells, fibroblasts and endothelial cells, where it conducts its
biological inflammatory functions by binding IL-la and
IL-18 [21].

Inflammatory rheumatic diseases are complex chronic
disorders where inflammation in synovial joints results in
destruction of bone, cartilage and connective tissue. We, as
well as others, have demonstrated previously that FoxP3™
Tiegs accumulate at the site of inflammation [22,23] and
that the local milieu can affect T,, functionality [24-26].
Such effects have also been demonstrated in other disease
settings, such as type 1 diabetes and cancer [27-29]. An
ongoing debate is whether the observed FoxP3™ T
enrichment at inflammatory sites represent true T.g or
simply CD4" T cells transiently up-regulating FoxP3;
hence, there is a continued need to further dissect T, €.g.
in the rheumatic joint. The relative accessibility of cells
from inflamed joints, as patients may need joint effusions
as part of their clinical care, makes arthritis a useful proto-
type model for studying sites of chronic inflammation.

In this study, we show that Helios " FoxP3 " T,g repre-
sent the major subpopulation of Ty in the joint. Among
the investigated parameters, two aspects segregated the
Helios™ from the Helios™ FoxP3™ T cell population, where
the former subset expressed more CD25 and the latter dis-
played an ability to secrete cytokines. CTLA-4 expression
in the joint was equally high on both subsets, and the epi-
genetic profile of the demethylated T,.-specific demethy-
lated region (TSDR) was also comparable, even though the
Helios™ FoxP3™ T cells showed the least variation. While
IL-1R1 and CCR7 co-expression could distinguish Helios™
from Helios "FoxP3" T cells in peripheral blood (PB), this
combination of cell surface markers was not useful in syno-
vial fluid (SF). Strikingly, IL-1R1 expression was highly up-
regulated in SF but without association to Helios (or
CCR7?), and it was restricted to the CD25"&"FoxP3™" Treg
cell population.

Helios and IL-1R1 expression in joint-derived FoxP3™ T cells
Materials and methods

Patients

PB and SF samples were collected from the Rheumatology
Clinic at time-points of active inflammation (relapses) in
large joints requiring joint effusion, and mononuclear cells
were prepared by Ficoll separation (Ficoll-Paque, Pharma-
cia, Sweden) and cryopreserved. A total of 46 patients were
included in this study, 28 female and 18 male, with a
median age of 55 years (min. 26, max. 85 years). Of these
46 patients, 22 were diagnosed with rheumatoid arthritis
(RA), 17 with spondarthropathy (SpA), five with juvenile
arthritis (JIA) and two with reactive arthritis. Healthy con-
trols (HC) n =13, nine female and four male, median age
35 years (23-50 years), were included into this study. For
the phenotypical analysis of SF and PB, different numbers
of patients were included for different markers, as follows:
Helios FoxP3 subpopulations; n =33 (17 SpA, five JIA, 10
RA and one reactive arthritis), CD25; n= 33 analysis (17
SpA, five JIA, 10 RA and one reactive arthritis), glucocorti-
coid-induced tumour necrosis factor (TNF)-related family-
related gene (GITR); n =15 (nine SpA and six RA), CTLA-
4; n=17 (12 SpA, one JIA, four RA) and for CD62L;
n=27 (17 SpA, five JIA, four RA and one reactive arthri-
tis). For the same analysis in PB, the number of patients
and spread of diagnosis were as follows; Helios FoxP3 sub-
populations; n=35 (14 SpA, 19 RA and two reactive
arthritis), CD25; n= 27 analysis (14 SpA, 10 RA and two
reactive arthritis), GITR; n=9 (five SpA and four RA),
CTLA-4; n=13 (10 SpA and three RA) and for CD62L;
n=21 (14 SpA, five RA and two reactive arthritis). Paired
SF and PB samples were used for the IL-1R1 stainings,
n=14 (nine SpA and five RA). For the cytokine staining
experiments, SF samples from six patients diagnosed with
SpA were analysed. Patients included in the cytokine and
IL-1R experiments were also included in the phenotypical
analysis of T, expression markers. With regard to therapy,
33 patients were receiving disease-modifying anti-rheu-
matic drugs (DMARD:), such as methotrexate or sulphasa-
lazine, cortisone or anti-tumour necrosis factor (TNF)
treatment or a combination of these drugs, four patients
were receiving CTLA-4 agonist therapy (abatacept) and
nine were untreated. The study was performed under
informed consent and after ethical approval from the Karo-
linska University Hospital.

