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ABSTRACT

Objective Mast cells have been implicated in the pathogenesis of rheumatoid arthritis (RA).
In particular, their activation by interleukin-33 (IL-33) has been linked to the development
of arthritis in animal models. The aim of this study was to evaluate the functional responses
of human mast cells to IL-33 in the context of RA.

Methods Human mast cells were stimulated with IL-33 combined with plate-bound IgG or
lgG anti—citrullinated protein antibodies (ACPAs), and their effects on monocyte activation
were evaluated. Cellular interactions of mast cells in RA synovium were assessed by
immunofluorescence analysis, and the expression of messenger RNA (mRNA) for mast cell—
specific genes was evaluated in synovial biopsy tissue from patients with early RA who were
naive to treatment with disease-modifying antirheumatic drugs.

Results IL-33 induced the up-regulation of Fcy receptor type lla and enhanced the
activation of mast cells by IgG, including 1gG ACPAs, as indicated by the production of
CXCLS8/IL-8. Intriguingly, mast cell activation triggered with IL-33 and IgG led to the release
of mediators such as histamine and IL-10, which inhibited monocyte activation. Synovial
mast cells were found in contact with CD14" monocyte/macrophages. Finally, mRNA levels
of mast cell-specific genes were inversely associated with disease severity, and IL-33 mRNA
levels showed an inverse correlation with the levels of proinflammatory markers.

Conclusion When human mast cells are activated by I[L-33, an immunomodulatory
phenotype develops, with human mast cells gaining the ability to suppress monocyte
activation via the release of IL-10 and histamine. These findings, together with the presence
of synovial mast cell-monocyte interactions and the inverse association between the
expression of mast cell genes at the synovial level and disease activity, suggest that these
newly described mast cell-mediated inhibitory pathways might have a functional relevance
in the pathogenesis of RA.

INTRODUCTION

Mast cells are tissue-resident cells of hematopoietic origin, classically known as effector
cells in Ige-mediated inflammation and as mediators of host antimicrobial defenses. In
addition, mast cells have been involved in the pathogenesis of many human diseases,
including autoimmune disorders (1). However, emerging evidence suggests that mast cells
might also have immunoregulatory/homeostatic functions (2). Therefore, their exact role in
the pathogenesis of autoimmune diseases, such as rheumatoid arthritis (RA), is still
debated (3). In particular, contrasting data have been obtained from animal models of
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arthritis (4-8), which could be attributable to the aforementioned double-edged functions
of mast cells or to the different disease models and methods used to obtain their depletion
in vivo (9).

In humans, several lines of evidence point toward a contributory role of mast cells in the
pathogenesis of RA. First, they are constitutively present in the synovial membrane (10) and
their numbers are increased in RA (11, 12), possibly correlating with parameters of disease
activity and progression (13). Furthermore, activation of mast cells in rheumatoid synovial
tissue has been linked to the production of proinflammatory cytokines (14), several mast
cell mediators have been observed in the synovial fluid of patients with RA (15), and these
mediators have been shown to have pathogenic effects on synovial fibroblasts (16).
Recently, we showed that mast cells are activated by immune complexes containing anti—
citrullinated protein antibodies (ACPAs), with Toll-like receptors (TLRs) augmenting the
response of mast cells to ACPA-containing immune complexes (17). Despite these findings,
the interaction of mast cells with other synovial immune cells has never been fully
investigated, and their ability to influence immune responses during the course of RA is still
uncertain.

Among the multiple factors known to activate mast cells, interleukin-33 (IL-33), a
member of the IL-1 cytokine family (18), has been shown to enhance the survival,
adhesion, and differentiation of these cells, and to induce the production of several
proinflammatory cytokines (19, 20). Furthermore, IL-33 was found to prime mouse and
human mast cells for activation by 1gG immune complexes (21, 22). In vivo, IL-33 has
been implicated in the ability of mast cells to contribute to the development of arthritis
in murine experimental models (23, 24), and high levels of IL-33 have been found in the
serum and synovial fluid of patients with RA and those with other inflammatory
arthritides (25). In addition to these proinflammatory properties, which are consistent
with the described role of IL-33 as an alarmin, recent evidence suggests that this cytokine
can also mediate immunoregulatory responses in various settings, by, for example,
promoting regulatory T and B cell activity and suppressing monocyte activation through
its effects on basophils (26-31). Thus, similar to the findings regarding mast cells, the
specific functions of IL-33 in the pathogenesis of autoimmune diseases, including
arthritis, are still unclear (32, 33).

To better understand the roles of IL-33 and mast cells in RA, we examined the effects of IL-
33 on human mast cells. We hypothesized a novel scenario in which activation of mast cells
triggered by the alarmin IL-33 may play a homeostatic role, by contributing to the
resolution of inflammation through a feedback system that leads to down-regulation of
monocyte-mediated immune responses in RA synovial tissue.
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MATERIALS AND METHODS

PERIPHERAL BLOOD—DERIVED MAST CELLS

Buffy coat cells were obtained from the peripheral blood of healthy volunteers, with
samples collected from a blood bank in The Netherlands (Sanquin). CD34" hematopoietic
stem cells were isolated from peripheral blood mononuclear cells (PBMCs) using CD34
microbeads (Miltenyi Biotec). Isolated CD34" stem cells were differentiated into mast
cells using a previously described method (34). After 6-8 weeks, the purity of the mast
cells was determined by flow cytometry analyses for the expression of CD117 (c-Kit), Ig e-
class—binding Fc receptor type | (FceRl), and CD203c; purity ranged from 90% to 99%.

