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Expansion of Interleukin-22- and Granulocyte-Macrophage
Colony-Stimulating Factor-Expressing, but Not
Interleukin-17A-Expressing, Group 3 Innate Lymphoid Cells
in the Inflamed Joints of Patients With Spondyloarthritis

Iris C. ). Blijdorp," Silvia Menegatti,” Leonike . J. van Mens,' Marleen G. H. van de Sande,’" Sijia Chen,’
Hulda S. Hreggvidsdottir," Troy Noordenbos,' Talia E. Latuhihin,’ Jochem H. Bernink,' Hergen Spits,’
Lars Rogge,” Dominique L. P. Baeten,* and Nataliya G. Yeremenko'

Objective. Clinical trials of the anti-interleukin-17A (anti-IL-17A) antibody secukinumab have demonstrated a
crucial role of the cytokine IL-17A in the pathogenesis of spondyloarthritis (SpA); however, its cellular source in this
condition remains a matter of controversy. Group 3 innate lymphoid cells (ILC3s) have been recently identified as po-
tent producers of proinflammatory cytokines, including IL-17A and IL-22, in a number of different tissues. This study
was undertaken to characterize the presence and composition of ILCs, and investigate whether these cells are an
important source of IL-17A, in the synovial tissue (ST) of patients with SpA.

Methods. Matched ST, synovial fluid, and peripheral blood (PB) samples were obtained from SpA patients with
actively inflamed knee joints. ILC subsets were characterized by flow cytometry. Gene expression analysis at the
single-cell level was performed directly ex vivo and after in vitro activation. An IL-17A enzyme-linked immunospot
assay was used to detect IL-17A-secreting cells.

Results. ILCs, and particularly NKp44+ ILC3s, were expanded in inflamed arthritic joints. Single-cell expression
analysis demonstrated that ST ILCs were clearly distinguishable from ST T cells and from their PB counterparts.
Expression of the Th17 signature transcripts RORC, AHR, and IL23R was detected in a large proportion of ST ILC3s.
These cells were capable of inducing expression of /L22 and CSF2, but not /L77A, in response to in vitro restimulation.

Conclusion. Our findings demonstrate that absolute and relative numbers of ILC3s are enriched in the synovial

joints of patients with SpA. However, these cells are not a significant source of IL-17A in this disease.

INTRODUCTION

Spondyloarthritis (SpA) is a major form of chronic inflamma-
tory arthritis characterized by inflammation of axial and peripheral
joints and extraarticular manifestations such as psoriasis and
inflammatory bowel disease (IBD), including Crohn’s disease and
ulcerative colitis. Interleukin-17A (IL-17A) has been demonstrated
to be a key driver of inflammation in axial SpA (1,2) and peripheral
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SpA (3,4); however, the cellular source of IL-17A in this condition
remains largely unknown and has been a matter of debate. In the
peripheral blood (PB) of patients with ankylosing spondylitis (AS),
CD4+ T cells (5-7) and yd T cells (8) have been demonstrated
to be the major producers of IL-17A upon ex vivo stimulation. In
contrast, direct analysis of synovial membrane, psoriatic skin, and
enthesis has identified CD8+ T cells (9), mast cells and neutrophils
(10-14), and CD4-CD8- double-negative “innate-like” T cells
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(15), suggesting that the role of innate immune cells is more pro-
nounced than that of canonical Th17 cells in the inflamed target
tissues in SpA.

Innate lymphoid cells (ILCs) are a relatively newly discovered
heterogeneous population of innate immune lymphocytes that are
strategically positioned at barrier surfaces and regulate immunity,
inflammation, and tissue homeostasis (16). ILCs mirror the pheno-
type and function of T cells and therefore are divided into 3 sub-
sets: the group 1 ILCs express the transcription factor T-bet and
secrete the Th1-related cytokines interferon-y and tumor necrosis
factor (TNF). The group 2 ILCs express GATA-3 and chemoat-
tractant receptor-like molecule expressed on Th2 cells (CRTH2)
and produce the Th2-related cytokines IL-4, IL-5, IL-9, and IL-13.
The group 3 ILCs depend on the transcription factor retinoic acid
receptor—related orphan nuclear receptor yt (RORyt) and include
lymphoid tissue inducer cells and ILC3s.