Phenotypical flow cytometry

Single-cell suspensions from PB and SF mononuclear
cells were surface-stained with the following antibodies in
different combinations: anti-IL-1R1-phycoerythrin (PE)
(R&D Systems, Minneapolis, MN, USA), anti-CD62L-ECD
(Beckman Coulter, Brea, CA, USA), anti-CD25 peri-
dinin chlorophyll-cyanin (PerCP-CY)5-5 or PE-Cy7, anti-
CCR6 PerCP-CY5-5, anti-CD4 PerCP-CY5-5 or PE-Cy7,
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anti-CD14-allophycocyanin (APC)-Cy7 (Becton Dickin-
son, Franklin Lakes, NJ, USA), anti-CCR7, -CXCR3, or -
CCR4 Brilliant Violet 421 (Biolegend, San Diego, CA,
USA) anti-CD3 Cascade Yellow (Dako, Glostrup, Den-
mark) or Brilliant Violet 510 (Biolegend) and GITR PE
(Becton Dickinson). Cells were incubated on ice in the
dark for 30 min. Cells were then washed twice in
phosphate-buffered saline (PBS) supplemented with 1%
human male AB serum for the first wash, and only PBS the
second time. Cells were fixed and permeabilized for 30 min
on ice in the dark using FoxP3 intranuclear staining kit
(eBioscience, San Diego, CA, USA). Cells were then stained
for Ki67-Alexa Fluor 488 (Becton Dickinson), CTLA-4-PE
(Becton Dickinson), Helios-Alexa Fluor 647 or Helios-
Alexa Fluor 488 (BioLegend) and anti-FoxP3-Pacific blue
or anti-FoxP3-Alexa Fluor 647 (clone 206D; BioLegend).
LIVE/DEAD fixable Near-IR (Invitrogen, Carlsbad, CA,
USA) was used in some stainings to exclude dead cells.
Cells were acquired on a Gallios instrument (Beckman
Coulter) and data were compensated and analysed with
FlowJo software (TreeStar, Inc., Ashland, OR, USA).

Intracellular cytokine staining

Ficoll-separated SF cells from six patients diagnosed with
arthritis were cultured in RPMI-1640 supplemented with
5% heat-inactivated AB autologous serum, penicillin (100
U/ml), streptomycin (100 pg/ml), 2 mM L-glutamine and
10 mM HEPES. The cells were cultured in the presence or
absence of plate-bound anti-CD3 (1-0 pg/ml clone OKT-3)
for 16 h. Brefeldin A (10 pg/ml) was added in the last 5 h
of the stimulation. Cells were harvested, washed and
stained for surface markers using the following fluoro-

(a)

chrome conjugated antibodies, anti-CD3-Cascade yellow
(Dako) and anti-CD4-APC-Cy7 (Becton Dickinson). Cells
were washed twice, fixed and permeabilized using FoxP3
fixation/permeabilization solutions and buffers for FoxP3
staining (eBioscience). Briefly, FoxP3 fixation/permeabili-
zation solution was added to the cells and incubated for 30
min on ice in the dark followed by two washes with perme-
abilization buffer. Cells were then stained for IL-10-PE
(clone P3; eBioscience,), IFN-y-PECy7 (clone B27; BD),
TNEF-PerCp-Cy5-5 (Biolegend), FoxP3-Pacific blue (clone
206D; Biolegend) or isotype-matched control antibody.

Gating strategies

Cells were gated as follows: lymphocytes were identified
using forward- and side-scatter properties, cell doublets and
CD14" and dead cells were excluded. The continuous phe-
notypical analysis was performed on CDI14~ CD3"CD4"
FoxP3 " Helios™ or CD14~CD3"CD4 " FoxP3 " Helios ~ cells.
IL-1R1, CD62L, CTLA-4, Ki67, CD25, GITR, CCR?7,
CXCR3, CCR4, CCR6, IFN-y, IL-10 and TNF were dis-
played in dot-plots against CD4. Analysis of the different
Helios and FoxP3 subpopulations was performed as shown
in the dot-plots in Fig. 1a,b.