MAST CELL ACTIVATION

Plate-bound IgG was used as a model to study FcyR-mediated activation of mast cells (17,
35). Briefly, culture plates (96-well or 48-well flat-bottomed plates) were coated with 100
ug/ml of purified human IgG (Jackson ImmunoResearch) in phosphate buffered saline (PBS)
for 1.5 hours at 37°C and washed 2 times with PBS. Mast cells were then cultured at a
concentration of 1 x 106/ml in RPMI 1640 medium containing 10% fetal calf serum,
glutamine, penicillin, and streptomycin (all from Invitrogen) together with 100 ng/ml of
stem cell factor (Tebu-Bio), without or with 100 ng/ml of recombinant human IL-33
(PeproTech). After 24 hours, the cells were harvested and supernatants were collected and
stored at —20°C until further analysis by flow cytometry.

|gG ACPA-MEDIATED MAST CELL ACTIVATION

Cyclic citrullinated peptide 2 (CCP2) peptides were obtained from Dr. J. W. Drijfhout
(Department of Immunohematology and Blood Transfusion, Leiden University Medical
Center, Leiden, The Netherlands). Nunc Maxisorp plates (VWR Scientific Products) were
coated with CCP2 peptide or arginine as a control peptide, and then incubated at 37°C for 1
hour with serum from patients with ACPA-positive RA, with the serum samples diluted 50
times in PBS—0.1% bovine serum albumin (BSA). After washing, mast cells were added to
the wells and cultured in the presence or absence of 100 ng/ml of recombinant human IL-
33. After 24 hours, the cells were harvested, and supernatants were collected and stored at
-20°C.

MONOCYTE ISOLATION AND STIMULATION
CD14" monocytes were isolated from buffy coat PBMCs using magnetic-labeled anti-CD14
beads (Miltenyi Biotec), according to the manufacturer's instructions. Isolated monocytes
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(purity >95%) were cultured in the same medium as used for mast cells. Monocytes were
incubated with mast cell supernatants (diluted 1:4 in medium) or control medium, and then
stimulated with lipopolysaccharide (LPS) from Salmonella typhosa (Sigma-Aldrich) at a
concentration of 5 ng/ml. After overnight (18-hour) incubation, the cells were harvested
and supernatants were collected and stored at -20°C until further analysis by flow
cytometry.

For blocking experiments, supernatants of activated mast cells were preincubated with
anti—IL-10 antibody or rat IgG2a as a matched isotype control (BD Biosciences), at 10 ug/ml
for 30 minutes at 37°C in an atmosphere of 5% CO2, prior to being incubated with the
monocytes. For inhibition of histamine, monocytes were preincubated for 30 minutes at
37°C with the histamine receptor 2 antagonist ranitidine (Sigma) at 10-4M (28).

PATIENT SAMPLES

Serum samples were obtained from patients with RA, and the presence of total IgG ACPAs
was tested by routine diagnostic enzyme-linked immunosorbent assay (ELISA). For
immunofluorescence analysis, synovial tissue was obtained from 3 patients with
established ACPA-positive RA (ages 59, 70, and 76 years) who had undergone surgery. For
messenger RNA (mRNA) sequencing, mRNA was extracted from synovial tissue samples
obtained by ultrasound-guided biopsy from patients with early active RA (<12 months’
duration) who were naive to treatment with disease-modifying anti-rheumatic drugs
(DMARDs) (n=40), enrolled in the Pathobiology of Early Arthritis Cohort (details at
http://www.peac-mrc.mds.gmul.ac.uk) at the Centre for Experimental Medicine and
Rheumatology of Queen Mary University (London, UK) (36). Additional patient
characteristics are listed in Supplementary Table 1 (online). All patients fulfilled the
American College of Rheumatology 1987 revised criteria for RA (37). Written informed
consent was obtained from the patients, and the study was approved by local human ethics
committees.

