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Abstract

Objective: The expression of FcyRIlla/CD16 may render monocytes targets for activation by IgG-containing immune
complexes (IC). We investigated whether FcyRllla/CD16 was upregulated in rheumatoid arthritis (RA), associated with TNF
production in response to IC-stimulation, and if this predicted response to methotrexate therapy.

Methods: FcyRIlla/CD16 expression on CD14'°" and CD14™ monocytes was measured by flow cytometry in healthy
controls and RA patients (early and long-standing disease). Intracellular TNF-staining was carried out after in vitro LPS or
heat-aggregated immunoglobulin (HAG) activation. FcyRllla/CD16 expression pre- and post-steroid/methotrexate treatment
was examined.

Results: Increased FcyRllla/CD16 expression on CD14* monocytes in long-standing RA patients compared to controls was
demonstrated (p=0.002) with intermediate levels in early-RA patients. HAG-induced TNF-production in RA patients was
correlated with the percentage of CD14"" monocytes expressing FcyRllla/CD16 (p<<0.001). The percentage of CD14""
monocytes expressing FcyRlIlla/CD16 at baseline in early DMARD-naive RA patients was negatively correlated with DAS28-
ESR improvement 14-weeks post-methotrexate therapy (p =0.003) and was significantly increased in EULAR non-responders
compared to moderate (p=0.01) or good responders (p=0.003). FcyRllla/CD16 expression was not correlated with age,
presence of systemic inflammation or autoantibody titers.

Conclusion: Increased FcyRIlla/CD16 expression on CD14"" monocytes in RA may result in a cell that has increased
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responsiveness to IC-stimulation. This monocyte subset may contribute to non-response to methotrexate therapy.
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Introduction

IgG-containing immune complexes (IC), such as those contain-
ing rheumatoid factors (RFs) and cyclic citrullinated peptide (CCP)
autoantibodies, are found abundantly in serum and synovial fluid
of patients with rheumatoid arthritis (RA) [1,2]. ICs activate
various cell types following Fcy receptor (FcyR) and complement
receptor binding and lead to a diverse range of effector functions.
FcyRs play important roles in the initiation and regulation of
many immunological processes [3-5]. The importance of an
appropriate balance between activating and inhibitory FcyRs in
the regulation of animal models of arthritis is well recognised [6,7].
A dominant role for FeyRIlla in IgG IC-mediated inflammatory
responses and in type I, I and III hypersensitivity reactions has
been highlighted in diverse animal models [8], including
autoantibody-induced arthritis [9]. FeyRIIIa knockout mice are
protected from IC-induced arthritis [10,11] with FcyRIIIa-

@ PLoS ONE | www.plosone.org

mediated mechanisms, but not complement, dominating in
promoting organ-specific destructive pathologies [12,13]. We have
recently demonstrated that genetic variation in FOCGR3A is a risk
factor for the development of autoantibody-positive RA [14].
Cells of the monocyte/macrophage lineage play important roles
in RA pathogenesis, particularly the perpetuation of inflammation,
and are potential targets for activation by ICs. Activated
macrophages are the predominant infiltrating cell type found in
rheumatoid synovium, pannus and nodules [15,16]. FcyR cross-
linking on macrophages potentially initiates phagocytosis, antigen
presentation, antibody-dependant cell-mediated cytotoxicity
(ADCC) and release of pro-inflammatory cytokines and tissue
destructive mediators [17]. The migration of monocytes from
blood to synovial tissue and their differentiation into macrophages
may be an important step in disecase pathogenesis [18].
Macrophages are the major source of pro-inflammatory cytokines
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and chemokines i the inflamed RA joint, including tumour
necrosis factor (TNF), interleukin-1 (IL-1), interleukin-8 (IL-8) and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
[15,19]. FeyRIIa cross-linking has been specifically implicated
in cytokine release from adherent human monocytes/macrophag-
es [20,21]. These cytokines are intimately involved in the disease
process as demonstrated by the clinical efficacy of TNF or IL-1
blockade in RA [22,23]. Osteoclasts, multinucleated giant cells
with the capacity to resorb bone, are also derived from a blood-
borne monocyte precursor and have been implicated in the
destructive disease process [24].