TSDR methylation analysis

PB and SF CD3"CD4" cells from male SpA patients
(n=5) were sorted into Helios" FoxP3~, Helios " FoxP3™,
Helios FoxP3" and Helios FoxP3™ T cells. Sorted cells
were > 95% pure for all sorted subpopulations upon post-
sort reanalysis. Genomic DNA was isolated according to
the manufacturer’s instructions using the DNeasy blood

Fig. 1. The Helios*FoxP3+ and Helios FoxP3™

Helios ——— >

T cell populations are enriched in synovial fluid
(SF) compared to blood from patients with
inflammatory arthritis. Flow cytometric analysis
of Helios and FoxP3 expression was performed in
SF and peripheral blood (PB) of patients with
inflammatory arthritis, and blood from healthy
controls (HC). Analysis of the distribution of

Helios and FoxP3 expression was performed on
CD14~CD3"CD4" T lymphocytes (defined by
forward- and side-scatter). Representative dot-
plots of Helios and FoxP3 stainings are shown
for SF and PB (a). The graphs summarize the
respective frequencies of Helios™FoxP3™,
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Helios FoxP3™ and Helios" FoxP3~ (b) in
CD3*CD4" T cell subpopulations in SF (1= 33)
and PB (n=35) from patients and PB from HC
(n=11) (for diagnosis status of the study objects
included please see the Materials and methods
section). Data were analysed using the Kruskal—
Wallis test with Dunn’s multiple-comparison post
test, **P < 0-001, **P<0-005 and *P < 0-05.

92 © 2015 British Society for Immunology, Clinical and Experimental Immunology, 182: 90-100
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Helios and IL-1R1 expression in joint-derived FoxP3™ T cells

PB

Fig. 2. Synovial Helios " FoxP3+ T cells display \
the highest demethylated T,.4-specific
demethylated region (TSDR) of the two Ty
subsets. Helios " FoxP3 ", Helios FoxP3™,
Helios"FoxP3 ™~ and Helios FoxP3~ T cells were
sorted from synovial fluid (a) and peripheral

% methylation

blood (b) of five patients with ankylosing
spondylitis (SpA). The degree of methylation in
the FoxP3 gene locus is depicted for the different

% methylation

subsets. Kruskal-Wallis test with Dunn’s
multiple-comparison test **P < 0-005 and
*P <0-05.

and tissue kit (Qiagen, Valencia, CA, USA). DNA methyla-
tion of 15 CPGs within the TSDR (Amplicon 5) were per-
formed by bisulphite sequencing, as described elsewhere
[30], and were performed by Epiontis (Berlin, Germany).

Statistical analysis

Data analysis was performed using GraphPad Prism version
5-0 (GraphPad). The Kruskal-Wallis test with Dunn’s mul-
tiple comparison post-test was used when comparing more
than two groups. Wilcoxon’s signed-rank test was used to
evaluate statistics between paired patient samples and
Mann—-Whitney U-test when comparing data in non-paired
samples. Correlation between data points was carried out
using Spearman’s correlation analysis

Results

Helios "FoxP3™ T cells is the most abundant Treq
subset in the rheumatic joint

Four different subsets can be distinguished after gating
CD4" T cells based on expression of FoxP3 and Helios
(Fig. la). We found a significant enrichment of both
Helios "FoxP3™ (P < 0-0001) and Helios FoxP3"CD4" T
cells (P < 0-005) (Fig. 1b) in SF compared to PB. However,
the Helios™ FoxP3 ™ Tieqs Were the most prevalent subset in
SE, median 7-5% (range 1-4-23-8%) of all CD4" T cells.
Helios was also expressed in the absence of FoxP3, but in
this context no significant differences were found between
the compartments analysed or between patients and
healthy controls. For all these analyses, overlapping fre-
quencies were seen for the different patient groups
included in the study (data not shown).

Synovial Helios "FoxP3 " T cells display the most
demethylated TSDR region of the CD4 subsets in the
joint

As functional studies on Helios” FoxP3" T cells and
Helios"FoxP3" T cells cannot be performed due to the
intranuclear expression of both transcription markers, epi-
genetic profiling of the TSDR can be used as an indication

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 182: 90-100
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for T, functionality. Therefore, we analysed the methyla-
tion status of the T..-specific TSDR on fixed [31] and
sorted FoxP3- and Helios-stained CD4" T cells derived
from PB and SF of five male SpA patients. As shown in Fig.
2a, sorted synovial Helios " FoxP3™ T cells revealed a fully
demethylated TSDR with a median methylation of 0%
(range 0-7%), while Helios FoxP3* T cells showed a
median methylation of 23% (range 8-56%). In contrast,
Helios"FoxP3~ and Helios FoxP3™ T cells showed close
to full methylation in this region with a median of 87-5%
(range 77-93%) and 93% (range 84-95%), respectively.
The picture for PB was less homogeneous, and here Heli-
os” and Helios FoxP3™ cells had comparable levels of
demethylation, with a median methylation of 32% (range
3-93%) and 30% (range 13—-81%), respectively (Fig. 2b).