IMMUNOFLUORESCENCE ANALYSIS

Synovial tissue samples were fixed with 4% (weight/volume) formaldehyde (Merck) in
PBS and stored in 70% (volume/volume) ethanol. The tissue samples were then
embedded in paraffin, in 4-um sections. Slides were deparaffinized with xylene (Merck),
and endogenous peroxidase activity was blocked with 1% hydrogen peroxide (Merck) in
methanol for 10 minutes. After antigen retrieval with a Tris—EDTA solution (pH 9; Dako)
for 30 minutes at 96°C, slides were stained with monoclonal mouse anti-human
antibodies for tryptase (0.2 pg/ml; Millipore) or polyclonal goat anti-human antibodies
for tryptase (8 ug/ml; Santa Cruz Biotechnology), in combination with polyclonal goat
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anti-human CD14 antibodies (2.5 ug/ml; Abcam) or monoclonal mouse anti-human CD3
(2.8 pug/ml) or CD20 (0.4 ug/ml) antibodies (both from Dako) in PBS—1% BSA for 1 hour.
For control sections, matching isotype control antibodies for CD14 (normal goat IgG;
Merck) or for CD3 and CD20 (each mouse 1gG1; Dako) were used. Detection of staining
was performed using donkey anti-mouse/goat Alexa Fluor 568 and donkey anti-
goat/mouse Alexa Fluor 488 (each 2 upg/ml; Invitrogen). All slides were mounted with
Vectashield Hard Set mounting medium with DAPI (Vector) and visualized using a Zeiss
Axio Scope Al and AxioVision 4.9.1. Stained sections were scored by counting the
number of cells in 10 high-power fields (400x magnification), with scoring performed in a
blinded manner by 3 observers (FR, KH, and ALD). Interobserver agreement was
evaluated using the intraclass correlation coefficient (with a cutoff value of >0.7 to
indicate acceptable agreement).

FLOW CYTOMETRY

For flow cytometry staining, cells were incubated with fluorochrome-conjugated
antibodies diluted in PBS—0.5% BSA at 4°C for 30 minutes. To exclude dead cells, 0.2 uM
DAPI (Invitrogen) was added. Flow cytometric acquisition was performed on an LSR-II
flow cytometer (BD Biosciences). Analysis was performed using FACSDiva (BD
Biosciences) and FlowJo software (Tree Star). The following (clonal) antibodies were
used: PerCP—Cy5.5—conjugated CD14 (61D3), fluorescein isothiocyanate (FITC)—
conjugated FceRI (AER-37), phycoerythrin (PE)—conjugated mouse IgG1 (61D3) (all from
eBioscience), FITC-conjugated CD16 (3G8), PE-conjugated CD63 (H5C6), PE-conjugated
CD64 (10.1), PE-conjugated CD80 (L307.4), FITC-conjugated HLA-DR (L243), FITC-
conjugated mouse 1gG2b [27-35] (all from BD Biosciences), FITC-conjugated CD32 (IV.3)
(StemCell Technologies), and Alexa Fluor 488—conjugated CD32b (ch2b6-N297Q) and a
corresponding isotype control (ch4420-N297Q) (Macrogenics) (38).

MEASUREMENT OF CYTOKINES

Quantitative immunoassays in mast cell culture supernatants were performed using a 42-
plex cytokine Milliplex assay (Millipore). In addition, the following ELISA kits were used:
human IL-8 Ready-SET-Go! ELISA kit (eBioscience), human tumor necrosis factor (TNF)
ELISA set (BD Biosciences), human IL-10 PeliPair ELISA kit (Sanquin Reagents), and
histamine ELISA kit (Neogen).

MESSENGER RNA SEQUENCING
Total RNA from synovial tissue was extracted using a Qiagen RNeasy mini kit in
accordance with the manufacturer's protocol, including on-column DNase digestion.
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Quality control of samples was done to determine RNA quantity and quality, prior to
their processing RNA sequencing. The concentration of total RNA samples was
determined using NanoDrop 8000 (Thermo Scientific). The integrity of RNA samples
was determined using both a 2100 Bioanalyzer and a 2200 TapeStation (Agilent
Technologies). Where available, 1 ug of total RNA was used as an input material for
library preparation, using an Illumina TruSeq RNA Sample Preparation kit (version 2).

Generated libraries were amplified with 10 cycles of polymerase chain reaction (PCR).
The size of the libraries was confirmed using a 2200 TapeStation and High Sensitivity
D1K screen tape (Agilent Technologies), and their concentration was determined using
a quantitative PCR—based method with a Library quantification kit (Kapa). The libraries
were first multiplexed (5 per lane) and then sequenced on an lllumina HiSeq2500 to
generate 50 million paired-end, 75-basepair reads (in synovial samples). For the data
analysis, the Genomic Short-read Nucleotide Alignment Program (details available at
http://research-pub.gene.com/gmap/) was used to map and assemble transcripts,
using the University of California, Santa Cruz human genome reference sequence hg19
and associated transcriptome map (available at http://genome.ucsc.edu/).

STATISTICAL ANALYSIS

Results are expressed as the mean+SEM. For comparison between 2 groups, 2-sample t-
tests were performed. For differences between multiple groups, one-way analysis of
variance was performed, with the Bonferroni post hoc test to correct for multiple testing.
Statistical analysis was performed using GraphPad Prism software (version 5). P values less
than 0.05 were considered significant.

RESULTS

MODULATION OF HUMAN MAST CELL ACTIVATION BY IL-33

We investigated the activation of mast cells by stimuli known to be present in human
synovium and implicated in the pathogenesis of RA, i.e., IL-33 and IgG. Stimulation of
mast cells with plate-bound IgG mainly induced the release of CXCL8/IL-8, while
stimulation with IL-33 induced higher amounts of histamine and IL-10 (Figure 1A).