In humans, almost all ILC3s express CCR6 and CD117, and
can be subdivided into NKp44+ and NKp44- subsets. In adult
humans NKp44+ ILC3s reside in tonsil and intestine and repre-
sent an important source of IL-22 (17-20), while IL-17—produc-
ing NKp44— ILC3s have been described only in fetal developing
lymph nodes (21,22). In contrast to basic science studies, recent
translational rheumatology studies demonstrated the presence
of IL-17—producing NKp44+ ILC3s in the gut (23) and synovial
fluid (SF) (24) of patients with SpA, in the intestine of patients with
Crohn’s disease (25), and in the normal enthesis (26), but not in
the synovial membrane (27), the primary site of inflammation in
SpA. The reason for this apparent discrepancy remains to be clar-
ified; however, lack of stringent ILC phenotyping, high functional
plasticity of ILCs, and potential contamination with T cells during
isolation may play an important role.

In this study we assessed whether ILCs are a significant
source of IL-17A in SpA. Using a combination of 2 unique
approaches, rigorous analysis at the individual cell level and
examination of directly ex vivo isolated ILCs from SpA ST, we
unambiguously demonstrated that ILC3s do not contribute to IL-
17A production, but are a source of IL-22 and granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), in the synovium of
patients with SpA.

PATIENTS AND METHODS

Patients and synovial tissue biopsies. This study
included 26 patients with peripheral SpA according to the
Assessment of SpondyloArthritis international Society criteria
(28) and 11 patients with rheumatoid arthritis (RA) according
to the American College of Rheumatology 1987 classification
criteria (29). Before enrollment, all patients provided written
informed consent to participate in the study as approved
by the local medical ethics committee of Academic Medical
Center, University of Amsterdam. Patient characteristics are
presented in Table 1. ST biopsy specimens were obtained

Table 1. Demographic and clinical characteristics of the patients*

SpA (n = 26) RA(N=11)
Age, mean + SD 449 +12.7 53.4+153
years
No. male/female 20/6 4/7
Disease dura- 6(1-16.7) 3.7 (0.4-11.5)
tion, median
(range) years
DAS28, mean + 39+11 NA
SD
CRP, mean + SD 331+524 219+319
mg/liter
ESR, mean + SD 33.2+34.7 183 +16.6
mm/hour
TJC28 35+28 28+18
SJC28 19+1.6 1.2+0.6
RF positive, NA 4(36.4)
no. (%)
ACPA positive, NA 2(18.2)
no. (%)
Psoriatic 17 (65.4) NA
arthritis,
no. (%)
Previous DMARD 10 (38.5) 9 (81,8)
or prednisone
therapy,
no. (%)
Previous biologic 10 (38.5) 2(18.2)
therapy, no.
(%)t

* SpA = spondyloarthritis; RA = rheumatoid arthritis; DAS28 =
Disease Activity Score in 28 joints; NA = data not available; CRP =
C-reactive protein; ESR = erythrocyte sedimentation rate; TJC28 =
tender joint count of 28 joints; SJC28 = swollen joint count of 28
joints; RF = rheumatoid factor; ACPA = anti-cyclic citrullinated pep-
tide antibody; DMARD = disease-modifying antirheumatic drug.

t All patients underwent a washout period of at least 3 months
before participation in the study.

from clinically inflamed knee or ankle joints and processed as
described earlier (30).

Isolation of cells. Mononuclear cells were isolated from
heparinized PB and from SF by density-gradient centrifugation
using Lymphoprep Ficoll-lsopaque according to the instructions
of the manufacturer (Axis-Shield). To obtain cell suspensions, ST
was cut into small pieces and digested for 60 minutes at 37°C
with Liberase TM (125 pg/ml) and DNase | (200 pg/ml) (both from
Roche) containing Dulbecco’s modified Eagle’s medium (Gibco).
Cell suspensions were filtered through a 70-pm nylon mesh, and
ST mononuclear cells were directly stained for fluorescence-
activated cell sorting (FACS) analysis.

Flow cytometric analysis. The following antibodies
to human proteins were used for flow cytometry: fluorescein
isothiocyanate (FITC)-conjugated anti-CD1a (clone HI149),
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anti-CD3 (clone OKT3), anti-CD94 (clone DX22), anti-CD123
(clone 6HB6), anti-CD16 (clone 3G8), anti-CD19 (clone HIB19),
anti-CD4 (clone RPA-T4), anti-Fce receptor 1 (clone AER-37
[CRA-1]), BV421-conjugated anti-CD161 (clone HP-3G10),
phycoerythrin ~ (PE)-conjugated anti-NKp44 (clone P44-
8) (all from BiolLegend); FITC-conjugated anti-CD8 (SK1),
anti-CD14 (M$pP9), anti-CD16 (3G8), anti-CD34 (clone 8G12),
anti-T cell receptor (anti-TCR) af (clone T10B9), anti-TCRy&
(clone 11F2), Alexa Fluor 647-conjugated anti-CRTH2 (clone
BM16), PE-Cy7-conjugated anti-CD127 (clone R34.34), PE-
Cyb.5-conjugated CD117 (clone 104D2D1) (all from Becton
Dickinson); Alexa Fluor 700-conjugated anti-CD3 (clone
UCHT1; eBioscience); and FITC-conjugated anti-BDCA2
(clone AC144; Miltenyi Biotec). For phenotypic analysis and
sorting by flow cytometry, data were collected with a FACSAria
Il cell sorter (BD Biosciences) and analyzed with FlowJo soft-
ware (Tree Star).

