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Abstract

Complement activation correlates to rheumatoid arthritis disease activity, and increased
amounts of the complement split product C5a is observed in synovial fluids from rheumatoid
arthritis patients. Blockade of C5a or its receptor (C5aR) is efficacious in several arthritis
models. The aim of this study was to investigate the role of C5a and C5aR in human rheu-
matoid arthritis and psoriatic arthritis—both with respect to expression and function. Synovial
fluid, blood and synovial samples were obtained from rheumatoid arthritis, psoriatic arthritis
and osteoarthritis patients as a less inflammatory arthritis type, and blood from healthy sub-
jects. Cells infiltrating synovial tissue were analysed by immunohistochemistry and flow
cytometry. SF and blood were analysed for biomarkers by flow cytometry or ELISA. The
effect of a blocking anti-human C5aR mAb on leukocyte migration was determined using a
Boyden chamber. Appropriate statistical tests were applied for comparisons. C5aR™ cells
were detected in most rheumatoid arthritis, in all psoriatic arthritis, but not in non-inflamma-
tory control synovia. C5aR* cells were primarily neutrophils and macrophages. C5aR™ mac-
rophages were mainly found in lymphoid aggregates in close contact with T cells. C5a levels
were increased in both rheumatoid arthritis and psoriatic arthritis synovial fluid compared to
osteoarthritis, and in blood from rheumatoid arthritis compared to healthy subjects. Neutro-
phil and monocyte migration to rheumatoid arthritis synovial fluid was significantly inhibited
by anti-C5aR. The data support that the C5a-C5aR axis may be driving the infiltration of
inflammatory cells into the synovial fluid and synovium in both rheumatoid and psoriatic
arthritis, and suggest that C5a or C5aR may be a promising treatment target in both
diseases.
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Introduction

The complement system plays a central role in the immune system by constituting a non-cellu-
lar system for protection against pathogens via a protease cascade leading to the activation of
several effector molecules downstream of three activation pathways (classical, lectin and alter-
native). Effector molecules include C3b leading to opzonization, the membrane attack com-
plex directly leading to cell lysis, and the formation of anaphylatoxins (C3a and C5a) with
chemotactic and other pro-inflammatory properties [1]. C5a exerts its function on cells
expressing the C5aR receptor. An alternative non-signalling receptor is identified, but the
function of this receptor is disputed, but data indicates that C5L2 functions as a intracellular
inhibitor of C5a-induced C5aR signalling [2, 3].

The complement system is suggested to play a major role in rheumatoid arthritis (RA) path-
ogenesis, where complement activation products are found to be increased in synovial fluid
(SF) to higher levels than in the matching plasma [4]. Moreover, the level of complement acti-
vation correlates with disease activity [5-7]. Complement polymorphism is shown as a likely
player when increasing the concentration of active C5a in RA joints [8].

One of the major effector molecules in the complement system is the split product C5a of
complement C5. This highly proinflammatory molecule acts on C5a-receptor (C5aR) positive
cells, which include granulocytes, monocytes, subsets of macrophages, dendritic cells and mast
cells, while expression on T cells is debated [9, 10]. C5a is a potent chemoattractant, but is also
activating C5aR-positive cells: It induces oxidative bursts and release of effector molecules
from neutrophils, and cytokines from monocytes and macrophages. A number of studies dem-
onstrate, furthermore, that C5a enhances T-cell activation, most likely via action on C5aR-pos-
itive cells [11], and C5a is shown to be upregulated in RA SF [12, 13]. In contrast to RA, no
data exist on the role of complement in the pathogenesis of psoriatic arthritis (PsA) [14].

Complement is necessary in arthritis development in the collagen-induced arthritis (CIA)
model [15], and an active role of C5a has also been implicated in other arthritis models: C5aR
deficiency protects against arthritis in collagen antibody-induced (CAIA), the chronic autoim-
mune SKG, and the K/BxN serum transfer models [16-19], while anti-C5a or-C5aR blockade
is efficacious in collagen-induced (CIA) and rat antigen-induced arthritis [20, 21]. We specifi-
cally demonstrated a therapeutic effect of an anti-C5aR mAb in the CIA model, where C5aR
blockade inhibited infiltration of monocytes and neutrophils into the paw, and decreased lev-
els of several pro-inflammatory cytokines [22].

In RA monocytes migrate into the synovial tissue and differentiate into macrophages [23].
Number of synovial macrophages is correlated to level of local disease activity and joint
destruction [24, 25], and synovial macrophages have been identified as the best clinical
response marker for glucocorticosteroids, methotrexate, leflunomide and infliximab [26, 27].
Furthermore, the beneficial effect of antibodies targeting TNFa, IL-1, and IL-6 may support
the role of macrophages in RA pathogenesis, since macrophages produce high amounts of
these cytokines. Other cells, including neutrophils, also express these cytokines [28]. Neutro-
phils are the most abundant cell type in RA SF [29], and when activated produce effector mole-
cules and process endocytosed material [30-35]. Neutrophils are also found in the synovium,
mostly in the pannus/articular junction, where they are associated with complement deposi-
tion and proteoglycan degradation [36-40]. Cases where increase in neutrophil counts upon
G-CSF treatment of neutropenia in Felty’s syndrome is, furthermore, associated with RA flare
[41-43]. Finally, in RA glucocorticoids, leflunomide, methotrexate and anti-TNFo. mAbs
inhibit neutrophil influx into inflamed joints [44-48]. Several lines of evidence therefore sup-
port a pathogenic role of neutrophils in RA.
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Based on the hypothesis that the C5a-C5aR axis is playing a major role in initiating and/or
maintaining inflammatory joint diseases, our aim was to investigate C5a and C5aR presence in
blood and SF from RA and PsA. Our approach was first to perform immunohistochemical
analyses of synovia from one patient cohort to identify infiltrating C5aR-positive cells. Then
we measured the levels of C5a in blood and SF in another cohort to see whether these correlate
to the level of systemic and local inflammation, and to the number of neutrophils recruited to
the SF. Finally, we performed functional assays analysing the impact of C5aR blockade on neu-
trophil and monocyte migration towards patient SF.

Our results indicate that the C5a-C5aR axis is important in the onset of inflammation and
driving the influx of immune cells into the synovium in RA and PsA.

Materials and methods

The protocol for this study can be accessed from protocols.io, DOI: 10.17504/protocols.io.
kmxcu7n.

Immunohistochemistry

Human material. Human tissue samples from RA, PsA and OA, as well as from non-
inflammatory controls, used in the present study are listed in Table 1.

Ethics. All human materials were obtained with written informed consent from the
donors and approval from local ethical committees (H-4-2009 DK; BioCat Ge; Cambridge Bio-
Sciences, Supplier information: Tissue Supply Network (http://www.bioscience.co.uk)).

Sectioning. Fixed paraffin embedded cell and tissue sections were cut at a nominal thick-
ness of 3 um, mounted on Superfrostﬁ Plus microscope slides, and stored at -20°C until further
processing.

Table 1. Human tissues used in the present study.

Non-inflammatory control’

Number of Provider

samples

Synovium?3 7 Biochain Institute Inc./BioCat GmbH, Heidelberg,

Germany

Cambridge BioScience (Cambridge, UK)
Inflamed Synovial Tissue
Rheumatoid arthritis—Synovial biopsies obtained from patients undergoing joint 35 Biochain Institute Inc./BioCat GmbH, Heidelberg,
replacements®®* Germany

Cambridge BioScience (Cambridge, UK)
Rheumatoid arthritis—Synovial biopsies obtained from patients undergoing 8 Parker Institute
synovectomy®® Copenhagen, DK
Osteoarthritis—Synovial biopsies obtained from patients undergoing joint 27 Biochain Institute Inc./BioCat GmbH, Heidelberg,
replacements34”7 Germany

Cambridge BioScience (Cambridge, UK)
Psoriatic arthritis—Synovial biopsies obtained from patients undergoing joint 10 Biochain Institute Inc./BioCat GmbH, Heidelberg,
replacements®347 Germany

Cambridge BioScience (Cambridge, UK)

"Histopathologically classified as being within normal limits.