Synovial Helios "FoxP3™ T cells display the most
classical T,., phenotype

To deduce phenotypically which FoxP3™ T cell subset best
represented the classical definition of T, We investigated
whether there were any differences in the expression of
well-known T; markers.

The frequency of CD25-expressing cells varied within
both T, subpopulations in SF and in PB. Nevertheless, in
both these compartments we observed a significantly higher
frequency of CD25"8" CD4" T cells in the Helios"FoxP3™
subpopulation compared to the Helios FoxP3™ counterpart,
in SF P < 0-005 and in PB P < 0-005 (Fig. 3a,b).

Next we analysed the expression patterns of GITR, CTLA-
4 and L-selectin lymph node homing receptor CD62L. All
these three proteins have been associated with functional
properties of Tyegs [32-36]. The frequencies of GITR-positive
cells were equally high in both FoxP3 subsets in the inflamed
joints and also overall higher compared to blood, where only
a low frequency of GITR expression was observed (Fig.
3a,b). The majority of the T, cells in the inflamed joints
stained positive for CTLA-4 and the frequency of CTLA-4-
positive Helios" and Helios FoxP3" cells was significantly
higher compared to the FoxP3 CD4" T cells, P < 0-001
and P < 0-005, respectively (Fig. 3a). In contrast, the
CTLA-4 expression on FoxP3" cells in blood showed
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Fig. 3. The interleukin (IL)-2 alpha-receptor
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extensive heterogeneity (Fig. 3b). Finally, the expression of
CD62L was somewhat variable between patients and showed
a similar expression pattern on T,e and FoxP3~ cells in
both SF and PB (Fig. 3a,b). We did not observe any signifi-
cant differences in the frequencies of cells positive for these
T,eq markers between patient groups except for GITR, which
was less expressed on synovial Helios* and Helios ™ FoxP3™
cells in RA compared to SpA (data not shown).

Helios "FoxP3 " T cells do not produce IFN-y or IL-10

Recent studies have proposed that Teg are plastic and may
be able to secrete proinflammatory cytokines, but there is
still a controversy regarding whether they also lose their
regulatory capacity [37]. In a previous study we demon-
strated that synovial CD4 " FoxP3™ T cells were poor pro-
ducers of proinflammatory cytokines [24];
small production could be observed, and we now revisited
this issue in the context of Helios expression. As seen in
Fig. 4, Helios " FoxP3™ T cells did not produce IFN-vy, and
hardly any TNE. In contrast, the Helios~ FoxP3™ subpopu-
lation expressed both cytokines and even displayed the
highest frequencies of TNF-positive cells of all tested sub-
sets (Fig. 4a,b).

IL-10 is a cytokine often assigned to exhibit immuno-

however, a

suppressive properties, but which is also important for B
cell activation/propagation [38,39]. T;css from mucosal sites
have been demonstrated to secrete this cytokine [40]. How-
ever, in our study, the joint-derived Helios "FoxP3" T

94

CD25

GITR

CD62L

FoxP3+CD4+ T-cells

CD25 is expressed more frequently on
Helios " FoxP3+ compared to

Helios FoxP3"CD4" T cells. A comparison of
the different subpopulations expression pattern,
in patient-derived synovial fluid (SF) (a) and
peripheral blood (PB) (b), is shown for the
following cell-surface markers. CD25 (SF n = 33,

[10% 5 PB n=27), glucocorticoid-induced tumour
| 'gi’tiﬁj necrosis factor (TNF) receptor family-related

gene (GITR) (SF n=15, PB n=9), cytotoxic T
lymphocyte antigen (CTLA)-4 (SF n=17, PB
n=13) and CD62L (SF n= 27, PB n=21).
Analysis of the distribution of the different T,
markers was performed on CD14~CD3*7CD4* T
lymphocytes (defined by forward- and side-
scatter) (for diagnosis status of the study objects
included please see the Materials and methods
section). The dot-plots display staining pattern
and gating strategies for these markers in
FoxP3"CD4"CD3™" cells in SF (left column) and
PB (right column). Data was analysed using the

Helios

Kruskal-Wallis test with Dunn’s multiple-
comparison post-test, significance: ***P < 0-001,
**P < 0:005 and *P < 0-05.

cells also failed to produce IL-10, while the Helios~ FoxP3 ™"
subpopulation was able to produce this cytokine (Fig. 4c).