Single-cell gene expression analysis. Single-cell quanti-
tative polymerase chain reaction (QPCR) analysis was performed
on ILCs isolated from synovial joints of 6 patients with SpA (spe-
cifically, from ex vivo unstimulated SF [1 patient] and ST [1 patient],
phorbol myristate acetate [PMA]/ionomycin-stimulated SF [2
patients], and PMA/ionomycin- or IL-1/IL-23-stimulated ST [2
patients]). For analysis of ILCs from ST, ILCs from matched PB as
well as T cells from both compartments from the same SpA donor
were assessed. Single cells were directly sorted into 96-well PCR
plates containing lysis buffer. Index sorting during FACS was used
to identify the cell surface marker profiles of sorted individual cells.

Quantitative reverse transcription-PCR was performed using
a Two-Step Protocol with SuperScript Vilo cDNA Synthesis kit
(Invitrogen) for reverse transcription reaction and TagMan PreAmp
Master Mix (Applied Biosystems) for specific target ampilifica-
tion. Gene expression profiing was performed using a Biomark
48.48 Dynamic Array (Fluidigm) with EvaGreen Supermix (Bio-
Rad) according to the manufacturers’ protocols. The primers
used (from Fluidigm) are listed in Supplementary Table 1, on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40736/abstract. Mean and SD C, values from
housekeeping genes (B2M, ACTB, and GAPDH) for all cells were
calculated. Cells with housekeeping gene C, values exceeding the
SD by >2-fold were eliminated from the analysis.

Freshly isolated single ILCs and single T cells from peripheral
blood, synovial fluid, and synovial tissue were analyzed ex vivo
or stimulated with PMA (10 ng/ml) and ionomycin (1 ug/ml) (both
from Sigma) for 4 hours before analysis. Alternatively, cells were
cultured with IL-14 (50 ng/ml), IL-23 (50 ng/ml), and IL-2 (20 units/
ml) (all from R&D Systems) for 36 hours and then restimulated with
PMA/ionomycin for 4 hours. The frequency of expression of each
gene was calculated based on the number of cells with detectable
signal (C, <38) from the total number of cells in each group. ILCs
with expression of CD3 and T cells without expression of CD3

were omitted from analysis. Expression levels were analyzed with
GraphPad Prism version 7. The t-distributed stochastic neigh-
bor embedding technique for dimensionality reduction (31) was
applied to present single-cell gPCR data in 2-dimensional space
with the Rtsne package and visualized with ggplot2 in Rstudio
(www.rstudio.com) for R 3.4.2 (www.r-project.org).

IL-17A enzyme-linked immunospot (ELISpot) assay.
For IL-17A ELISpot assay, the PVDF membrane of the culture
plates (Millipore) was treated with 70% ethanol and rinsed with
phosphate buffered saline. Diluted anti-IL-17A antibody (eBio-
64CAP17; eBioscience) was loaded into wells and incubated
overnight at 4°C. Lin—-CD3-CD127+CD161+ ILCs and CD3+ T
cells were sorted from SpA SF, and a total of 2 x 10° cells of
each population in 100 pl RPMI medium (Gibco) were seeded into
anti-IL-17A-coated wells and stimulated with PMA/ionomycin
overnight at 37°C with 5% CO, in 96% humidity. After incubation,
the cells were washed from the wells and the presence of IL-17A-
producing cells was revealed by incubation of membrane with a
biotinylated anti-IL-17A antibody (eBio64DEC17; eBioscience) for
1 hour at 37°C, followed by incubation with y-aminobutyric acid—
conjugated streptavidin (U-Cytech Biosciences) to develop silver
spots at places where cells secreted IL-17A. After the wells were
dried, positive reactions (identified as black spots) were analyzed
by counting spots on an ELISpot reader (CTL) and read as the
number of spots per well.

Statistical analysis. Median and interquartile range (IQR)
values for the experimental results were calculated, and the statis-
tical significance of differences between groups was determined
by Kruskal-Wallis test with Dunn’s nonparametric post hoc com-
parison, Wilcoxon’s test, or Mann-Whitney U test. P values less
than 0.05 were considered significant. All data were analyzed with
GraphPad Prism version 7.