2Obtained post-operational.

3Tissue microarrays (TMA) containing cores of synovial biopsies. Biopsies obtained from

“Knee
SFinger
SWrist, and
"Hip joints.

https://doi.org/10.1371/journal.pone.0189017.t001
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Antibodies. Antibodies and conjugated detection kits used for immunohistochemical
studies are listed in Table Al in S1 Text.

Immunohistochemical methods. Immunohistochemical (IHC) staining for C5aR and
double-immunofluorescence staining for characterization of C5aR" cells were carried out and
is described in S1 Text.

Microscopic analyses. Sections were evaluated by virtual microscopy using either a
Hamamatsu NanoZoomer (Hamamatsu Denmark, Ballerup, Denmark), or a FV10i Laser
scanning microscope (Olympus Denmark A/S; Ballerup, Denmark), and an Olympus BX51
reflected fluorescence system microscope equipped with selective AMCA, FITC and Texas-
Red filters, and a DP70 digital camera (Olympus Denmark A/S; Ballerup, Denmark).

Flow cytometry analysis of RA synovial tissue cells

Tissue and ethics. RA synovial membranes were obtained from patients undergoing joint
replacement surgery or synovectomy at a London hospital and fulfilling the American College
of Rheumatology (ACR) criteria for RA [49], and who had given written informed consent to
participation in this study. The local ethics committee approved the study (London Riverside
Research Ethics Committee, 1752). The tissues came from 1 hip joint, 3 knee joints, 2 elbow
joints, 1 wrist joint and 2 from hand joints.

Cell preparation. Single-cell suspensions of RA synovial tissue biopsies were prepared as
described in S2 Text.

Study of matching samples of synovial fluid and blood

Patients and ethics. For assessment of paired blood and SF samples, a total of 30 patients
with active RA, 10 patients with active PsA, and 19 patients with active OA were recruited
from the day clinic at the Parker Institute, Copenhagen University Hospital, Bispebjerg and
Frederiksberg. OA was included, since it was considered to present swollen knees which were
less inflammatory than RA and PsA, and non-inflammatory controls were not available due to
ethical issues. A healthy control group (HC), 30 age- and sex-matched subjects, were recruited
via the Copenhagen City Heart Study (https://www.herlevhospital.dk/afdelinger-og-klinikker/
klinisk-biokemisk-afdeling/forskning/Sider/Herlev-oesterbroundersoegelsen.aspx), or via
advertising, for blood sampling. The study was approved by the Capital Region of Denmark’s
ethical committee (No. H-4-2009-117), and was carried out according to the Helsinki Declara-
tion (http://www.wma.net/en/30publications/10policies/b3/index.html).

For patients, inclusion criteria were: Written informed consent given; A diagnosis of RA
according to the ACR1987 criteria [49], or PsA defined according to ‘Classification criteria for
Psoriatic arthritis’ (CASPAR) [47], or OA according to the ACR-criteria [50]; Active arthritis
with joint swelling and tenderness.

Exclusion criteria were: An alcohol consumption of more than an amount equivalent to 1
unit of alcohol 12 hours or less prior to sampling; Active medical treatment for other chronic
diseases than the arthritic condition; Prior to study enrolment in active treatment with any of
the following medications: Glucocorticoid unless given in stable doses equivalent to < 10 mg
of prednisone orally /day the preceding month, or intra-articular, intra-muscular or intra-
venous corticosteroids within the last month, or Cyclosporine, Azathioprine, Penicillamine,
Etanercept, Infliximab, Abatacept, Efalizumab, Alefacept, Adalimumab, intravenous immuno-
gammaglobulins (IVIG), Rituximab, or Gold therapy. During the course of the disease, it was
acceptable that the patients previously had been in active treatment with any of the above listed
medications. In such cases, the treatment must have been discontinued at least 1 month prior
to enrolment into the study.
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For HC, inclusion criteria were: Written informed consent given; Not suffering from any
disease, acute or chronic; No regular intake of medicine; Not pregnant; Not appearing to have
an alcohol problem.

Procedures. Prior to inclusion and visit, the subjects were pre-screened per telephone,
and study information was sent to possible participants. At the visit, the subject came fasting
for the assessment by a rheumatologist. Demographics and clinical data were registered, joint
scores were taken, and there was a possibility to ask questions about participation before giving
written consent. If enrolled, fasting blood test was taken, and Patient-Reported General Health
(PtGH) was assessed on a 100 mm Visual Analogue Scale (VAS) with 0 being best and 100
being worst case. Finally SF was aspirated from affected joint under ultrasound guidance.
C-Reactive protein (CRP), anti-cyclic citrullinated peptide (anti-CCP) and rheumatoid factor
(RF) were measured in the blood samples, and DAS28crp was finally calculated.

The HCs received written material prior to visit, where they were seen by a laboratory tech-
nician and had a possibility to ask questions concerning participation before giving written
consent. Then demographics were registered and fasting blood tests were taken to confirm the
health status as healthy.

Treatment of samples. From the blood samples cells isolated from EDTA-sampled full-
blood were used directly for flow cytometry, and EDTA-plasma and serum was frozen at
-80°C for further measurements.

Cells isolated in EDTA tubes from synovial fluid were also directly used for flow cytometry.

Protocol for flow cytometry of fresh blood and SF cells. Blood and SF cells were pre-
pared and measured as described in S3 Text, particularly looking for neutrophils and mono-
cytes and presence of C5aR.

Measurements of C5a and multiplex protein analysis. Plasma and SF C5a/C5a desArg
were measured by a sandwich ELISA from BD Bioscience. In brief, microtiter plates were pre-
coated with monoclonal antibody specific for human C5a/C5a desArg. A standard was sup-
plied with the kit containing lyophilized human serum containing a specific amount of C5a
desArg. A calibrator curve was prepared by spiking C5a desArg standard into standard diluent
(animal serum), ranging from 0.078 ng/ml to 5 ng/ml. In addition, three quality control sam-
ples (QCs) were prepared covering Low (0.25 ng/ml), Medium (2 ng/ml) and High (4 ng/ml)
level of the standard curve. Any C5a/C5a desArg in the samples was bound to the plate, and
was detected by a mixture of biotinylated anti-human C5a antibody and streptavidin-HRP fol-
lowed by colorimetric detection using Tetramethylbenzidine. The plate was read at 450 nm
and reference at 620 nm on a Tecan Sunrise reader controlled by Magellan™', Tecan Trading
AG, Switzerland. The instrument response was exported to WatsonLIMS™ software, Ther-
moFishes Scientific, where plasma concentrations were quantified.

SFs from RA patients were sent to Myriad RBM for analysis on their Human Discovery-
MAP® 175+ v1.0, a 45-biomarker Multi-Analyte Profile (MAP) designed to discern inflam-
matory biomarker patterns.

Migration assay in Boyden Chamber. Isolation of cells and the Boyden Chamber method
to look at migration of granulocytes and monocytes are described in detail in S4 Text.

For all migration studies, only assays where migration towards SFs were significantly above
migration towards medium, as determined by Student’s t-test, were included in the analysis.