Synovial Helios "FoxP3™ T cells have a higher
proliferation rate compared with Helios  FoxP3™" T cells

As mentioned, Helios is also regarded currently as a marker
of T cell activation and proliferation. To this end we
included Ki67, a marker of proliferation, in our analysis
and found that the highest frequency of CD4" T cells
in cell cycle was observed among the joint-derived
Helios"FoxP3™ cells (median 27%, range 13-68%), while
the Helios FoxP3 " and Helios"FoxP3™~ T cells displayed
similar levels of Ki67 expression, with a median of 21%
Ki67-positive cells, range 3-49% for Helios FoxP3™ and
7-5-37% for the Helios "FoxP3~ subset. This pattern was
consistent in both compartments, but with the highest fre-
quencies of proliferating Ki67" cells in SF (Fig. 5). Given
these data, we next asked if the observed higher frequency
of synovial Helios "FoxP3™ T cells in the cell cycle could
explain the observed accumulation of these cells. However,
no such tendencies were found (data not shown).

Chemokine and cytokine receptor expression in the
Helios "’ "FoxP3 ™/~ T cell subsets

To be able to test whether or not the joint-derived
Helios FoxP3™ T cells are suppressive, a surface marker,
which could enrich for Helios FoxP3 " T cells would be of
great value. Given the production of proinflammatory
cytokines in the Helios FoxP3" T cells we next analysed

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 182: 90-100
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Fig. 4. Helios FoxP3™ but not Helios"FoxP3" T
cells produce interferon (IFN)-y, tumour necrosis
factor (TNF) and interleukin (IL)-10. Synovial
fluid cells from five patients [ankylosing
spondylitis (SpA)] were stimulated with plate-
bound a-CD3 for 16 h, the last 5 h in the
presence of brefeldin A. Cells were harvested and
analysed by flow cytometry for cytokines.
Representative dot-plots show
CD14~CD37CD4"FoxP3" T cells plotted against
Helios and the respective cytokine [i.e. IFN-y (a),
TNF (b) and IL-10 (c)]. Summary graph for
IFN-vy is depicted in (a), for TNF in (b) and IL-
10 in (c). Data were analysed using the Kruskal—
Wallis test together with Dunn’s multiple-
comparision post-test, P < 0-001, **P < 0-005 and
*P <0-05.

the expression pattern of chemokine receptors associated
with T helper type 1 (Thl) (CXCR3), Th17 (CCR6) and
Th2 (CCR4). Overall, in both SF and PB, most chemokine
receptors were expressed similarly in the FoxP3 subsets (as
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well as in the FoxP3-negative cells), with the exception of
an enhanced expression of CCR4 on synovial T,., which,
however, was independent of Helios expression (Support-
ing information, Fig. S1).

(b)

SF PB

10%

23%

Ki67

Kie7

Fig. 5. Synovial Helios"FoxP3™ T cells displayed the
highest frequency of cycling cells. Mononuclear cells
from inflamed joints [synovial fluid (SF)] (n=19) [13
ankylosing spondylitis (SpA), three rheumatoid arthritis
(RA), three juvenile arthritis (JIA)] and from peripheral
blood (PB) (n=13) (10 SpA, three RA) of arthritis
patients were analysed by flow cytometry for the

—

Helios Helios

SF

kK

proliferation marker Ki67. CD14™ single cells were T
gated via CD3 and CD4 and subsequently

Helios "FoxP3™ and Helios FoxP3™ T cells positive for
Ki67 are depicted. The dot-plots show representative
Ki67 and Helios stainings of CD3*CD4*FoxP3™ cells
in SF (a) and PB (b) from patients. Summary graphs of

80

60

-«

%Ki67* cells

the proliferation in the different Helios FoxP3
subpopulations are shown for SF (a) and PB (b). The