In human peripheral blood, monocyte subpopulations with
distinct functional properties have been defined by their expression
of CD14 and CD16 (FcyRIIla) [25,26]. Monocyte subsets were
initially defined as CD14"/CD16" and CD147/CDI16™/""
following work in healthy control subjects [27]. The CD14""
subpopulation accounts for approximately 7-10% of circulating
monocytes in healthy individuals. Recent studies have confirmed
that this is a distinct monocyte subpopulation resembling the
murine “patrolling” Grl™ monocytes, which appear to play a role
in immunosurveillance and the release of proinflammatory
cytokines, including TNF, in response to virally infected cells
and nucleic acids [26]. Previous studies have shown that the
numbers of CD14™" monocytes are expanded during infectious
and inflammatory conditions, such as RA [268-31], however, this
finding has not been confirmed in all studies [32]. In contrast, the
“classical” or “inflammatory” CD14™" monocyte subpopulation
that resembles murine Grl™ monocytes was previously believed to
act as a phagocytic scavenger cell, removing apoptotic cells and
aiding in the resolution of inflammation [33]. More recent studies
have demonstrated reactive oxygen species production and
cytokine release in response to lipopolysaccharide (LPS) [26].
This cellular subset does not express FcyRIIla/CD16 under
normal conditions; however, levels are variable and can be
increased in inflammatory disease [6,34-37]. In RA, interest has
previously focussed on the CD14"" subset due to the high
expression of FeyRIIIa/CD16 and its ability to release TNF upon
activation [38]. However, these findings derive from observations
on healthy control cells and FcyR-independent activators, such as
LPS [38]. The induction of proinflammatory cytokine release via
ICs cross-linking FcyRIIIa/CD16 on monocytes/macrophages is
a possible additional mechanism for cellular activation in RA [39].
Various studies have demonstrated that IC, such as anti-CCP/
ACPA-containing IC [36,40] and collagen-containing IC [41], are
able to induce TNF production from monocytes/macrophages.
This has been demonstrated to be in a dose-dependent manner
[40]. Furthermore IC taken from serum and synovial fluid of RA
patients can induce TNF cytokine release from these cells [42]. It
remains unknown whether CD14™ monocytes can produce
substantially increased IC-stimulated TNF under inflammatory
conditions when FcyRIIIa/CD16 expression is up regulated. In
addition, genetic polymorphism within #CGR3A4 whereby a valine
to phenylalanine substitution occurs (FOCGR34-158F/V) has been
shown to influence the affinity of the receptor for IgG. This may
also modulate activation through FcyRIIla/CD16.

We investigated whether monocytes from RA patients expressed
higher levels of FcyRIIla/CDI16 resulting in a cell that is
potentially more sensitive to intravascular IC stimulation.
Furthermore, we explored whether upregulated FcyRIIla/CD16
expression was associated with modulation of monocyte functions
by assessing cytokine production following both LPS and IC
activation. We additionally hypothesised that upregulation of
FeyRIITa/CD16 in RA may be associated with a reduced response
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to DMARD therapy, due to a persistent inflammatory drive.
Methotrexate remains the initial treatment of choice in RA, but is
widely recognised to fail to control disease activity in a sizeable
proportion of patients. The potential clinical significance of this
biological pathway was therefore evaluated in a cohort of
DMARD-naive RA patients receiving methotrexate as first-line
therapy.