Statistics

Student’s t-test was used for group comparisons, Spearman’s Rank correlation test for correla-
tions tests. Bonferoni correction was used to correct for multiple comparisons.
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Results
Immunohistochemistry of synovium

IHC analyses were performed on synovial tissue samples from joint replacement from patients
with RA, PsA and OA, as well as on synovectomy biopsies from patients with RA. In synovial
samples from joint replacement, infiltrating C5aR-positive (C5aR") cells were demonstrated in
80% of patients with RA, in 100% of patients with PsA and in 73% of patients with OA,
whereas no C5aR" cells were infiltrating the synovium from non-inflammatory controls.
C5aR" cells were present in the synovial lining in all groups investigated. In synovial biopsies
obtained by synovectomy, C5aR" cells were present in 100% of patients with RA (Table 2, Fig
1). The C5aR" infiltrating cells in OA synovial tissue were observed only when lymphoid
aggregates were present, and with fewer positive cells present compared to RA. Double-immu-
nostaining for CD68 and C5aR revealed that the majority of infiltrating C5aR™ cells in all
patient groups was CD68" macrophages (Table 2, Fig 2A-2C). The numbers referred to in
Table 2 are given as positive samples out of the total number of samples, meaning a positive
sample harbour C5aR" cells and a negative sample do not. PMN/macrophage C5aR negative
cells are present in the synovia, which could be explained by either a downregulation of C5aR
in macrophages or lack of activation of macrophages leading to induction of C5aR expression.

For RA patients, the frequency of C5aR™ macrophages was slightly higher in biopsy samples
compared to the findings in synovial samples from joint replacements. The C5aR*CD68" mac-
rophages were found in the synovial sublining layer interspersed in lymphoid aggregates and
in the synovial stroma with up to 50% of the C5aR" cells being CD68" double-positive. All
C5aR" cells present in the synovial lining were found to be CD68" macrophage-like synovio-
cytes. Germinal centres were not seen in the lymphoid aggregates. Double immunostainings
for C5aR and CD3 (T cell marker), showed that in none of the diseased synovial samples (RA;
OA and PsA) did CD3™ T cells express C5aR, but the C5aR" cells were found in close proxim-
ity to the T cells (Table 2, Fig 2D). This observation might indicate the physical possibility of
an indirect activation of T cells from C5aR" cells.

Immunostaining for Myeloid peroxidase (MPO neutrophil marker) showed profound infil-
tration of neutrophils into the synovium from patients undergoing joint replacements in 58%
of RA, in 88% of PsA, and 26% of OA patients, while no neutrophils were found in the syno-
vium of non-inflammatory controls (Table 2). While 90% of neutrophils located in the lumen
of synovial blood vessels were C5aR-positive, as determined by double staining for MPO and
C5aR, only 5% of the neutrophils infiltrating the synovium from either RA or OA patients
undergoing joint replacement were C5aR" (Fig 2E). In contrast, up to 25% of the extravascular

Table 2. Summary of C5aR expression and characterization of C5aR-positive cells in the synovium from patients with RA, OA, PsA and from non-
inflammatory controls.

Cell type RA' RA' OA' PsA! Non-inflammatory control'2
Joint replacement Synovectomy

C5aR* cells 28/35 8/8 11/15 10/10 3/7*

C5aR*MPO* neutrophils 11/19 6/8 7127 7/8 0/7

C5aR*CD68* macrophages 11/16 7/7 10/21 7/7 3/4*

C5aR*CD3* T cells 0/19 ND 0/27 0/2 0/5

"Number of positive samples/total number of samples included in the study.

2Histopathologically classified as being within normal limits.

Abbreviations: ND: Not done; OA: Osteoarthritis; PsA: Psoriatic arthritis; RA: Rheumatoid arthritis.
*Single or double-positive cells present in synovial lining.

https://doi.org/10.1371/journal.pone.0189017.t1002
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Fig 1. C5aR expression in the synovium from rheumatoid arthritis, osteoarthritis psoriatic arthritis, and non-inflammatory
control. Immunohistochemical staining for C5aR (A, B, C, E and F), and for the IgG2a isotype control antibody (D). Synovium from
patients with RA undergoing joint replacement is shown in (A), and synovectomy, (C, D). Synovium from patients with OA is shown
in (E), and PsA in (F). Synovium from a non-inflammatory control is seen in (B). Numerous infiltrating C5aR* cells (in brown) are
seenin A, C and F. Intravascular C5aR* neutrophils are seen in C and E (arrowheads). Note the lack of immunoreactivity in the non-
inflammatory control (B). Nuclei (in blue) were counterstained with haematoxylin. Bars: (A, B, E and F) 50 um, (C and D) 100 um.

https://doi.org/10.1371/journal.pone.0189017.9001

neutrophils in PsA and in RA samples obtained by synovial biopsies were double-positive for
C5aR and MPO (Fig 2F). In all patient groups were the vast majority of intravascular MPO™
neutrophils found to be C5aR™.
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Fig 2. C5aR expression by macrophages and neutrophils, but not by T cells in the synovium of rheumatoid arthritis.
Double immunofluorescence staining for C5aR (red signal A—F) and either CD68"* macrophages (green signal A, B and C), CD3*
T cells (green signal in D), or MPO* neutrophils (green signal in E and F) of the synovium from rheumatoid arthritis patients
undergoing joint replacement (A, B, D and E) or synovectomy (C and F), analysed by confocal microscopy (A, B, D and E) and
epifluorescence microscopy (C and F). Framed area in E is seen in B. Note the co-localization of C5aR and CD68" macrophages in
A, B and C, and MPO™" neutrophils F, and lack of co-localization with a CD3* T cell in D. The nuclei (in blue) were counterstained
with Hoechst. Bars: (A) 100 pm, (B and D) 5 ym, (E) 500 pm, (C and F) 50 pm.

https://doi.org/10.1371/journal.pone.0189017.9002
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Flowcytometry of RA synovial cells

To assess the frequency of cell subsets of macrophages and infiltrating neutrophils present in
RA synovial tissue, flowcytometry measurements of present neutrophils and macrophages
were carried out on explants obtained from synovium from joints from nine RA patients were
obtained. A detailed flowcytometry analysis of freshly isolated cells surface expression of C5aR
confirmed the immunohistochemical findings described above. Infiltrating neutrophils and
macrophages constituted 1.3% and 50%, respectively, of infiltrating CD45™ cells in the assessed
synovia. The percentage of cell subsets varied between individuals. Within the viable hemato-
poietic cell compartment, CD14+ macrophages were most abundant, ranging from 23 to 70%
of CD45+ cells, followed by T cells (6 to 30% of CD45+ cells).

Flowcytometry of SF cells

Demographic data on participating patients is given in Table 3. In synovial fluids from RA and
PsA patients, all neutrophils and monocytes expressed C5aR. Neutrophil and monocytes con-
stituted on average 37% and 9% of the cells in the SF cells in RA, 58% and 7% in PsA patients.
For comparison, these were 5% and 9% in OA, thereby questioning OA as a non-inflammatory
control for the others.

Cbhalevelsin SF

The level of C5a in SF from RA and PsA patients was compared to the level found in OA
patients. These were considered the best non-inflammatory controls available, although low
inflammation is likely to be present due to the presence of a swollen knee and the above
described findings of neutrophils and monocytes in SF. C5a levels in RA patients were found
to be significantly elevated in RA compared to OA. The same was the case for PsA (Fig 3A).
In plasma the C5a level in RA was elevated relative to healthy controls (demographic data
see Table 3), but not relative to OA (Fig 3B).
In RA, SF C5a correlated both to DAS28 and to the plasma CRP level (p < 0.01 and
p < 0.0001, respectively. For PsA, SF C5a correlated to DAS28 (p < 0.01) but not to plasma

Table 3. Demographic data on the subjects providing blood and synovial fluid.