RESULTS

Enrichment of ILC3s in the inflamed ST of patients
with SpA. In order to assess whether ILCs are present in the
inflamed synovial joint of patients with SpA, we performed a strin-
gent phenotypic analysis of ILC subsets using a previously estab-
lished gating strategy (32) (Figure 1A). According to the proposed
ILC nomenclature (33), all human ILC subsets are lineage marker—
negative lymphocytes, which express the cytokine receptor sub-
unit IL-7Ra (CD127) and the natural killer cell receptor CD161.
Analysis of matched PB, SF, and ST samples revealed that the fre-
quency of ILCs was higher in the inflamed ST of patients with SpA
(median 0.27% of the lymphocyte population [IQR 0.22-0.62%))
than in corresponding PB (median 0.04% [IQR 0.03-0.08%)) (P =
0.018) (Figure 1B).

Immunophenotyping of ILC subsets showed a significant
increase in the frequency of NKp44+ ILC3s in ST (median 37.5%
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Figure 1. Increased numbers of group 3 innate lymphoid cells (ILC3s) in the inflamed synovial joint. A, Gating strategy for flow
cytometric detection of ILCs in spondyloarthritis (SpA) patient synovial fluid (SF), with ILCs defined as negative for lineage markers
(CD1a-CD3-CD4-CD8-CD14-CD16-CD19-CD34-CD94-CD123-BDCA-2-FceR1a—TCRapf-TCRyd-) and CD45+CD127+CD161+. B,
Frequencies of ILCs in peripheral blood (PB), SF, and synovial tissue (ST) (paired samples from 8 patients) (left) and ILC subsets in PB (n =
20), SF (n =12), and ST (n = 12) (right) from patients with SpA. C, Frequencies of ILCs in PB from healthy controls (HC) (n = 14) and patients
with SpA (n = 20), shown as total ILCs (left) and by ILC subset (right). D, Frequencies of ILCs in PB (n = 20), SF (n = 12), and ST (n = 12) from
patients with SpA and in PB (n = 11), SF (n = 7), and ST (n = 5) from patients with rheumatoid arthritis (RA), shown as total ILCs (left) and by
ILC subset (right). Symbols represent individual subjects; bars show the median and interquartile range. * = P < 0.05; ** = P < 0.001; *** =P
< 0.0001. CRTH2 = chemoattractant receptor—like molecule expressed on Th2 cells; BDCA-2 = blood dendritic cell antigen 2; FceR1a = Fce
receptor 1a; TCRaf = T cell receptor af.

of the total ILCs [IQR 5.6-64.6%)]) and in SF (median 42% [IQR in the SF (P = 0.0004) and median 6.6% (IQR 5.2-8.6%) in the
28.5-55%]) versus PB (median 7.6% [IQR 3.9-15.5%)]) (P = ST (P < 0.0001). Frequencies of ILC1 were rather low (<10% of
0.015 and P = 0.0002, respectively). This increase was inde- total ILCs), and similar in all compartments (Figure 1B).

pendent of SpA phenotype (psoriatic versus nonpsoriatic) (Sup- As we observed an absolute and relative enrichment of
plementary Figure 1, on the Arthritis & Rheumatology web site at NKp44+ ILC3s in the ST of patients with SpA, we next sought to
http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract). determine whether these cells were also expanded in the PB of
The second most prominent ILC subset in the joint was NKp44— these patients as compared to healthy controls. While the total
ILC3, composing 26% of the total ILCs, but this population was frequency of ILCs in PB was similar between healthy controls
present in SF and PB compartments at similar frequencies. ILC1 and patients with SpA (Figure 1C), NKp44+ ILC3s were signif-
and ILC2 populations were observed in synovium at low fre- icantly increased in the PB of patients with SpA compared to
quencies. ILC2 was the predominant population in PB (median that of healthy controls (median 7.6% [IQR 3.9-15.5%] versus

49.8% [IQR 29.3-66.1%)]), versus median 7.6% (IQR 3.7-12.8%) median 0.5% [IQR 0.2-1.6%]; P < 0.0001) (Figure 1C). NKp44—
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ILC3s were decreased in PB of SpA patients compared to
healthy controls (median 24.6% [IQR 15.9-42.5%] versus 52.7 %
[IQR 34.2-65.3%)]; P = 0.03).