%Ki67* cells

proliferation data were compared using the Kruskal—
Wallis test together with Dunn’s multiple-comparision
post-test, significance: ***P < 0-001, **P < 0-005 and
*P <0-05.
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Fig. 6. Expression of interleukin (IL)-1RI in
synovial cells is restricted to FoxP3"CD25" "CD4
T cells. (a) Representative stainings of the

distribution of IL-1R1 expression on Helios* and
Helios~ FoxP3™ T cells (upper panel) and
isotype control of the IL-1R1 antibody (lower
panel) in peripheral blood (PB) and synovial
fluid (SF). (b) The graph summarizes the
frequencies of IL-1R1-positive Helios™ and
Helios "FoxP3™ cells in PB and SF. (c) The dot-
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IL-1R1 expression is elevated significantly on both
Helios " and Helios™ synovial Tregs

Of note, a recent study demonstrated that the chemokine
receptor CCR7 in combination with the cytokine receptor
IL-1R1 was restricted largely to the Helios-negative subpo-
pulation of FoxP3™ T cells [20]. Hence, we analysed if these
markers could also be applied to Helios FoxP3" T cells
from patients with inflammatory arthritis. Using this com-
bination, the frequency of Helios FoxP3™ cells in PB
increased from a median of 30% (range 20-50%) when
gated only via CD25 to 70% (range 25-77%) when includ-
ing CCR7 and IL-1R1. Indeed, even in the absence of
CCR7, gating via IL-1R1 expression increased the fre-
quency of Helios FoxP3" T cells from 22% (range 12-6—
34%) up to a median 55% (range 17-9—84%) (Supporting
information, Fig. S2).

In contrast, co-expression of IL-1R1 and CCR7 on CD25
bright T cells from SF did not enrich for Helios FoxP3™
cells (Supporting information, Fig. S2). IL-1R1 expression
was prominent in the joint-derived FoxP3 cells, but was
distributed equally between Helios™ and Helios™ Tregss
medians 21% (range 11-5-47%) and 20% (range 12-5—
35%), respectively (Fig. 6a,b). In contrast, the FoxP3™ T
cells hardly expressed IL-1R1 at all (Fig. 6¢). On average,
more than 20% of the joint-derived FoxP3™ T cells
expressed IL-1R1, and this was significantly greater than in
PB (Fig. 6d). The IL-1R1 expression coincided strongly
with CD25 expression both in SF and in PB, even though
this subset was less pronounced in the circulation
(Fig. 6e,f). Moreover, the expression pattern of IL-1R1 was
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Helos'  Helos plots show the distribution of IL-1R1 expression
on CD4" T cells in PB and SE, respectively, and
the graph (d) summarizes the frequencies of IL-
1R1"FoxP3™ T cells in PB and SF (c).
Representative dot-plots and summary graphs of
the distribution of CD25 and IL-1R1 expression
in the FoxP3 population are shown in (e) (PB)
and (f) (SF). All stainings were performed on
paired PB and SF samples from 14 patients
diagnosed with inflammatory arthritis [nine
ankylosing spondylitis (SpA) and five rheumatoid
arthritis (RA)]. Data were compared using the
Wilcoxon’s signed-rank test, **P < 0-001 and
P <0-0001.

similar in both RA and SpA patients (Supporting informa-
tion, Fig. S3).

Discussion

Helios, a transcription factor belonging to the Ikaros fam-
ily, has been studied extensively in the context of human
Tieg in health and disease [14,16-20,36]. We have a long-
standing interest in the rheumatic joint, a site of inflamma-
tion characterized by extensive cell influx and proliferation
and where, in addition to activated memory effector T
cells, Tyeg are also enriched significantly compared to PB
[23]. Indeed, there is a growing appreciation that tissue
Tiegs are different from Tiegs in the circulation [41], and we
can contribute to this field by our parallel analyses of
patient samples from PB and SE. Herein we have focused
on Helios and Helios-related phenotypes in the context of
tissue T,y from rheumatic joints of patients with RA and
SpA. These two diseases have overlapping manifestations
and similar treatment strategies, but also display different
underlying aetiologies [42,43]. Hereby, the commonalities
we find are likely to be driven by the local inflammatory
environment, and not by the initiating factors for disease
occurrence.