Male/
Female
RA 4/25
PsA 4/7
OA 8/10
HC 8/24

Median Age (Range) Years Disease *RF *anti-CCP CRP DAS28cgrp
Male/ Duration Male/ Male/ Male/ Male/
Female Months Female klU/I Female Female mg/I Female

Male/ u/l

Female
62(52-76)/ 85,5/ +RF: 4/10 +anti-CCP: 3/11 7,25/ 3,91/
60(33-79) 1211 +RF: 0/15 ~+anti-CCP: 1/14 15,6 3,78
36(36-40)/ 177/ +RF: 0/0 +anti-CCP: 0/0 69/ 4,40/
63(29-66) 69,4 +~RF: 4/7 ~+anti-CCP: 4/7 12,3 3,42
64(45-74)/ 35,6/ +RF: 1/0 +anti-CCP: 0/0 2,75/ 2,91/
72(56-85) 108,7 +RF:7/10 ~+anti-CCP: 8/10 2,5 3,07
52(32-72)/ - *+RF: 11 +anti-CCP: 0/0 1,13/ -
55(35-79 *+RF: 7/22 —+anti-CCP: 8/24 1,30

+RF is defined as RF> 7 klIU/I
*0One HC was not measured for RF. The two +RF were boarder-line +RF with 8 and 9 klU/I. +anti-CCP is defined as <7 U/I. Disease duration is taken from

date for diagnosis.

https://doi.org/10.1371/journal.pone.0189017.t003
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Fig 3. C5a levels in synovial fluids and plasma. A. Synovial fluid levels. B. Plasma levels. Statistical
analysis was with the Student’s t-test. P-values are uncorrected for multiple testing.

https://doi.org/10.1371/journal.pone.0189017.g003

CRP, although a tendency was observed (Spearman’s Rank correlation coefficient = 0.4338),
Fig 4.

Disease duration and levels of rheumatoid factor (RF) and/or anti-citrullinated protein
antibodies (ACPAs) were not correlated to C5a levels. C5a plasma levels were in RA found to
be correlated to the levels found in SF (Spearman’s Rank correlation coefficient = 0.4338;

p = 0.0003), but not in PsA, although a tendency was observed (Spearman’s Rank correlation
coefficient = 0.4273).

Inflammatory markers in RA

RA SF samples were further subjected to a multiplex protein analysis and C5a levels were cor-
related to the measured inflammatory markers.

To correct for multiple comparisons, only markers where correlation to C5a is significant
after Bonferoni correction of p-values were considered. A number of acute phase reactants
(von Willebrand factor, Alpha-1-antitrypsin, CRP, Alpha-2-macroglobulin, haptoglobin and
complement factor 3), a number of cytokines (IL-6, IL-10, IL-1RA, IL-1f, IFNY) in addition to
MMP?9, soluble ICAM-1, soluble TNFR2, Factor VII and TIMP-1 were positively correlated to
C5a, while MMP3 was negative correlated to C5a, Table 4.
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Fig 4. C5a levels in synovial fluids correlate to disease activity. A and B: From RA patients; synovial fluid
Cb5a levels correlate to both DAS28 and plasma CRP (r values of respectively 0.5122 (p = 0.0075) and 0.6881
(p <0.0001). C and D: From PsA patients; synovial fluid C5a levels correlate to DAS28 and plasma CRP (r
value = 0.7727 (p = 0.0053), but not to CRP. Statistical analysis was with Spearman’s Rank correlation test.

https://doi.org/10.1371/journal.pone.0189017.g004

Statistics were carried out using the Spearman’s Rank correlation coefficient. Uncorrected
p-values are given, but all the p-values are significant also after Bonferoni correction. Markers
not fulfilling this criterion, but still positively correlated to C5a if no correction is performed,
were CCL3, IL-8 and TNFo. (all with p-values < 0.01), CCL4, VEGF, IL-4, IL12p40, IL-17A,
IL-7, fibrinogen and soluble VCAM (all with p-values < 0.05). Stem cell factor was negatively
correlated to C5a (p < 0.01).

Immune cell migration

To test the importance of C5a in chemo-attraction of granulocytes and monocytes to SFs from
RA and PsA patients, the effect of a blocking anti-human C5aR mAb on leukocyte migration
was determined using a Boyden chamber system. For RA SFs, granulocyte migration was sig-
nificantly inhibited (p = 0.014) with an average inhibition of 60%, ranging from no inhibition
to total inhibition, while monocyte migration was also significantly inhibited (p = 0.0012) with
an average inhibition of 33%, ranging from no inhibition to total inhibition (Fig 5A). For a sin-
gle subject, anti-C5aR treatment increased migration (corrected p-value < 0.05). We have no
explanation for this. As it seemed that C5aR may have the largest effect on granulocyte migra-
tion into the joint, we also investigated if C5a levels in RA SF correlated to the percentage of
neutrophils in SF. A significant correlation between levels of C5a and the relative proportion
of neutrophils in SF from RA patients was indeed found (p < 0.0001; Spearman r = 0.082) (Fig
5B). Similar data were obtained when using the absolute number of neutrophils in the synovial
fluids (p < 0.0001; Spearman r = 0.081). We only obtained data from 7 PsA SFs for granulocyte
migration and from 2 PsA SFs for monocyte migration: Granulocyte migration was inhibited
with an average inhibition of 79% (ranging from no inhibition to total inhibition), but this was
not significant (p = 0.08). Monocyte migration inhibited 42% in one sample, but not at all in
the other sample. There was no indication of a correlation of C5a levels to neutrophil propor-
tion in the PsA SFs.
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Table 4. Biomarkers in RA SF correlating to C5a levels.

Marker r-value p-value
Von Willebrand factor 0.8403 <0.0001
MMP9 0.8332 <0.0001
IL-6 0.8134 <0.0001
IL-10 0.8133 <0.0001
IL-1RA 0.7354 <0.0001
IL-1B 0.7302 <0.0001
Alpha-1-Antitrypsin 0.7298 <0.0001
ICAM-1 0.7297 <0.0001
CRP 0.6951 <0.0001
Alpha-2-Macroglobulin 0.6785 0.0001
Haptoglobin 0.6655 0.0002
Complement C3 0.6541 0.0002
TNFR2 0.6579 0.0003
IFNy 0.6379 0.0003
Factor VII 0.6248 0.0005
TIMP-1 0.6235 0.0005
MMP3 -0.7994 <0.0001

https://doi.org/10.1371/journal.pone.0189017.t1004

Cb5a —C5aR correlation

Since C5a ligation leads to C5aR internalization, we investigated whether there was inverse
correlation between C5a and C5aR on SF neutrophils and monocytes, as this would indicate
that these cells had been subject to ligand binding. This was indeed the case: C5a exhibited
inverse correlation to C5aR expression on both neutrophils (p = 0.0036 and Spearman’s Rank
correlation coefficient = -0.5928) and monocytes (p = 0.0010 and Spearman’s Rank correlation
coefficient = -0.6291) in SF from RA patients.

Discussion

Our immunohistochemical investigations showed that C5aR-positive cells are infiltrating the
synovial tissues of RA, PsA and OA patients, while no extravascular C5aR-positive cells are
found in samples from non-inflammatory controls. Looking at RA, C5aR" cells were found in
80% of the samples taken during joint replacement, and in 100% of samples obtained from
synovectomy. The latter represents more active disease which is supported by the higher inci-
dence of C5aR-positive cell. The two findings indicate an involvement of C5a/C5aR in the
inflammatory process.

Presence of C5aR in inflamed synovial tissue from RA patients is reported before [51], but
not further defined. We demonstrated that the majority of C5aR-positive cells in RA syno-
vium, as well as in PsA and OA, were macrophages as determined by double-immunostaining
for C5aR and CD68. We also observed that the C5aR" cells were found in close proximity to
the T cells. Although we have no data indicating any functional relevance of this observation,
it is likely that the interaction plays a pathogenic role-either in contributing to local T-cell acti-
vation by antigen presentation by the myeloid cells to the T cell and/or to macrophage activa-
tion by the T cells. In this connection it must be noted that a direct role of the C5a-C5aR axis
in T-cell activation by antigen-presenting cells have been observed, although this is disputed
[11, 52, 53]. However, also C5aR-positive neutrophils were detected, albeit most infiltrating
neutrophils were C5aR-negative. This may indicate that these neutrophils down-regulated
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Fig 5. Anti-C5aR mAb inhibition of migration towards RA synovial fluids. A. PML and monocyte
migration. All values were normalized by setting the migration with isotype control mAb added to 100. Average
inhibition by anti-C5aR mAb was 60% (p = 0.014) for PMLs (n 0 16) and 33% (p = 0.0012) for monocytes
(n=22). B. Relative neutrophil number vs. C5a levels in RA SF. Percentage neutrophils in the synovial fluid
correlate to synovial fluid C5a levels (r value = 0.8182; p < 0.0001). Statistical analyses were Student’s paired
t-testin A and Spearman’s Rank correlation test in B.

https://doi.org/10.1371/journal.pone.0189017.g005

C5aR after extravasation, since the vast majority of intravascular neutrophils were found to be
C5aR-positive, as expected. Although the presence of neutrophils in the synovial fluid of RA
patients is well-known [54], the detection of infiltrating neutrophils in the synovium is less rec-
ognized, despite of earlier reports [37, 40, 55]. These studies also report much fewer neutro-
phils present in synovium from OA patients—in agreement with our observations.