Increase in the NKp44+ ILC3 subset in the synovium
and blood of SpA patients is not disease specific. To deter-
mine whether the increase in NKp44+ ILC3s in the ST and PB
is specific to SpA, we analyzed the frequency and phenotype of
ILCs in PB, SF, and ST of patients with RA as an inflammatory
arthritis—-matched control group. We found that frequencies of
total ILCs in the joint and blood were similar between patients
with SpA and those with RA (Figure 1D). Furthermore, there were
no differences between SpA and RA patients in ILC subset distri-
bution in the PB, SF, or ST (Figure 1D). There was a trend toward
a higher percentage of NKp44+ ILC3s in the ST of patients with
SpA (median 37.5% [IQR 5.6-64.6%)]) compared to the ST of
patients with RA (median 3.5% [IQR 0.8-25.6%]); however, this
difference did not reach statistical significance (P = 0.13). Also,
no difference was detected in the frequencies of NKp44+ ILC3s
in the PB of SpA and RA patients, suggesting that the observed
increase in NKp44+ ILC3s in the PB of SpA patients as compared
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to healthy controls is related to chronic inflammation rather than to
SpA-specific pathogenesis.

Presence of IL-22- and CSF2-expressing, but not IL-
17A-expressing, ILCs in SpA SF. Having identified ILC3 as a pre-
dominant ILC population in the SpA synovial joint, we next explored
whether these cells are an important source of IL-17A. To avoid
contamination with T cells as much as possible and to assess het-
erogeneity of ILCs, we sorted 14 single Lin-CD3-CD127+CD161+
ILCs from SpA SF (obtained from 1 patient) and analyzed expres-
sion of a selected set of transcripts directly ex vivo, using Biomark
arrays. Targets included transcription factors, cytokines, chemok-
ines, cell surface proteins, and cytokine receptors, which charac-
terize the phenotype and function of ILCs (Supplementary Table 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract).

Expression analysis (Figure 2A) demonstrated that SF ILCs
did not express TBX21, which encodes the transcription factor
T-bet and is known to be expressed by conventional ILC1s. The
majority of SF ILCs (79%) expressed GATA3, which encodes
the transcription factor GATA-3 that is essential for development
and function of the ILC2 subset. When examining expression of
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Figure 2. Single-cell expression profiling for transcripts specific for Th1, Th2, and Th17 signature genes in innate lymphoid cells isolated from
spondyloarthritis patient synovial fluid (SF) directly ex vivo (n = 1) (A) or stimulated with phorbol myristate acetate/ionomycin (n = 2) (B). Symbols
represent single cells; in B, cells from the first patient are represented by circles, and cells from the second patient by triangles. Frequencies
of expression were calculated according to the number of cells with detectable signal (C, <38) from the total cells in each group. ND = not

detectable.
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Figure 3. Single-cell expression profiling for transcripts specific for Th1, Th2, and Th17 signature genes in innate lymphoid cells isolated from
spondyloarthritis patient synovial tissue (A) and matched peripheral blood (B) directly ex vivo (n = 1). Symbols represent single cells. ND = not

detectable.

transcription factors important for the ILC3 subset we found that
RORC, which encodes the transcription factor RORyt, was pres-
ent in a subset of SF ILCs (21%). In contrast, expression of AHR,
which encodes another transcription factor associated with ILC3
biology, was detected in the majority of SF ILCs (93%) (Supple-
mentary Figure 2A, on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract).
When analyzing cytokine expression we detected IFNG, TNF, and
IL29 transcripts (Figure 2A and Supplementary Figure 2A). Fur-
thermore, we found that freshly isolated SF ILCs expressed genes
that encode the chemokine receptors CXCR3, CXCR4, CXCR5,
and CCR6 (Supplementary Figure 2A).

As we were not able to detect expression of most of the
cytokines assessed, including IL-17A, directly ex vivo, we exam-
ined transcripts of 77 single ILCs in SF from 2 different SpA
patients following restimulation with PMA/ionomycin. In general,
transcription profiling of stimulated SF ILCs revealed expression
patterns very similar to those observed with unstimulated SF
ILCs (Figure 2 and Supplementary Figure 2). Again we detected
substantial populations of RORC-expressing, GATA3-expressing,
and AHR-expressing ILCs (26%, 50%, and 80%, respectively).
Similar to the findings with ILCs analyzed ex vivo, we detected

expression of TNF, IL29, CXCR3, CXCR4, CXCR5, and CCR6
transcripts after PMA/ionomycin stimulation. Of interest, expres-
sion of some transcripts, such as CCL20 and ICOS, was dra-
matically increased after activation of ILCs (Supplementary Figure
2B). Although we observed expression of TBX27 in 30% of SF
ILCs, only 1% of these cells were able to induce expression of
IFNG after stimulation with PMA/ionomycin. Expression of Th2
signature cytokines was detected in a fraction of PMA/ionomycin-
activated ILCs (15% for IL4, 5% for IL5, 5% for IL9, and 32% for
IL13).