Likewise, only IL-33, and not plate-bound IgG, induced the up-regulation of the mast cell
activation marker CD203c. The histamine release induced by IL-33 triggering was not
accompanied by an up-regulation of CD63, a marker of mast cell degranulation
(Supplementary Figure 1A).
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Figure 1. Activation of mast cells via interleukin-33 (IL-33) and immune complexes. Mast cells were left
unstimulated (unst) or were activated with IL-33 and/or plate-bound IgG (pblgG) for 24 hours. A, Levels of
CXCL8/IL-8, histamine, and IL-10 were measured by enzyme-linked immunosorbent assay (ELISA). Values
are the mean+SEM from 4 independent experiments (n=4 donors). B, Synergy was assessed by comparing
the sum concentrations of mediators (same as those in A) measured in cell supernatants with single stimuli
(IL-33+1gG) and the actual values measured in cell supernatants stimulated simultaneously (IL-33 & 1gG).
Each symbol joined by a line represents a single mast cell donor (n=4 donors from 4 independent
experiments). C, CXCL8/IL-8 levels were measured by ELISA in unstimulated or IL-33—stimulated mast cells
after incubation with serum from 3 patients with anti—citrullinated protein antibody (ACPA)—positive
rheumatoid arthritis bound to citrullinated (Cit) peptides or arginine (Arg) controls. Values are the
mean+SEM results from 6 mast cell donor samples. —-= no plate coating. D, Left, Histograms show Fcy
receptor type lla (FcyRlla) expression by mast cells left unstimulated or upon stimulation with IL-33 or upon
antibody blocking of the IL-33 receptor ST2; matched isotype was used as control. Representative results of
4 independent experiments (n=4 mast cell donors) are shown. Right, Expression of FcyRs was examined in
mast cells left unstimulated or stimulated with IL-33. Results are expressed as the ratio of mean
fluorescence intensity (MFI) relative to the values for the isotype control; data are from 5 independent
experiments. Each symbol represents a single mast cell donor (n=7 or more); horizontal line indicates the
mean. *=P < 0.05 by analysis of variance with Bonferroni post hoc test for multiple comparisons, and by
Student's t-test for comparisons between 2 groups.

Combination of the 2 stimuli led to an increased activation of mast cells, as indicated by the
release of significantly higher amounts of CXCL8/IL-8, histamine, and IL-10 when compared
to that observed in unstimulated mast cells or mast cells incubated with either stimulus
alone (Figure 1A). To distinguish whether the effect was additive or synergistic, we
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compared the sum concentration of CXCL8/IL-8, histamine, and IL-10 in cell cultures
incubated with each stimulus alone to the actual amounts produced upon combined
stimulation with IL-33 and plate-bound IgG (Figure 1B). This comparison showed higher
amounts of histamine and IL-10 in cell cultures that received combined stimulation,
indicating that IL-33—triggered mediators have a synergistic effect, whereas in the
production of CXCL8/IL-8, only an additive effect of each stimulus was observed.

Having found that plate-bound IgG—mediated activation of mast cells is modulated by IL-33,
we wondered whether IL-33 would also enhance the activation of mast cells induced by IgG
ACPAs. Similar to previous findings from our group (17), mast cell activation, evaluated by
measurement of CXCL8/IL-8 levels, was observed upon triggering with IgG ACPA immune
complexes, which were formed by binding of the serum of patients with ACPA-positive RA
to citrullinated peptides (Figure 1C). Importantly, mast cells were not activated by ACPA-
positive serum incubated with the arginine control (Figure 1C) or by serum from ACPA-
negative patients (results not shown). In addition, IL-33 significantly enhanced the ACPA-
induced production of CXCL8/IL-8.

We next sought to identify the mechanism by which IL-33 enhances mast cell activation,
and hypothesized that IL-33 modulates the expression of FcyRs on mast cells. Indeed, IL-33
induced a significant up-regulation of the activating FcyRlla (Figure 1D). This effect was
mediated by the IL-33 receptor ST2, as demonstrated by the finding that FcyRlla expression
could be blocked by anti-ST2 antibodies (Figure 1D). Importantly, we did not detect any
notable changes in the expression of the other FcyR types by cultured human mast cells,
and none of them were influenced by IL-33 stimulation (Figure 1D).

Taken together, these results indicate that IL-33, via its receptor ST2, induces the up-
regulation of FcyRlla, which thereby enhances the activation of mast cells upon triggering
with plate-bound IgG, as well as IgG ACPAs, as demonstrated by the increased production
of CXCLS8/IL-8. More specifically, IL-33 induces IgG-activated mast cells to release histamine
and IL-10, but not CXCL8/IL-8, in a synergistic manner.