When measuring the level of C5a in SFs from RA patients, we confirmed increased C5a
level in RA SF when compared to OA [12, 13]. We also showed C5a level to be correlated to
DAS28. This is in agreement with earlier studies demonstrating that complement activation in
SF of RA patients correlates to disease activity [5, 6], and specifically to DAS28 [7]. No correla-
tion of C5a to RF was observed. This is in agreement with Doherty et al [5], but in opposition
to Wouters et al [7]. However, in the latter study the level of RF correlates to DAS28. It could
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therefore be concluded that complement activation correlates to disease activity, but not to RF
independently of this. The finding indicates that RF-containing immune complexes may not
be driving complement activation in RA patients, in opposition to what has earlier been pro-
posed [56]. We also did not see any correlation to ACPA titers. In summary, our results indi-
cate that complement activation in patients with RA may not be due to activation of the
classical pathway by immune complexes. Alternatively, it could happen via CRP, as suggested
by others [57], since C5a levels correlate to CRP levels, both in SF and in plasma. Many other
immunomodulatory markers correlated to local C5a titers. These included other acute phase
reactants and the proinflammatory (IL-6, IL-1f and IFNY) and anti-inflammatory cytokines
(IL-1Ra and IL-10). This clearly indicates a correlation between local complement activation
and acute inflammation. We observed a surprising inverse correlation between C5a and
MMP3 in synovial fluids from RA patients. This is in opposition to other studies, where
MMP3 correlates to other proinflammatory biomarkers [58], and we have no explanation for
this apparent discrepancy.

To explore if C5a could be driving synovial influx in RA patients, we performed migration
assays of neutrophils and monocyte towards synovial fluids from RA patients. Here we dem-
onstrated that treatment with a blocking anti-C5aR mAb significantly reduced the migration
of both cell types. This implies that pharmaceutical targeting of the C5a-C5aR axis may reduce
synovial influx of both monocytes and neutrophils, as is indicated by earlier animal studies
[15, 17,19, 22]. A further indication of the importance of the C5a/C5aR in the described cell
migration process is the finding that levels of C5a and the number of neutrophils in synovial
fluid correlate.

In summary, we have provided data to support that the C5a-C5aR axis may be involved in
the pathogenesis of RA. However, an oral C5aR antagonist, PMX53, was investigated in a
small clinical trial of patients with RA, and that no effect on clinical score, macrophage infiltra-
tion or cytokine expression in synovia [59]. It should be noted that pharmacokinetic reporting
in this study was limited to reporting of area under the curve, and that it is highly likely that
the target was not inhibited at all times by the once daily dosings. Futhermore, it has later
appeared that PMX53 is an agonist of Mas-related gene X2 (MrgX2) and via this receptor can
induce mast cell degranulation [60, 61].The anti-C5 antibody, eculizumab, has also been
reported to lack efficacy in patients with RA [1], although details has not been published.
Again, it can be speculated that doses were too low, since the approved indications of eculizu-
mab concerns C5-cleavage in the blood stream, so doses used there may not be sufficient for
blocking C5-cleavage in a tissue, where an antibody will have limited access.

For PsA we obtained results similar to those obtained from RA patients: C5a titers were
increased in synovial fluids, and titers correlated to DAS28 (albeit not to CRP levels). There
was a tendency that anti-C5aR mAb inhibited neutrophil migration to PsA SFs, but this was
not significant. When looking at OA, the SF showed invasion of immune cells, although not to
the degree as seen in RA and PsA. Thus, OA cannot be considered a non-inflammatory con-
trol, but must be considered as a low-grade inflammation in the OA patients appearing with a
swollen joint.

Conclusion

The C5a-C5aR axis is important in the onset of inflammation and driving the influx of
immune cells into the synovium in RA and PsA. The pathway may be a relevant target for
treatment of these patients.

A larger study is though warranted to substantiate this in PsA.
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OA is not a valid non-inflammatory model when comparing arthritic diseases due to a
varying inflammatory profile.

Supporting information

S1 Text. Immunostaining for microscopy.
(DOCX)

$2 Text. Cell prepapration for flow cytometry from synovial tissue.
(DOCX)

S3 Text. Protocol for flow cytometry of fresh blood and SF cells.
(DOCX)

$4 Text. Setup for Boyden Chamber.
(DOCX)

S1 Table. Main data anonymised.
(XLSX)

$2 Table. Synovium FACS data anonymised.
(XLSX)

$3 Table. Boyden Chamber data anonymised.
(XLSX)

Acknowledgments

The Parker Institute is supported by a grant from the OAK Foundation (OCAY-13-309).
We wish to thank the Staff of the Department of Anesthesiology and Day Care Surgery,
Herlev and Gentofte University Hospital, Denmark for support when collecting the biopsy
samples, and Pia Birn, Hanife Dzaferi Farizi and Steen Kryger, NOVO Nordisk A/S, and Eva
Littrup Andersen and Jack Kvistgaard Olsen, the Parker Institute, for technical support.

Author Contributions

Conceptualization: Lars Hornum, Anker Jon Hansen, Ditte Tornehave, Marianne Scheel
Fjording, Henning Bliddal, Else Marie Bartels.

Data curation: Lars Hornum, Anker Jon Hansen, Ditte Tornehave, Marianne Scheel Fjording,
Paula Colmenero, Inger Falbe Witjen, Niels Henrik See Nielsen, Henning Bliddal, Else
Marie Bartels.

Formal analysis: Lars Hornum, Anker Jon Hansen, Ditte Tornehave, Marianne Scheel Fjord-
ing, Paula Colmenero, Inger Falbe Wiitjen, Niels Henrik See Nielsen, Else Marie Bartels.

Investigation: Lars Hornum, Anker Jon Hansen, Ditte Tornehave, Marianne Scheel Fjording,
Henning Bliddal, Else Marie Bartels.

Methodology: Lars Hornum, Anker Jon Hansen, Ditte Tornehave, Marianne Scheel Fjording,
Else Marie Bartels.