Expression of IL717A and IL77F transcripts was detected in
only 1% and 4% of stimulated SF ILCs, respectively. In contrast,
we observed expression of IL22 and CSF2 transcripts, encoding
IL-22 and GM-CSF cytokines, in prominent fractions of restimu-
lated SF ILCs (35% and 61%, respectively) (Figure 2B).

Presence of IL-22-expressing, but not IL-17A-
expressing, ILC3s in SpA ST. Since we were unable to
detect IL77A-expressing ILCs in SpA SF either directly ex vivo
or after in vitro restimulation, we hypothesized that this tissue-
resident cell population could be present exclusively in SpA
ST. In order to test this hypothesis, we assessed expression of
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a selected set of genes at the single-cell level in 17 ILCs sorted
from ST from 1 patient (and as a control, in 13 ILCs sorted
from matched PB) directly ex vivo. This analysis revealed that
ST ILCs did not express TBX21, 76% expressed GATA3, 23%
expressed RORC, and 35% expressed IL23R, while PB ILCs
uniformly expressed GATA3 and were negative for IL3R, with
expression of TBX27 and RORC detected in minor fractions
of these cells (8% and 15%, respectively) (Figure 3A). Expres-
sion of TNF, IL29, GRZB, CXCR3, CXCR4, and CXCR5 was
detectable in ILCs from both locations. Of note, we detected
a small population of IL22-expressing cells (11.8% of ST ILCs
and 7.7% of PB ILCs) (Figure 3). Expression of other cytokines,
including IL717A, was not detectable in SpA ST or PB ILCs
ex vivo without restimulation (Figure 3 and Supplementary
Figure 3, on the Arthritis & Rheumatology web site at http:
//onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract).

Next, to assess the intrinsic capacity of ST ILCs to express
IL77A, we sorted single ILC1 cells (O cells from ST and 4 cells from
PB), ILC2 cells (10 cells from ST and 26 cells from PB), NKp44—
ILC3 cells (58 cells from ST and 9 cells from PB), and NKp44+
ILC3 cells (3 cells from ST and 0 cells from PB), and, as a control,
CD3+ T cells (47 cells from ST and 34 cells from PB) from 2 SpA
donors and analyzed their gene expression profile after activation
with PMA and ionomycin. Unbiased clustering analysis revealed
4 distinct populations corresponding to ST ILCs, PB ILCs, ST T
cells, and PB T cells (Figure 4 and Supplementary Figure 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract), demon-
strating clear differences in their expression profiles (Figure 5 and
Supplementary Figures 5 and 6, http://onlinelibrary.wiley.com/
doi/10.1002/art.40736/abstract). No single ILC expressed CD3
transcript, which encodes the pan-T cell marker CD3, whereas
all T cells expressed this gene. All ILCs expressed KLRB1, which
encodes CD161, the pan marker for all human ILCs (Supplemen-
tary Figure 4). Seventy-one percent of PB-derived and 36% of
ST-derived T cells expressed TBX21. Accordingly, a significant
population of T cells from both locations (67% and 50% from PB
and ST, respectively) were able to express IFNG upon stimula-
tion. In contrast, activated ILCs failed to express this Th1 signa-
ture cytokine, despite the expression of TBX27 in a substantial
proportion of ILC2s (568%) and NKp44— ILC3s (21%) in the ST
(Figure BA).

Expression of GATA3 was detected in a majority of PB and
ST ILCs (Figure 5B). Correspondingly, a large proportion of stim-
ulated ILC2s were shown to express IL4 (58% of PB cells and
42% of ST cells) and IL713 (69% of PB cells and 83% of ST cells)
(Figure 5B). In contrast to ILCs and despite substantial population
of GATA3-expressing cells, PB T cells did not express Th2 signa-
ture cytokines in response to activation, and the frequencies of
IL4- and IL13-expressing ST T cells were low (4-5%) (Figure 5B).

Analysis of Th17-associated genes revealed expression of
RORC and IL23R in a small fraction of in vitro—stimulated ST T
cells (8% and 7%, respectively), which was concordant with a

low frequency of IL77A-expressing ST T cells (4%) (Figure 5C).
In contrast, expression of RORC and IL23R was found in 38%
and 85% of NKp44+ ILCSs, respectively, and in ~34% and 38%
of NKp44— ST ILC3s, respectively. However, strikingly, only 1%
of the NKp44— ILC3s and none of NKp44+ ILC3s in ST were
able to express IL17A upon stimulation with PMA/ionomycin. We
detected IL77A transcript in 17% of ILC2s (2 of 12 cells analyzed);
however, these cells did not coexpress RORC or IL23R. No sin-
gle IL717F-expressing ILC was detected after PMA/ionomycin
stimulation (Figure 5C). In sharp contrast, a marked fraction of
ILC3s induced expression of IL22 (39% of NKp44—- and 62%
NKp44+ cells) and CSF2 (41% of NKp44— and 27% of NKp44+
cells) in response to in vitro stimulation.