Materials and Methods

Patients and controls

Adult RA patients (n= 38, mean age =52 [range 27-80], 22
female) with long-standing disease (>2 years) who were taking
concurrent disease modifying anti-rheumatic drugs (DMARD:)
were recruited from rheumatology clinics in Leeds. Patients
tulfilled the 1987 American College of Rheumatology classification
criteria [43]. DMARD-naive early RA patients (n=73, mean
age =56 (range 29-78), 21 female) were recruited from the
Yorkshire Early Arthritis Register (symptom duration <1 year).
Forty two patients were reviewed following methotrexate therapy
(10 mg weekly methotrexate, increasing stepwise to 20 mg by
week 4) with an initial bolus of systemic steroids (25 Omg IV
Methylprednisolone) for symptom control at initiation. Peripheral
blood samples were taken at baseline and following 2 and 14-
weeks of therapy. Blood samples were simultaneously obtained for
determination of CRP, ESR, anti-CCP and RF titres by routine
clinical laboratory methods. Four-variable DAS28-ESR scores
were determined at baseline and 14-weeks post-initiation of
therapy and used to define patient responses according to EULAR
response criteria (good, moderate or non-response). The presence
or absence of hand and foot erosions on X-ray at baseline was also
assessed. Healthy controls (n =41, mean age =44 (range 28-72),
18 female) were not experiencing any auto-inflammatory or
infectious events at time of blood donation. Additional elderly
control subjects with no concurrent inflammatory or infectious
diseases were recruited from either general rheumatology or
ophthalmology clinics (n =21, mean age = 74 (range 55-90)). The
participants gave informed written consent in accordance with the
Declaration of Helsinki, and the study was approved by the
National Research Ethics Service Committee Yorkshire & The
Humber - Leeds East.

Flow cytometry

NH,4Cl-lysed heparinised blood samples were incubated with
2 ug/ml normal human immunoglobulin (Novartis, Hanover,
Germany), to block non-specific binding for 30 min on ice. This
immunoglobulin concentration was chosen based on the maximal
human immunoglobulin concentration able to prevent non-
specific binding of IgG isotype control (Fig. S1A) while preserving
specific staining with anti-CD16 antibody (Fig. S1B). In 5 RA
patients and 3 healthy controls this immunoglobulin concentration
was demonstrated to have no detrimental effect on the CD16-PE
staining (Fig. S1C, with or without immunoglobulin p =0.666).
Cells were stained (30 min, ice) with anti-CD16-PE (clone 3G8,
Caltag-Medsystems, Buckingham, UK) and anti-CD14-PerCP
(clone M¢P9, BD Biosciences, Oxford, UK) or irrelevant isotype
controls. Cells were washed in phosphate buffered Saline
containing 0.5% bovine serum albumin and flow cytometry data
collected on FACSCalibur (Becton Dickinson, Oxford, UK).
Monocyte subsets were identified on the basis of forward scatter/
side scatter characteristics (FSC/SSC) and expression of CD14.
Separate gates were created around CDI4'°¥/CDI16™ and
CD147/CD16™#”"°Y monocytes (Fig. 1A; dashed and solid boxes
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Figure 1. CD16 expression on peripheral blood monocytes in healthy control and RA patients. Example flow cytometric analysis of
peripheral blood monocytes from a single healthy control subject (A) and a long-standing RA patient (B). Monocytes were initially gated based on
light forward and side scatter (gated on monocytes and the upper portion of lymphocytes). Within this population, monocyte subsets were
distinguished by their staining with antibodies to CD14 and CD16. Examples of the separate gates created around the CD14'°%/CD16™ populations
(dashed boxes) and the CD14™/CD16™9"°" population (solid boxes) are shown. The same samples stained with anti-CD14-PerCP and IgG1-
phycoerythrin (PE) isotype control in place of anti-CD16-PE were used to set gates. CD14™9/CD16™ cells were excluded from the CD14°*/CD16"
based on gates set using staining with IgG2a-PerCP isotype control. (C) CD16 expression levels (MFI units) on CD14"" monocytes in control (n=40),
early RA (n=42) and long-standing RA patients (n =38). (D) Percentage of CD14"" monocytes expressing CD16 in the same healthy control, early RA
and long-standing RA patients. Box plots represent median and upper and lower quartiles and dots represent outliers. Statistics; Mann-Whitney U
test.

doi:10.1371/journal.pone.0028918.g001

respectively). The CD16 geometric mean fluorescence intensity
(MFI) and the percentage of CD16 positive cells were determined.