SKEWING BY IL-33 TOWARD A THZ/IMMUNOMODULATORY PHENOTYPE IN MAST CELLS

To further support the notion that IL-33 is able to modulate mast cell activation by IgG,
we performed a multiplex assay on mast cell supernatants. Consistent with the findings
in previous literature [20-22], mast cells triggered with [L-33 and plate-bound IgG
secreted a wide range of mediators. When comparing the 2 stimuli, we found that plate-
bound IgG induced higher amounts of classic proinflammatory mediators, whereas 1L-33
induced higher levels of Th2 and immunomodulatory cytokines such as IL-5, IL-10, and IL-
13 (see Supplementary Figure 1B). Interestingly, using the combination of IL-33 and
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plate-bound IgG to trigger mast cell activation induced higher levels of these cytokines
when compared to stimulation with IL-33 alone. In contrast, no additional effects of IL-33
(i.e., no augmentation of the effects of 1gG) on the production of proinflammatory
mediators such as TNF or FLT-3 ligand could be observed (Figure 2A). In addition,
consistent with the data presented in Figure 1B, the combined stimulation showed a
synergistic effect that was only present for those mediators whose production was
induced by IL-33 (Figures 2A and B).
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Figure 2. Stimulation of mast cells with IL-33 skews the cells toward an immunomodulatory phenotype. A,
Production of various mediators in cell cultures was compared between single stimulations and combined
stimulations with IL-33 and plate-bound IgG. Values are the mean+SEM from 3 independent experiments in
3 mast cell donor samples, as measured by multiplex assay. B, Synergy of the single or combined
stimulations was assessed as described in Figure 1B. Symbols joined by lines represent individual donors.
Only mediators exhibiting significantly increased levels upon stimulation of mast cells with either IL-33 or
plate-bound IgG are shown. x=P < 0.05 by analysis of variance with Bonferroni post hoc test in A and by
Student's t-test in B. NS=not significant; FGF2=fibroblast growth factor 2; G-CSF=granulocyte colony-
stimulating factor; IFN-a2=interferon-a2; TNF=tumor necrosis factor; VEGF=vascular endothelial growth
factor (see Figure 1 for other definitions).

Taken together, these findings indicate that IL-33 is not simply enhancing mast cell
activation by IgG, but is actually able to fine-tune the responses of mast cells, by
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inducing the production of a specific set of Th2-associated and immunomodulatory
mediators.

INTERACTION OF MAST CELLS WITH MONOCYTES IN RA SYNOVIUM

To better understand the possible consequences of mast cell activation at the synovial
level in RA, we investigated the occurrence of cellular interactions between mast cells
and other immune cells ex vivo, by performing immunofluorescence staining for mast
cells reactive with tryptase, as well as staining for the monocyte/macrophage marker
CD14, the B cell marker CD19, or the T cell marker CD3, in tissue sections from the
synovium of patients with RA. We found numerous tryptase-positive mast cells
scattered in the synovium of patients with RA. Interestingly, tryptase-positive cells

showed clear cell-to-cell interaction with CD14" cells, CD3" cells, and CD20" cells

(Figures 3A—C).

A

Tryptase Tryptase Tryptase
CD14 CD3 CD20
DAPI DAPI DAPI

Figure 3. Mast cell interaction with immune cells in rheumatoid arthritis (RA) synovial tissue. RA synovial
tissue was analyzed by immunofluorescence staining, showing tryptase-positive mast cells (red) closely
interacting with other immune cells (green), including CD14" cells (A), CD3" T cells (B), and CD20" B cells (C).
Nuclear staining with DAPI (blue) is also shown. Representative images from 1 of 3 donors are shown.
Original magnification x40. Boxed areas highlight the cellular interactions.

To quantify these interactions, we counted the number of tryptase-positive cells in
close contact with each cell type. As shown in Table 1, a substantial proportion of mast
cells (mean 19.5%) was found to be in contact with CD14" cells in the synovial tissue of
3 patients with RA. Similarly, the proportion of total CD14" cells interacting with mast
cells was considerably higher than the proportion of B and T cells interacting with mast
cells.

These results show that mast cells in the synovial tissue of patients with RA are in close
contact with immune cells. In particular, a substantial number of synovial mast cells are
localized in proximity to synovial CD14" cells.
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Table 1. Interactions between mast cells (MCs) and other immune cells in RA synovia.

RA1 RA 2 RA3 Mean*
Mast cells 31,3 11,7 30,7 24,6
Close to CD14" 6,7 (21,4%) 1,7 (14,6%) 6 (19,6%) 4,8 (19,5%)
Mast cells 18,7 24 26,3 23
Close to CD20" 1,7 (9.1%) 3(12,5%) 0,3 (1,1%) 1,7 (7.3%)
Mast cells 27,3 25,6 38,3 30,4
Close to CD3" 3,3 (12,1%) 1,7 (6,6%) 2 (5,2%) 2,3 (7,6%)
CD14" cells 80,7 7,0 125,3 71
Close to mast cells 8,3 (10,3%) 0,3 (4,3%) 11,0 (8,8%) 6,5 (9,2%)
CD20" cells 49,6 45,0 240,3 111,6
Close to mast cells 1(2,0%) 0,3 (0,7%) 2,3 (1%) 1,2 (1,1%)
CD3" cells 358,6 0 14,7 124,4
Close to mast cells 6,7 (1,9%) 0(0%) 0(0%) 2,2 (1,8%)

Means of the number of cells counted in 10 high power fields by 3 independent and blind observers. RA =
Rheumatoid arthritis, n=3. *Mean of the three patients.