With regard to expression of other transcripts, the majority of
restimulated ST ILCs, similarly to ex vivo isolated cells, expressed
genes that encode subunits of the IL-1, IL-2, and IL-10 recep-
tors, CD161 receptor, the chemokine receptors CXCR3, CXCR4,
CXCR5, and CCR®6, the transcription factors aryl hydrocarbon
receptor and RUNX, and the inducible costimulator and granzyme
B proteins. However, expression of some transcripts, such as /L2,
CCL20, CD40L, IL12RB2, and PRF1, was detectable in these
cells only after in vitro activation (Supplementary Figures 5 and
6, on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40736/abstract).

As we did not detect IL77A expression in a significant pro-
portion of synovial ILCs and as an IL-1p and IL-23 cytokine cock-
tail has been demonstrated to potentiate IL-17A production from
innate cells including ILCs (26,33,34), we next examined changes
in the expression pattern of IL7A after activation of ILCs with these
cytokines. We analyzed 3 ILC1s, 2 ILC2s, 29 NKp44- and 10
NKp44+ ILC3s, and 27 T cells. Single-cell transcription analysis
of IL-1p/IL-23-stimulated ST ILCs revealed no IL17A- or IL17F-
expressing cells, yet these cells expressed IL23R and RORC and
responded to the stimulation by an increase in expression of [L22
transcript (Figure 5C). In order to confirm these data at the pro-
tein level, the total number of IL-17A-producing ILCs and T cells
in SpA SF was analyzed by ELISpot assay. This revealed that a
median of ~0.9% (IQR 0.8-1.3%) of total ILCs and 2.3% (IQR
1.1-8.3%) of total T cells from SpA SF were able secret IL-17Ain
response to PMA/ionomycin stimulation (Figure 5D).

DISCUSSION

ILC3s play an important role in the regulation of tissue
homeostasis, repair, and inflammation (20) and, similar to their
Th17 cell counterparts, have been proposed to produce IL-
17A, IL-22, and GM-CSF (16). Recent studies have suggested
that IL-17—-producing ILC3s are amplified in the inflamed tissue
of patients with SpA (23-25). However, whether ILC3s consti-
tute an important source of IL-17A in SpA synovitis remains
an open question. A major concern is the absence of stringent
ILC phenotyping criteria. Due to the lack of exclusive markers,
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Figure 4. Two-dimensional t-distributed stochastic neighbor embedding (tSNE) representation of expression of transcripts specific for Th1,
Th2, and Th17 signature genes in phorbol myristate acetate/ionomycin—stimulated innate lymphoid cells (ILCs) and T cells isolated from
spondyloarthritis patient peripheral blood (PB) and synovial tissue (ST). Data are representative of 2 independent experiments with 1 donor
each. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract.

during flow cytometric analysis of ILCs a combination of lineage
markers is usually used to exclude other immune cells. Differ-
ent research groups have used nonidentical sets of antibodies
to define their lineage, which may have introduced variability in
the results. Further, it is plausible to assume that the scarcity of
ILCs together with the relatively high number of T cells, which,
depending on their activation status, might express different
levels of CD3, may vyield an ILC population contaminated with
T cells. Results obtained from such contaminated ILC popula-
tions will be biased since T cells may contribute to the IL-17A lev-
els detected. Another crucial factor is the analysis of tissues that
are not relevant to the disease. Reports from recent translational
rheumatology studies described IL-17-producing ILCs in the gut
of patients with AS-associated IBD (23), in the SF of patients with
psoriatic arthritis (PsA) (24), in the skin of patients with psoriasis
(85), and in normal enthesis samples obtained from donors with-

out systemic inflammatory disease (26), but not in the inflamed
synovium, enthesis, or spine, the key target tissues in SpA.