We found that Helios is expressed more abundantly in
SF compared to PB. The median frequency of Helios
expression in the entire CD4 T cell population was 13% in
SF compared to 7% in PB. This was not entirely unex-
pected, as Helios has been linked to T cell activation and
proliferation [16,17], and prompted us to dissect the syno-
vial T, compartment in the context of Helios. Both
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Fig. 6. Continued IL-1R1

Helios" and Helios  FoxP3™ Tiegs were enriched in SE with
the Helios " FoxP3™ cells being the most prominent subset.

In contrast, no enrichment of Helios"FoxP3" or
Helios FoxP3" CD4 T cells was found in PB of patients
compared to healthy donors. This finding is supported by
results from a recent study, where enrichment of Helios™*
FoxP3™ T cells could not be observed in the circulation of
RA and systemic sclerosis patients, while patients with
active systemic lupus erythematosus (SLE) displayed ele-
vated levels [19].

In the present study, when analysing the phenotype of
Helios™ and Helios FoxP3™ T cells in patients with
inflammatory arthritis, the compartment (i.e. PB versus
SF) was more important for the outcome of the analysis
than diagnosis (RA versus SpA), emphasizing the impact of
the local inflammatory environment. The largest difference
in T,y phenotype, between the inflamed joints and the cir-
culation, was seen for the expression of GITR and CTLA-4.
In SF, both CTLA-4 and GITR expression was highly up-
regulated on FoxP3™ Tieg cells independently of Helios
expression. This data set suggests that GITR and CTLA-4
are central to the inflammatory tissue T, phenotype.
Although we could not perform functional studies of the
Helios T, subsets, we analysed methylation levels of the
TSDR of both blood- and joint-derived cells. This repre-
sents a good proxy for T, function [30,44] and, again, the
SF samples were different to those from PB, with the
FoxP3™ T cell subsets demonstrating more substantial
demethylation in the joint; in particular, the Helios™
FoxP3™" demonstrated a robust T, phenotype.

With regard to differences between the Helios™ and the
Helios™ FoxP3 T, subsets, a higher frequency of CD25-
expressing cells was observed, both in PB and SF, in the
Helios"FoxP3™ cell population. Additionally, the joint-
derived Helios"FoxP3* Tiegs did not produce IFN-vy, TNF

T T T T
IL-1R1- IL-1R1* IL-1R1- IL-1R1*

IL-1R1

or IL-10 following in-vitro activation while the Helios™
FoxP3™ counterpart did. These data are also in line with
findings from other groups [18,19,36]. Himmel et al. dem-
onstrated that cloned Helios™ and Helios™ Tieg from
healthy donors expressed similar cell surface markers, but
differed in their capability to produce cytokines and both
subsets were still suppressive [18]. Supported by our epige-
netic analyses, our data imply that in the rheumatic joint
both FoxP3 subsets could also contribute to alleviating the
inflammatory pressure. Furthermore, the chemokine recep-
tor CCR4 has been implicated previously in suppressive
capacity of effector regulatory T cells [45,46], and in our SF
samples this marker was elevated equally on both Helios™
and Helios FoxP3 T cells, again suggesting the suppressive
capacity of both cell subtypes.

To be able to investigate the possible differences in regu-
latory properties of Helios "FoxP3™ and Helios FoxP3* T
cells it would be of great value to find a robust cell surface
marker which would distinguish these two cell subpopula-
tions from each other. A recent study in humans demon-
strates that blood-derived T, cells which co-express
IL-1R1 and CCR?7 are enriched (but not exclusive) for
Helios FoxP3™ cells and also that these IL-1R1-expressing
Helios FoxP3 ™ T, lost their suppressive capacity in the
presence of IL-13 [20]. We could confirm that the combi-
nation of IL-1R1 and CCR?7 expression was useful in blood.
However, in the inflammatory milieu of the rheumatic
joint, these markers could not enrich for Helios” FoxP3™ T
cells. Instead, we observed an increased expression of IL-
IR1 on synovial T cells, which was almost exclusive for
CD25"" FoxP3™ cells, but without distinguishing Helios ™
from Helios™ T,y cells. The expression pattern of IL-1R1
was similar in patients diagnosed with RA and SpA, sug-
gesting that the up-regulation of IL-1R1 on T4 is a com-
mon feature in an inflammatory milieu. The function of
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IL-1R1 on regulatory T cells is not fully known, but has
been suggested to be linked to sensing infectious/inflam-
matory signals, proliferation and expansion in order to
control the inflammation. [47,48]. We and others have
shown previously that joint-derived T,.g have suppressive
capacity in vitro [23,24], but it is possible that in the pres-
ence of IL-13, which is present in the rheumatic joint [49],
regulatory T cells expressing the receptor for this cytokine
could transiently lose their suppressive activity.