Writing - original draft: Lars Hornum, Anker Jon Hansen, Ditte Tornehave, Marianne
Scheel Fjording, Else Marie Bartels.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189017 December 8, 2017 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189017.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189017.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189017.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189017.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189017.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189017.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189017.s007
https://doi.org/10.1371/journal.pone.0189017

@° PLOS | ONE

Cb5a and C5aR in joints of rheumatoid and psoriatic arthritis patients

Writing - review & editing: Lars Hornum, Anker Jon Hansen, Ditte Tornehave, Marianne

Scheel Fjording, Paula Colmenero, Inger Falbe Witjen, Niels Henrik Sge Nielsen, Henning
Bliddal, Else Marie Bartels.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Trouw LA, Pickering MC, Blom AM. The complement system as a potential therapeutic target in rheu-
matic disease. Nat Rev Rheumatol 2017; 13(9):538—47. https://doi.org/10.1038/nrrheum.2017.125
PMID: 28794515

Bamberg CE, Mackay CR, Lee H, Zahra D, Jackson J, Lim YS, et al. The C5a receptor (C5aR) C5L2 is
a modulator of C5aR-mediated signal transduction. J Biol Chem 2010; 285(10):7633-44. https://doi.
org/10.1074/jbc.M109.092106 PMID: 20044484

Sarma JV, Ward PA. New developments in C5a receptor signaling. Cell Health Cytoskelet 2012; 4:73—
82. https://doi.org/10.2147/CHC.S27233 PMID: 23576881

Ballanti E, Perricone C, Greco E, Ballanti M, Di MG, Chimenti MS, et al. Complement and autoimmunity.
Immunol Res 2013; 56(2—-3):477-91. https://doi.org/10.1007/s12026-013-8422-y PMID: 23615835

Doherty M, Richards N, Hornby J, Powell R. Relation between synovial fluid C3 degradation products
and local joint inflammation in rheumatoid arthritis, osteoarthritis, and crystal associated arthropathy.
Ann Rheum Dis 1988; 47(3):190-7. PMID: 2833185

Makinde VA, Senaldi G, Jawad AS, Berry H, Vergani D. Reflection of disease activity in rheumatoid
arthritis by indices of activation of the classical complement pathway. Ann Rheum Dis 1989; 48(4):302—
6. PMID: 2785367

Wouters D, Voskuyl AE, Molenaar ET, Dijkmans BA, Hack CE. Evaluation of classical complement
pathway activation in rheumatoid arthritis: measurement of C1g-C4 complexes as novel activation prod-
ucts. Arthritis Rheum 2006; 54(4):1143-50. https://doi.org/10.1002/art.21729 PMID: 16572449

Giles JL, Choy E, van den Berg C, Morgan BP, Harris CL. Functional analysis of a complement poly-
morphism (rs17611) associated with rheumatoid arthritis. J Immunol 2015; 194(7):3029-34. https://doi.
org/10.4049/jimmunol.1402956 PMID: 25725109

Dunkelberger J, Zhou L, Miwa T, Song WC. C5aR expression in a novel GFP reporter gene knockin
mouse: implications for the mechanism of action of C5aR signaling in T cell immunity. J Immunol 2012;
188(8):4032—42. https://doi.org/10.4049/jimmunol.1103141 PMID: 22430734

Lee H, Whitfeld PL, Mackay CR. Receptors for complement C5a. The importance of C5aR and the enig-
matic role of C5L2. Immunol Cell Biol 2008; 86(2):153—-60. https://doi.org/10.1038/sj.icb.7100166
PMID: 18227853

Dunkelberger JR, Song WC. Role and mechanism of action of complement in regulating T cell immu-
nity. Mol Immunol 2010; 47(13):2176-86. https://doi.org/10.1016/j.molimm.2010.05.008 PMID:
20603023

Hogasen K, Mollnes TE, Harboe M, Gotze O, Hammer HB, Oppermann M. Terminal complement path-
way activation and low lysis inhibitors in rheumatoid arthritis synovial fluid. J Rheumatol 1995; 22(1):24—
8. PMID: 7535360

Song JJ, Hwang |, Cho KH, Garcia MA, Kim AJ, Wang TH, et al. Plasma carboxypeptidase B downregu-
lates inflammatory responses in autoimmune arthritis. J Clin Invest 2011; 121(9):3517-27. https://doi.
org/10.1172/JC146387 PMID: 21804193

Ballanti E, Perricone C, Di MG, Kroegler B, Chimenti MS, Graceffa D, et al. Role of the complement sys-
tem in rheumatoid arthritis and psoriatic arthritis: relationship with anti-TNF inhibitors. Autoimmun Rev
2011; 10(10):617—-23. https://doi.org/10.1016/j.autrev.2011.04.012 PMID: 21549221

Hietala MA, Jonsson IM, Tarkowski A, Kleinau S, Pekna M. Complement deficiency ameliorates colla-
gen-induced arthritis in mice. J Immunol 2002; 169(1):454-9. PMID: 12077276

Hashimoto M, Hirota K, Yoshitomi H, Maeda S, Teradaira S, Akizuki S, et al. Complement drives Th17
cell differentiation and triggers autoimmune arthritis. J Exp Med 2010; 207(6):1135—43. https://doi.org/
10.1084/jem.20092301 PMID: 20457757

Banda NK, Hyatt S, Antonioli AH, White JT, Glogowska M, Takahashi K, et al. Role of C3a receptors,
Cba receptors, and complement protein C6 deficiency in collagen antibody-induced arthritis in mice. J
Immunol 2012; 188(3):1469-78. https://doi.org/10.4049/jimmunol.1102310 PMID: 22205026

Sadik CD, Kim ND, Ilwakura Y, Luster AD. Neutrophils orchestrate their own recruitment in murine arthri-
tis through C5aR and FcgammaR signaling. Proc Natl Acad Sci U S A 2012; 109(46):E3177—E3185.
https://doi.org/10.1073/pnas.1213797109 PMID: 23112187

PLOS ONE | https://doi.org/10.1371/journal.pone.0189017 December 8, 2017 16/19


https://doi.org/10.1038/nrrheum.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/28794515
https://doi.org/10.1074/jbc.M109.092106
https://doi.org/10.1074/jbc.M109.092106
http://www.ncbi.nlm.nih.gov/pubmed/20044484
https://doi.org/10.2147/CHC.S27233
http://www.ncbi.nlm.nih.gov/pubmed/23576881
https://doi.org/10.1007/s12026-013-8422-y
http://www.ncbi.nlm.nih.gov/pubmed/23615835
http://www.ncbi.nlm.nih.gov/pubmed/2833185
http://www.ncbi.nlm.nih.gov/pubmed/2785367
https://doi.org/10.1002/art.21729
http://www.ncbi.nlm.nih.gov/pubmed/16572449
https://doi.org/10.4049/jimmunol.1402956
https://doi.org/10.4049/jimmunol.1402956
http://www.ncbi.nlm.nih.gov/pubmed/25725109
https://doi.org/10.4049/jimmunol.1103141
http://www.ncbi.nlm.nih.gov/pubmed/22430734
https://doi.org/10.1038/sj.icb.7100166
http://www.ncbi.nlm.nih.gov/pubmed/18227853
https://doi.org/10.1016/j.molimm.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20603023
http://www.ncbi.nlm.nih.gov/pubmed/7535360
https://doi.org/10.1172/JCI46387
https://doi.org/10.1172/JCI46387
http://www.ncbi.nlm.nih.gov/pubmed/21804193
https://doi.org/10.1016/j.autrev.2011.04.012
http://www.ncbi.nlm.nih.gov/pubmed/21549221
http://www.ncbi.nlm.nih.gov/pubmed/12077276
https://doi.org/10.1084/jem.20092301
https://doi.org/10.1084/jem.20092301
http://www.ncbi.nlm.nih.gov/pubmed/20457757
https://doi.org/10.4049/jimmunol.1102310
http://www.ncbi.nlm.nih.gov/pubmed/22205026
https://doi.org/10.1073/pnas.1213797109
http://www.ncbi.nlm.nih.gov/pubmed/23112187
https://doi.org/10.1371/journal.pone.0189017

@° PLOS | ONE

Cb5a and C5aR in joints of rheumatoid and psoriatic arthritis patients

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mehta G, Scheinman RI, Holers VM, Banda NK. A New Approach for the Treatment of Arthritis in Mice
with a Novel Conjugate of an Anti-C5aR1 Antibody and C5 Small Interfering RNA. J Immunol 2015; 194
(11):5446-54. https://doi.org/10.4049/jimmunol.1403012 PMID: 25917104

Kessel C, Nandakumar KS, Peters FB, Gauba V, Schultz PG, Holmdahl R. A single functional group
substitution in c5a breaks B cell and T cell tolerance and protects against experimental arthritis. Arthritis
Rheumatol 2014; 66(3):610-21. https://doi.org/10.1002/art.38237 PMID: 24574221