In the current study we reassessed whether ILC3s contribute
significantly to the cellular source of IL-17A in SpA, attempting
to overcome these hurdles. First, we focused our research on
peripheral synovitis in SpA as this allowed us to study ILCs directly
in the inflamed target tissue. We evaluated the distribution of ILCs
in SpA ST using stringent phenotyping criteria according to pro-
posed ILC nomenclature (33). In order to minimize contamination
with T cells during phenotypic analysis, we included 2 different
anti-CD3 antibodies in a sequential gating strategy: one in the
“dump” channel for lineage markers and the other in the separate
fluorescent channel. Finally, using a unique single-cell approach,
which allows profiling of individual cells, we assessed heteroge-
neity of ST ILCs and their capacity to express Th17 signature
cytokines either directly ex vivo or after in vitro restimulation.
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Figure 5. A-C, Single-cell expression profiling for transcripts specific for Th1 (A), Th2 (B), and Th17 (C) signature genes in phorbol myristate
acetate (PMA)/ionomycin-stimulated innate lymphoid cells (ILCs) (ILC1, ILC2, and NKp44—- and NKp44+ ILC3) and T cells isolated from
spondyloarthritis (SpA) patient peripheral blood (n = 1) and synovial tissue (n = 2). Symbols represent single cells; cells from the first patient are
represented by circles, and cells from the second patient by triangles. Open symbols represent cells stimulated with PMA/ionomycin alone;
closed symbols represent cells stimulated with an interleukin-1p (IL-1p)/IL-23 cytokine cocktail prior to stimulation with PMA/ionomycin. D, IL-
17A protein produced by PMA/ionomycin-stimulated ILCs and T cells isolated from SpA patient synovial fluid (n = 3) and analyzed by enzyme-
linked immunospot assay. Values are the median and interquartile range. ND = not detectable. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract.
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We observed an absolute and relative enrichment of NKp44+
ILC3s in the inflamed SpA synovium. A similar increase was
described previously in SF (24) and in ST of patients with end-stage
SpA (27), although the latter study did not include an anti-CRTH2
antibody, crucial for proper definition of the ILC2 subset in the
phenotyping panel. Furthermore, analysis of the PB compartment
revealed that NKp44+ ILC3s are significantly increased in patients
with SpA compared to age-matched healthy controls, similar to
findings reported previously in psoriasis (35,36), AS (23), and PsA
(24). Yet this expansion does not seem to be specific for SpA, as
we found comparable frequencies of ILC3s in the PB and ST of
patients with RA. We did not detect any IL77A-expressing ILCs
isolated ex vivo from SpA patient SF and ST, despite adequate
expression of other proinflammatory mediators such as TNF and
IL-29. Moreover, even after in vitro activation with potent stimuli,
IL7A was either absent or expressed by only a miniscule popula-
tion, even if a notable fraction of synovial ILC3s expressed Th17
signature transcripts RORC, IL23R, AHR, and IL22.

There were some important limitations to this study. Although
we did not detect IL77A transcripts in ILCs directly ex vivo or after
PMA/ionomycin or IL-1p/IL-23 stimulation, we cannot entirely
rule out the possibility that these cells would express IL77A in
response to other stimuli. Furthermore, detection of rare cell pop-
ulations can be challenging when the analysis includes a limited
number of cells from a limited number of patients. But the unique
strength of the present study relies on the single-cell approach.
This high-resolution technique operates at the level of individual
cells, which circumvents the averaging of artifacts associated with
traditional bulk population data.

Our study revealed that ILC3s express /.22 and CSF2 but
do not contribute significantly to the production of IL-17A in the
inflamed SpA joint. This is consistent with the results of a recently
reported study describing GM-CSF—producing, but not IL-17—pro-
ducing, ILCs isolated from synovial tissue of patients with SpA (27).

The pathologic source of IL-17Ain the joint warrants further
investigation. The most obvious candidates are T cells since
they comprise up to 50% of all immune cells in the inflamed
synovial tissue and various T cell subsets are able to pro-
duce IL-17A; however, directly ex vivo, we did not detect any
expression of IL-17Ain T cells. The results of RNA sequencing
analysis of SpA patient ST confirm that very little IL-17A is pro-
duced locally, in contrast to other proinflammatory cytokines
such as TNF, IL-8, and IL-6 (Yeremenko NG, et al: unpublished
observations). Furthermore, consistent with these data, none
of the IL-17A-producing T cells or ILCs can be detected by
immunostaining for IL-17A protein in the synovium (37). We
have previously reported that IL-17A protein is found exclu-
sively inside mast cells and neutrophils; however, these cells
intercept this cytokine rather than producing it (37). Overall,
the observation of only low levels of IL-17A messenger RNA
provides evidence against de novo synthesis locally in the syn-
ovial tissue. Further work is needed to investigate alternative

hypotheses, including production of IL-17A in other tissues of
the joint (e.g., in bone) or at distant sites (e.g., in the gut), and/
or abnormal sensitivity of joint cells to IL-17A.

Finally, our study revealed other interesting features of syno-
vial ILCs, beyond the IL-17 pathway. For example, we observed
that upon activation, these cells have the ability to induce expres-
sion of PRF1 and GZMB genes, encoding the lytic enzymes per-
forin and granzyme B. This finding suggests that investigation of
their cytotoxic effector functions in the pathophysiology of SpA
is warranted.
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