In conclusion, the dissection of the synovial FoxP3* T
cell population in combination with Helios supports and
extends the notion of T..; accumulation in the joint. Both
Helios™ and Helios FoxP3 T cells in the joint have the
appearance of classical regulatory T cells, the major differ-
ences being that the Helios ™ Tieg could be regarded as the
most robust (non-plastic) subset due to their consistent
epigenetic feature and absence of cytokine production. The
Helios  Tieg subset also displays many features of classical
synovial Ty, including high expression of CTLA-4, but
with the capacity of secreting cytokines. We also observed a
general up-regulation of IL-1R1 on synovial T, that did
not coincide with any of the Helios subsets. These different
facets of tissue Ti.qs deserve closer examination, in the con-
text of which the T,., phenotype would be the most inter-
esting for future therapeutic approaches.
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Fig. S1. Synovial Helios™ and Helios™ forkhead box pro-
tein 3 (FoxP3)™ T cells show the highest degree of CCR4
expression. The dot-plots show representative stainings of
CXCR3, CCR6, CCR4 and CCR?7 expression on CD4 T
cells plotted against FoxP3 in paired synovial fluid (SF)
(a) and peripheral blood (PB) (b) samples. The summary
graphs display the frequency of CXCR3-, CCR6-, CCR4-
and CCR7-positive Helios™' FoxP3"™ T cells as well as
Helios*’ FoxP3™ T cells in paired synovial fluid (SF) (a)
and peripheral blood (PB) (b) samples [#n=9 diagnosis:
ankylosing spondylitis (SpA)]. The data were compared
using the Kruskal-Wallis test together with Dunn’s multi-
ple comparison post-test, significance: ***P<0-001,
**P < 0-005 and *P < 0-05.

Fig. S2. Co-expression of interleukin (IL)-1R1 and CCR7
enriches for Helios™ forkhead box protein 3 (FoxP3)™"
cells in peripheral blood (PB) but not in synovial fluid
(SF). The summary graphs show the frequencies of
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Helios FoxP3™" in PB (a) and SF (b) and the frequencies
of Helios"FoxP3™ T cells in PB (c) and SF (d) within
CD47CD25" " cells or in the different CCR7/IL-1R1 cell
subpopulations within the CD47CD25% " cells. Represen-
tative fluorescence activated cell sorter (FACS) plots of
paired cell samples of PB (e) and SF (f) show the applica-
tion of the CCR7/IL-1R1 marker combination in distin-
guishing Helios subsets within CD4"CD25" cells [n =4,
diagnosis ankylosing spondylitis (SpA)]. The summary
graphs (g,h) depict the frequencies of Helios FoxP3™ cells
gained when gating on CD25" "IL-1R1" cells compared
to using a CcD25+ " gate alone, in PB (g) and SF (h)
[n=13, eight SpA and five rheumatoid arthritis (RA)].
For data analysis, the Kruskal-Wallis test together with
Dunn’s multiple comparison post-test was used when
comparing several groups and grouped data were com-

pared using the Wilcoxon’s signed-rank test, **P < 0-001
and ***P < 0-0001.

Fig. S3. Interleukin (IL)-1R1 displays similar expression
patterns in peripheral blood (PB) and synovial fluid (SF)
joints of both rheumatoid arthritis (RA) and ankylosing
spondylitis (SpA). The graphs summarize flow cytometric
analysis of the frequencies of IL-R1 " forkhead box protein
3 (FoxP3)" cells in paired PB and SF divided into
patients diagnosed with SpA and RA (a). Frequencies of
IL-1R1 expressing Helios* and Helios” FoxP3™ cells of
each subpopulation is shown for SpA (b) and RA (c) and
the frequencies of CD25" " cells in the IL-1R1"FoxP3™
cell population in PB and SF from patients diagnosed
with SpA and RA, respectively (d) [n= 14, nine SpA and
five RA]. Data were compared using Wilcoxon’s signed-
rank test, **P < 0-001 and **P < 0-0001.
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