Woodruff TM, Strachan AJ, Dryburgh N, Shiels IA, Reid RC, Fairlie DP, et al. Antiarthritic activity of an
orally active C5a receptor antagonist against antigen-induced monarticular arthritis in the rat. Arthritis
Rheum 2002; 46(9):2476-85. https://doi.org/10.1002/art.10449 PMID: 12355496

Andersson C, Wenander CS, Usher PA, Hebsgaard JB, Sondergaard BC, Rono B, et al. Rapid-onset
clinical and mechanistic effects of anti-C5aR treatment in the mouse collagen-induced arthritis model.
Clin Exp Immunol 2014; 177(1):219-33. https://doi.org/10.1111/cei.12338 PMID: 24665841

Thurlings RM, Wijbrandts CA, Bennink RJ, Dohmen SE, Voermans C, Wouters D, et al. Monocyte scin-
tigraphy in rheumatoid arthritis: the dynamics of monocyte migration in immune-mediated inflammatory
disease. PLoS One 2009; 4(11):e7865. https://doi.org/10.1371/journal.pone.0007865 PMID: 19924229

Mulherin D, Fitzgerald O, Bresnihan B. Synovial tissue macrophage populations and articular damage
in rheumatoid arthritis. Arthritis Rheum 1996; 39(1):115-24. PMID: 8546720

Tak PP, Smeets TJ, Daha MR, Kluin PM, Meijers KA, Brand R, et al. Analysis of the synovial cell infil-
trate in early rheumatoid synovial tissue in relation to local disease activity. Arthritis Rheum 1997; 40
(2):217-25. PMID: 9041933

Gerlag DM, Haringman JJ, Smeets TJ, Zwinderman AH, Kraan MC, Laud PJ, et al. Effects of oral pred-
nisolone on biomarkers in synovial tissue and clinical improvement in rheumatoid arthritis. Arthritis
Rheum 2004; 50(12):3783-91. https://doi.org/10.1002/art.20664 PMID: 15593225

Haringman JJ, Gerlag DM, Zwinderman AH, Smeets TJ, Kraan MC, Baeten D, et al. Synovial tissue
macrophages: a sensitive biomarker for response to treatment in patients with rheumatoid arthritis. Ann
Rheum Dis 2005; 64(6):834-8. https://doi.org/10.1136/ard.2004.029751 PMID: 15576415

Cassatella MA. Neutrophil-derived proteins: selling cytokines by the pound. Adv Immunol 1999;
73:369-509. PMID: 10399011

Kitsis E, Weissmann G. The role of the neutrophil in rheumatoid arthritis. Clin Orthop Relat Res 1991;
(265):63—72. PMID: 2009678

Dularay B, Elson CJ, Dieppe PA. Enhanced oxidative response of polymorphonuclear leukocytes from
synovial fluids of patients with rheumatoid arthritis. Autoimmunity 1988; 1(3):159-69. PMID: 2856511

Edwards SW, Hughes V, Barlow J, Bucknall R. Immunological detection of myeloperoxidase in synovial
fluid from patients with rheumatoid arthritis. Biochem J 1988; 250(1):81-5. PMID: 2833238

Emery P, Lopez AF, Burns GF, Vadas MA. Synovial fluid neutrophils of patients with rheumatoid arthri-
tis have membrane antigen changes that reflect activation. Ann Rheum Dis 1988; 47(1):34-9. PMID:
3278695

Nurcombe HL, Bucknall RC, Edwards SW. Neutrophils isolated from the synovial fluid of patients with
rheumatoid arthritis: priming and activation in vivo. Ann Rheum Dis 1991; 50(3):147-53. PMID:
1849716

Watson F, Robinson JJ, Phelan M, Bucknall RC, Edwards SW. Receptor expression in synovial fluid
neutrophils from patients with rheumatoid arthritis. Ann Rheum Dis 1993; 52(5):354-9. PMID: 8100700

Cedergren J, Forslund T, Sundqvist T, Skogh T. Intracellular oxidative activation in synovial fluid neutro-
phils from patients with rheumatoid arthritis but not from other arthritis patients. J Rheumatol 2007; 34
(11):2162—70. PMID: 17937476

Mohr W, Wessinghage D. The relationship between polymorphonuclear granulocytes and cartilage
destruction in rheumatoid arthritis. Z Rheumatol 1978; 37(3—4):81-6. PMID: 636668

Menninger H, Putzier R, Mohr W, Wessinghage D, Tillmann K. Granulocyte elastase at the site of carti-
lage erosion by rheumatoid synovial tissue. Z Rheumatol 1980; 39(5—6):145-56. PMID: 6998181

Watson F, Robinson JJ, Phelan M, Bucknall RC, Edwards SW. Receptor expression in synovial fluid
neutrophils from patients with rheumatoid arthritis. Ann Rheum Dis 1993; 52(5):354-9. PMID: 8100700

Mohr W. Cartilage destruction via the synovial fluid in rheumatoid arthritis. J Rheumatol 1995; 22
(7):1436-8. PMID: 7562793

Pillinger MH, Abramson SB. The neutrophil in rheumatoid arthritis. Rheum Dis Clin North Am 1995; 21
(3):691-714. PMID: 8619095

Velvart M, Fehr K, Baici A, Sommermeyer G, Knopfel M, Cancer M, et al. Degradation in vivo of articular
cartilage in rheumatoid arthritis by leucocyte elastase from polymorphonuclear leucocytes. Rheumatol
Int 1981; 1(3):121-30. PMID: 7051254

PLOS ONE | https://doi.org/10.1371/journal.pone.0189017 December 8, 2017 17/19


https://doi.org/10.4049/jimmunol.1403012
http://www.ncbi.nlm.nih.gov/pubmed/25917104
https://doi.org/10.1002/art.38237
http://www.ncbi.nlm.nih.gov/pubmed/24574221
https://doi.org/10.1002/art.10449
http://www.ncbi.nlm.nih.gov/pubmed/12355496
https://doi.org/10.1111/cei.12338
http://www.ncbi.nlm.nih.gov/pubmed/24665841
https://doi.org/10.1371/journal.pone.0007865
http://www.ncbi.nlm.nih.gov/pubmed/19924229
http://www.ncbi.nlm.nih.gov/pubmed/8546720
http://www.ncbi.nlm.nih.gov/pubmed/9041933
https://doi.org/10.1002/art.20664
http://www.ncbi.nlm.nih.gov/pubmed/15593225
https://doi.org/10.1136/ard.2004.029751
http://www.ncbi.nlm.nih.gov/pubmed/15576415
http://www.ncbi.nlm.nih.gov/pubmed/10399011
http://www.ncbi.nlm.nih.gov/pubmed/2009678
http://www.ncbi.nlm.nih.gov/pubmed/2856511
http://www.ncbi.nlm.nih.gov/pubmed/2833238
http://www.ncbi.nlm.nih.gov/pubmed/3278695
http://www.ncbi.nlm.nih.gov/pubmed/1849716
http://www.ncbi.nlm.nih.gov/pubmed/8100700
http://www.ncbi.nlm.nih.gov/pubmed/17937476
http://www.ncbi.nlm.nih.gov/pubmed/636668
http://www.ncbi.nlm.nih.gov/pubmed/6998181
http://www.ncbi.nlm.nih.gov/pubmed/8100700
http://www.ncbi.nlm.nih.gov/pubmed/7562793
http://www.ncbi.nlm.nih.gov/pubmed/8619095
http://www.ncbi.nlm.nih.gov/pubmed/7051254
https://doi.org/10.1371/journal.pone.0189017

@° PLOS | ONE

Cb5a and C5aR in joints of rheumatoid and psoriatic arthritis patients

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hayat SQ, Hearth-Holmes M, Wolf RE. Flare of arthritis with successful treatment of Felty’s syndrome
with granulocyte colony stimulating factor (GCSF). Clin Rheumatol 1995; 14(2):211-2. PMID: 7540528