MODULATION OF MONOCYTE RESPONSES BY IL-33- AND |gG-ACTIVATED MAST CELLS

Since a substantial proportion of mast cells were located near CD14" cells in the RA
synovium (Figure 3 and Table 1), we next examined whether IL-33—primed mast cell
supernatants were able to influence the activation of CD14" cells. To this end, LPS was
used to boost the proinflammatory activation of CD14" monocytes, acting as a model
for TLR-4—induced activation of monocytes. Monocyte responses were evaluated in the
presence or absence of mast cell supernatants. We used TNF production as the
response marker because mast cells produce only minimal amounts of TNF compared
to LPS-stimulated monocytes. As shown in Figure 4A, in the presence of supernatants
of mast cells, the TLR-4—mediated TNF production by monocytes was inhibited.
Activation of mast cells with IL-33 and plate-bound I1gG significantly enhanced the
inhibition of TNF production without affecting monocyte survival (as measured by DAPI
staining) (results not shown). This effect was dependent, in part, on IL-10, since we
found that TNF production could be partially inhibited by anti—IL-10 blocking antibodies
(Figure 4B).

In addition, blocking of histamine receptor 2 with ranitidine also partially reverted the
induced production of TNF by monocytes. When both histamine and IL-10 were
blocked, the ability of monocytes to produce TNF was retained. Importantly, the
possibility that IL-33 may have exerted direct effects on monocytes was excluded, since
no effect on the release of cytokines by monocytes was observed after adding this
cytokine to the control medium.
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Figure 4. Mast cells (MCs) modulate monocyte activation. A, Monocytes were incubated either with
control medium containing the same stimuli as used for mast cells (i.e., interleukin-33 [IL-33]) or with
mast cell supernatants, followed by triggering with lipopolysaccharide (LPS). Levels of tumor necrosis
factor (TNF) in cell cultures stimulated with 1L-33 and/or plate-bound IgG (pblgG) were measured by
enzyme-linked immunosorbent assay after 18 hours. TNF levels in mast cell supernatants were below
the predetermined level of detection (dotted horizontal line). B, Monocytes were incubated with the
supernatants of activated mast cells and anti—IL-10 blocking antibody, correspondent isotype control,
the histamine receptor 2 antagonist ranitidine, or the latter two combined. Levels of LPS-induced TNF
are shown as a percentage of the values in control (ctr) medium, which was set at 100%. Results in A
and B are the mean+SEM in samples from 6 monocyte donors and 12 mast cell donors in 5
independent experiments. C, Monocytes were left unstimulated (unstim) or were triggered with LPS
after incubation with mast cell supernatants (IL-33+plate-bound 1gG) or control medium with IL-33
alone, together with anti—IL-10 blocking antibody, isotype control, or ranitidine. Expression of CD80
by monocytes was analyzed by flow cytometry (right; representative results shown) and quantified as
the mean+SEM percentage expression in samples from 6 monocyte donors and 8 mast cell donors in
4 independent experiments (left). *=P < 0.05 by Student's t-test for comparison between 2 groups,
and by analysis of variance with Bonferroni post hoc test for multiple comparisons.

Membrane markers of monocyte activation were also evaluated, and the influence of mast
cell mediators was assessed with blocking experiments. Interestingly, the LPS-induced
expression of the costimulatory molecule CD80 was reduced by mast cell supernatants
(Figure 4C). This effect was mainly dependent on histamine, since the down-regulated
expression of CD80 could be reversed by incubation with the histamine receptor 2
antagonist ranitidine.
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Taken together, these findings indicate that activation of mast cells triggered by IL-33
inhibits the proinflammatory responses of monocytes, as shown by the suppression of TNF
production and CD80 expression. This effect is presumably mediated through the release of

IL-10 and histamine.
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Figure 5. Gene expression in the synovial tissue of patients with early rheumatoid arthritis. A and B,
Levels of mRNA for immune cell markers and tumor necrosis factor (TNF) (A) and for mast cell—
specific genes (B) in patients with moderate disease activity (defined as a Disease Activity Score in 28
joints [DAS28] 3.2 to <5.1) and those with severe disease activity (DAS28 >5.2). Symbols represent
individual patients; horizontal lines indicate the mean. *=P < 0.05 by Student's t-test. C, Correlation
of interleukin-33 (IL-33) mRNA levels with levels of CD14, Fcy receptor type lla (FCGR3A), and TNF
mRNA. Each symbol represents an individual patient (n=40), with the regression line and the
Pearson's correlation coefficient. CD3G=CD3 antigen, y subunit; CD14=monocyte differentiation
antigen CD14; FCGR3A=Fc fragment of I1gG, low affinity Illa (receptor for CD16); KIT=c-Kit hardy-
zuckerman 4 feline sarcoma viral oncogene homolog (stem cell factor receptor); FCER1A=Fc fragment
of IgE, high affinity | receptor for a subunit; IL1RL1=interleukin-1 receptor—like 1 (ST2/IL-33
receptor); MS4A2=membrane-spanning 4 domains, subfamily a, member 2 (FceRIB);
ENPP3=ectonucleotide pyrophosphatase/phosphodiesterase 3; HDC=histidine decarboxylase;
TPSAB1=tryptase, a/B-1; TPSD1=tryptase, 6-1; CMAl=chymase 1; CPA3 =carboxypeptidase A3, mast
cell; CTSG=cathepsin G; HPGDS=prostaglandin d2 synthase, hematopoietic; LTC4S=leukotriene c4

synthase.
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INVERSE ASSOCIATION BETWEEN SYNOVIAL EXPRESSION OF MAST CELL-RELATED GENES
AND DISEASE ACTIVITY IN EARLY RA

To investigate whether the mast cell-mediated immunomodulatory/homeostatic functions
observed in vitro might have a functional relevance in patients with RA, we analyzed the
expression of MRNA extracted from the synovial biopsy tissue of patients with early RA (<12
months’ duration) who were naive to DMARD therapy. As expected, the levels of mMRNA for
immune cell markers (e.g.,, CD3, CD14, and CD16) and TNF were significantly higher in
patients with severe disease activity (measured as the Disease Activity Score in 28 joints
[DAS28] (39), with severe disease activity defined as a DAS28 of >5.2) than in patients with
moderate disease activity (defined as a DAS28 of 3.2 to <5.1) (Figure 5A). In contrast, the
opposite observation was made for the mRNA expression levels of mast cell—specific genes,
selected on the basis of a recent study describing highly specific genes for human mast cells
(40).

Using the mRNA levels of these genes as a proxy for the presence of mast cells, we
observed that most of the mast cell-related genes (such as c-Kit, a/Bl-tryptase, and
chymase, among others) displayed a significantly lower expression in patients with severe
disease activity compared to patients with moderate disease activity (Figure 5B).

These findings are consistent with the observations made in our in vitro studies, as they
suggest that mast cells, unlike other immune cells, are not associated with a more severe
clinical phenotype. Finally, the levels of IL-33 mRNA showed an inverse correlation with the
levels of proinflammatory markers, such as CD14, FcyRllla, and TNF (Figure 5C).
Supplementary Table 2 (online) provides the raw RNA sequence data on the analyzed genes
in the 40 patients with early RA.

Taken together, these findings further support our hypothesis that IL-33—mediated
activation of mast cells has an immunomodulatory/homeostatic role in RA and could
potentially influence the level of disease severity in patients with RA.

DISCUSSION

Persistency of inflammation is the hallmark of RA. In particular, an imbalance between pro-
and antiinflammatory signals is presumed to be the basis of the chronic inflammation
observed in the course of RA. Among the many cells and pathways potentially involved in
this process, we have now identified IL-33—mediated mast cell activation as a new
mechanism leading to the down-regulation of immune responses in the context of RA. To
examine the involvement of mast cells in the inflammatory response in RA, we investigated
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their activation by plate-bound immune complexes (plate-bound IgG) and found that
activation of mast cells can be modulated by IL-33, a cytokine previously implicated in the
ability of mast cells to contribute to experimental arthritis (23). It has been suggested
that IL-33 induces the accumulation of proinflammatory cytokine mRNA in murine mast
cells (21), whereas no clear mechanisms were proposed to explain the combined effects
of IL-33 and immune complexes on human mast cells (22). Our data show that IL-33, via
its receptor ST2, induces the expression of the activating receptor for the Fc fragment of
lgG (FcyRlla) in human mast cells. This, together with the observations of additional
intracellular interactions, might explain the enhancement of IgG-mediated activation of
mast cells in the presence of IL-33.

We recently showed that mast cells can be activated by immune complexes formed by
binding of ACPAs from the sera of patients with RA to citrullinated antigens, a response
that can be augmented by the triggering effects of TLRs (17). In the present study, we
extended these findings by showing that IL-33 augments the activation of mast cells
induced by IgG ACPAs. Overall, these observations suggest that mast cells, activated by
IL-33 and IgG, both of which are known to be present in the synovial compartment, might
contribute to the inflammatory response in RA, thereby supporting the longstanding
hypothesis that mast cells play a deleterious role in RA. By further exploring the influence
of IL-33 on mast cell activation, we found that IL-33 induces human mast cells to release
immunomodulatory mediators, such as IL-10 and histamine, as well as other cytokines
associated with type 2 immune responses, such as IL-5 and IL-13. The release of these IL-
33—-induced mediators was further enhanced by IgG triggering. In particular, the
combined stimulation with IL-33 and IgG showed a synergistic effect that, intriguingly,
was present for IL-33—induced mediators (such as IL-5, IL-10, IL-13, and histamine) and
absent for mediators induced by 1gG (such as CXCL8/IL-8). These findings are important
because they indicate that I[L-33 is able to prime mast cells toward a
Th2/immunomodulatory phenotype, a phenotype that becomes more prominent
following the concomitant activation of mast cells by I1gG.

Since IL-33 is found in the synovial fluid of patients with RA, we hypothesized that the
effects of IL-33 on mast cells might be relevant in modulating the immune responses in
RA, by, for example, influencing the behavior of other synovial immune cells.
Immunostaining of the RA synovial tissue demonstrated that human synovial mast cells
were in close proximity to CD14" monocyte/macrophages, CD3" T cells, and CD20" B cells.
In particular, synovial mast cells were most commonly found in proximity to CD14"
monocyte/macrophages. Without implying that such interactions are specific for RA,
these findings could nevertheless indicate that mast cell-monocyte interactions at the

synovial level are frequent and might, therefore, have functional consequences.