McMullin MF, Finch MB. Felty’s syndrome treated with rhG-CSF associated with flare of arthritis and
skin rash. Clin Rheumatol 1995; 14(2):204-8. PMID: 7540527

Capsoni F, Minonzio F, Carbonelli V, Ongari AM, Mocellin MC, Soligo D, et al. Abnormal neutrophil che-
motaxis in bone marrow transplant patients correlates with impaired 31D8 monoclonal antibody binding.
Haematologica 1995; 80(2):123-9. PMID: 7628750

Vidarsson B, Geirsson AJ, Onundarson PT. Reactivation of rheumatoid arthritis and development of
leukocytoclastic vasculitis in a patient receiving granulocyte colony-stimulating factor for Felty’s syn-
drome. Am J Med 1995; 98(6):589-91. PMID: 7539978

Kraan MC, Reece RJ, Barg EC, Smeets TJ, Farnell J, Rosenburg R, et al. Modulation of inflammation
and metalloproteinase expression in synovial tissue by leflunomide and methotrexate in patients with
active rheumatoid arthritis. Findings in a prospective, randomized, double-blind, parallel-design clinical
trial in thirty-nine patients at two centers. Arthritis Rheum 2000; 43(8):1820-30. https://doi.org/10.1002/
1529-0131(200008)43:8<1820::AID-ANR18>3.0.CO;2-D PMID: 10943872

den Broeder AA, Wanten GJ, Oyen WJ, Naber T, van Riel PL, Barrera P. Neutrophil migration and pro-
duction of reactive oxygen species during treatment with a fully human anti-tumor necrosis factor-alpha
monoclonal antibody in patients with rheumatoid arthritis. J Rheumatol 2003; 30(2):232—7. PMID:
12563673

Taylor W, Gladman D, Helliwell P, Marchesoni A, Mease P, Mielants H. Classification criteria for psori-
atic arthritis: development of new criteria from a large international study. Arthritis Rheum 2006; 54
(8):2665—73. https://doi.org/10.1002/art.21972 PMID: 16871531

Youssef PP, Cormack J, Evill CA, Peter DT, Roberts-Thomson PJ, Ahern MJ, et al. Neutrophil traffick-
ing into inflamed joints in patients with rheumatoid arthritis, and the effects of methylprednisolone.
Arthritis Rheum 1996; 39(2):216—25. PMID: 8849371

Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper NS, et al. The American Rheuma-
tism Association 1987 revised criteria for the classification of rheumatoid arthritis. Arthritis Rheum 1988;
31(3):315-24. PMID: 3358796

Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al. Development of criteria for the classi-
fication and reporting of osteoarthritis. Classification of osteoarthritis of the knee. Diagnostic and Thera-
peutic Criteria Committee of the American Rheumatism Association. Arthritis Rheum 1986; 29
(8):1039-49. PMID: 3741515

Neumann E, Barnum SR, Tarner IH, Echols J, Fleck M, Judex M, et al. Local production of complement
proteins in rheumatoid arthritis synovium. Arthritis Rheum 2002; 46(4):934—45. PMID: 11953970

Kolev M, Le FG, Kemper C. The role of complement in CD4(+) T cell homeostasis and effector func-
tions. Semin Immunol 2013; 25(1):12-9. https://doi.org/10.1016/j.smim.2013.04.012 PMID: 23725635

Kwan WH, van der Touw W, Heeger PS. Complement regulation of T cell immunity. Immunol Res
2012; 54(1-3):247-53. https://doi.org/10.1007/s12026-012-8327-1 PMID: 22477527

Quayle JA, Watson F, Bucknall RC, Edwards SW. Neutrophils from the synovial fluid of patients with
rheumatoid arthritis express the high affinity immunoglobulin G receptor, Fc gamma RI (CD64): role of
immune complexes and cytokines in induction of receptor expression. Immunology 1997; 91(2):266—
73. PMID: 9227327

Palmer DG, Hogg N, Revell PA. Lymphocytes, polymorphonuclear leukocytes, macrophages and plate-
lets in synovium involved by rheumatoid arthritis. A study with monoclonal antibodies. Pathology 1986;
18(4):431-7. PMID: 3547269

Kaplan RA, Curd JG, Deheer DH, Carson DA, Pangburn MK, Muller-Eberhard HJ, et al. Metabolism of
C4 and factor B in rheumatoid arthritis. Relation to rheumatoid factor. Arthritis Rheum 1980; 23(8):911—
20. PMID: 6967727

Molenaar ET, Voskuyl AE, Familian A, van Mierlo GJ, Dijkmans BA, Hack CE. Complement activation
in patients with rheumatoid arthritis mediated in part by C-reactive protein. Arthritis Rheum 2001; 44
(5):997—-1002. https://doi.org/10.1002/1529-0131(200105)44:5<997::AID-ANR178>3.0.CO;2-C PMID:
11352263

Ally MM, Hodkinson B, Meyer PW, Musenge E, Tikly M, Anderson R. Serum matrix metalloproteinase-3
in comparison with acute phase proteins as a marker of disease activity and radiographic damage in
early rheumatoid arthritis. Mediators Inflamm 2013; 2013:183653. https://doi.org/10.1155/2013/183653
PMID: 23690656

Vergunst CE, Gerlag DM, Dinant H, Schulz L, Vinkenoog M, Smeets TJ, et al. Blocking the receptor for
Cba in patients with rheumatoid arthritis does not reduce synovial inflammation. Rheumatology (Oxford)
2007; 46(12):1773-8.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189017 December 8, 2017 18/19


http://www.ncbi.nlm.nih.gov/pubmed/7540528
http://www.ncbi.nlm.nih.gov/pubmed/7540527
http://www.ncbi.nlm.nih.gov/pubmed/7628750
http://www.ncbi.nlm.nih.gov/pubmed/7539978
https://doi.org/10.1002/1529-0131(200008)43:8<1820::AID-ANR18>3.0.CO;2-D
https://doi.org/10.1002/1529-0131(200008)43:8<1820::AID-ANR18>3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/10943872
http://www.ncbi.nlm.nih.gov/pubmed/12563673
https://doi.org/10.1002/art.21972
http://www.ncbi.nlm.nih.gov/pubmed/16871531
http://www.ncbi.nlm.nih.gov/pubmed/8849371
http://www.ncbi.nlm.nih.gov/pubmed/3358796
http://www.ncbi.nlm.nih.gov/pubmed/3741515
http://www.ncbi.nlm.nih.gov/pubmed/11953970
https://doi.org/10.1016/j.smim.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23725635
https://doi.org/10.1007/s12026-012-8327-1
http://www.ncbi.nlm.nih.gov/pubmed/22477527
http://www.ncbi.nlm.nih.gov/pubmed/9227327
http://www.ncbi.nlm.nih.gov/pubmed/3547269
http://www.ncbi.nlm.nih.gov/pubmed/6967727
https://doi.org/10.1002/1529-0131(200105)44:5<997::AID-ANR178>3.0.CO;2-C
http://www.ncbi.nlm.nih.gov/pubmed/11352263
https://doi.org/10.1155/2013/183653
http://www.ncbi.nlm.nih.gov/pubmed/23690656
https://doi.org/10.1371/journal.pone.0189017

o @
@ : PLOS | ONE Cb5a and C5aR in joints of rheumatoid and psoriatic arthritis patients

61. Subramanian H, Kashem SW, Collington SJ, Qu H, Lambris JD, Ali H. PMX-53 as a dual CD88 antago-
nist and an agonist for Mas-related gene 2 (MrgX2) in human mast cells. Mol Pharmacol 2011; 79
(6):1005—13. https://doi.org/10.1124/mol.111.071472 PMID: 21441599

PLOS ONE | https://doi.org/10.1371/journal.pone.0189017 December 8, 2017 19/19


https://doi.org/10.1124/mol.111.071472
http://www.ncbi.nlm.nih.gov/pubmed/21441599
https://doi.org/10.1371/journal.pone.0189017