130 | CHAPTER6



To validate the hypothesis that IL-33 triggering of mast cell activation may exert
immunomodulatory effects, we explored the ability of these cells to influence monocyte
responses. Mast cells activated with IL-33 and plate-bound IgG were able to dampen the
activation of monocytes, inhibiting both the production of the prototypic
proinflammatory cytokine TNF and the up-regulation of the costimulatory molecule
CD80. These effects were mediated, at least in part, by the release of IL-10 and histamine
from mast cells. Among other mediators with known immunomodulatory functions, IL-4
was recently shown to be responsible for mast cell-mediated inhibition of peritoneal
macrophage phagocytosis in a mouse model of sepsis (41). However, we consider the
involvement of mast cell-derived IL-4 in our in vitro system to be unlikely, since we could
not detect this cytokine in the supernatants of stimulated mast cells. In our experiments,
monocytes were stimulated with bacterial LPS, acting via TLR-4, a commonly used model
to study monocyte activation. Independent of the effects of LPS, several endogenous
stimuli, ligands of TLR-4, have been implicated in the pathogenesis of RA (42), suggesting
that the inhibition of TLR-4—mediated activation of monocytes by mast cells might be
relevant in the context of RA.

Although several studies explored the ability of mast cells to influence both innate (41,
43) and adaptive (44, 45) immune responses, the direct cross-talk between human mast
cells and monocyte/macrophages has never been investigated. This study is the first to
show that mast cells and CD14" monocyte/macrophages can interact at the synovial
level. Furthermore, mast cells triggered with stimuli known to be present in the inflamed
synovium and classically considered to be proinflammatory (i.e., 1L-33 and IgG)
surprisingly gain the ability to suppress the activation of monocytes.

Taken together, these findings might help to understand the contrasting observations
obtained in animal models of arthritis, in which, upon mast cell depletion, their pro- or
antiinflammatory functions might be revealed or balanced, depending on the specific
experimental conditions. Moreover, considering the heterogeneity of RA, the role of
human mast cells might be even more complex and possibly multifaceted (2). Most of the
evidence points toward a deleterious role for mast cells in patients with RA, with some
reports proposing the mast cell c-Kit receptor as a therapeutic target (46-49). However,
these studies used relatively nonspecific inhibitors (multitargeted tyrosine kinase
inhibitors), which could have effects on other receptors on different cells (50). Similarly,
the alarmin IL-33 has been proposed as a promising treatment target for RA (51), even
though its involvement in the pathogenesis of RA has not been clearly established (33).
Our results indicate that mast cells, in addition to their well-known proinflammatory
functions, are also able to mediate regulatory/homeostatic responses, in particular when
exposed to IL-33.
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To confirm the relevance of the latter hypothesis, we studied a cohort of patients with
early (duration <12 months) RA who were naive to DMARD therapy. Interestingly,
although the presence of many types of immune cells, as determined by cell-specific
gene expression, was associated with high disease activity, the presence of mast cells
displayed an inverse association with disease severity. At the same time, IL-33 mRNA
levels were inversely correlated with the levels of proinflammatory markers, such as
CD14, CD16 (FcyRIIIA), and TNF. These observations make it tempting to speculate that
mast cells, in particular when triggered by IL-33, could function in an immunomodulatory
manner in the synovial tissue of patients with RA. Thus, the findings provide a rationale
for future studies aimed at unravelling the complex influence of mast cells on disease
activity in different stages of RA.

In conclusion, the results of this study indicate that mast cells, finely balancing between
their well-known proinflammatory functions and their IL-33—triggered anti-inflammatory
play a
immunomodulatory/homeostatic cells in the pathogenesis of RA.

functions as observed herein, might previously unrecognized role as
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Supplementary Figure 1. FACS and multiplex analyses of IL-33 and pblgG-triggered mast cells. Mast cells
were triggered with IL-33 or plate bound IgG for 24h. A, Expression of CD203c (left) as Median Fluorescence
Intensity (MFI) ratio to isotype, and CD63 (right), as % of positive cells. Each symbol represent a mast cell
donor (n=12) from 5 independent experiments. *p<0.05 determined by ANOVA with Bonferroni’s post-test
(for multiple comparisons) B, Of the 42 mediators included in the panel, the ones above minimal detection
levels are shown**. Levels of each mediators in IL-33 and IgG-triggered mast cells were compared, black
arrows indicate mediators which levels were significantly higher in IL-33-triggered mast cells, grey arrows
mediators which levels were significantly higher in IgG-triggered mast cells. n=3 mast cells donors, 3
independent experiments. *p 0.05 determined by Student’s t test, comparing IL-33 and IgG-triggered mast
cells for each mediator. **As IL-8 levels were over the detection range, this cytokine is not shown (IL-8

levels were already measured by ELISA, as shown in Figure 1).
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