Analysis of TNF production

Thawed cryopreserved peripheral blood mononuclear cells
(PBMC) were incubated for 1 hour at 37°C with 1 pg/ml LPS
(Sigma-Aldrich, Dorset, UK) or 100 pg/ml heat-aggregated
immunoglobulin (HAG; soluble immunoglobulin (Novartis, Han-
over, Germany) incubated for 1 hour, 63°C) prior to addition of a
Monensin protein transport inhibitor (Golgistop™, BD Biosci-
ences, Oxford, UK) and further incubation for 3 hours at 37°C in
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5% COg. Cells were washed and incubated with anti-CD14-
PerCP (30 min, 4°C in the dark) followed by washing and
incubation with Leucoperm ™ fixing reagent A (Serotec, Oxford,
UK) (15 minutes, room temperature in the dark). The cells were
washed and incubated with anti-TNF-PE or IgG1-PE (Serotec,
Oxford, UK) in the presence of LeucopermTM permeabilisation
buffer B (30 min, room temperature in the dark) before washing
and resuspending in PBS-BSA for immediate analysis (Becton
Dickinson LSRII). Monocytes were identified by FSC/SSC and
CD14 expression. The geometric MFI of TNF staining was
determined for all CD14-positive monocytes.
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Genotyping

EDTA blood samples were frozen for DNA extraction and
genotyping. FCGR34 genotyping (FCGR3A-158F/V) was carried
out by direct sequencing of the PCR product [44,45].

Statistical Analysis

Data are summarised in box-plot diagrams (median and
interquartile ranges (IQR)) and compared using the Mann-
Whitney U test. Spearman’s test was used for correlations (p
values <0.05 statistically significant). Wilcoxon signed-ranks test
was used for paired data samples. Potential differences in baseline
characteristics for EULAR non-responders compared with
moderate or good EULAR responders by week 14 were examined
to identify baseline characteristics that might influence response.
Analysis was performed using SPSS 15.0 for windows (Chicago,
Illinois, USA).

Results

Monocyte CD16 expression in healthy controls and RA
patients

Peripheral blood leukocytes from long-standing RA patients,
early-RA patients and unrelated healthy controls were examined
for CD16 expression on CD14™" and CD14™ monocytes using
flow cytometry (Fig. 1). The percentage of CD14'°¥/CD16"
monocytes among total CD14-positive cells in long-standing RA
patients (median 7.98% (IQR 3.6 to 9.6), n=38) was not
significantly different from control subjects (median 6.51% (IQR
4.4 to 10.4), n=40) (p =0.305; Mann-Whitney U). There was no
significant difference in CD16 expression (MFI units) on CD14"°v/

FcyRllla on Monocytes in Rheumatoid Arthritis

CD16™ monocytes between healthy controls (median 927 (IQR
578-999)) and long-standing RA patients (median 1127 (IQR 953-
1581), (p=0.299)). More strikingly, the CD14™/CD16"8""
subset expressed variable levels of GD16; most CD14™ monocytes
in healthy control subjects were negative/low for CD16 expression
(Fig. 1A). In RA patients, positive staining for CD16 was shown on
this subset (Fig. 1B; high CDI16-expressing patient). Expression
levels were significantly higher in patients with long-standing
disease than in healthy controls (p=0.002; Fig. 1C). CDI16
expression levels in early-RA were intermediate between healthy
control and long-standing RA patients and were not significantly
different from either (p=0.94, p=0.086, respectively). The
percentages of CD14™ monocytes expressing CD16 was also
higher in patients with long-standing disease than healthy controls
(p=0.0014; Fig. 1D). Early-RA patients were not significantly
different than healthy controls in percentages of CDI16 positive
CD14™ monocytes, but were significantly different from long-
standing RA patients (p=0.22 and 0.008 respectively; Fig. 1D).
There was no correlation between CDI16 expression levels on
CD14"™" monocytes and increasing age in control subjects
(p=0.13, Fig. 2A), no significant difference when control subjects
were stratified according to gender (p =0.23, Fig. 2B). There was
no correlation with the level of inflammation (CRP (p=0.485,
Fig. 2C) or ESR (p = 0.569, Fig. 2D)) in early and late RA patients.

TNF production from CD14-positive monocytes

TNF production triggered by LPS or IC stimulation (HAG) was
measured by intracellular staining of CD14—expressing monocytes
(Fig. 3A). LPS stimulation elicited TNF production by CDI14-
expressing monocytes at a similar level between control (n = 8) and
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Figure 2. Correlation of age, gender, CRP and ESR with FcyRIlla/CD16 expression on CD14™ monocytes. (A) Healthy control subjects
across a range of ages (x-axis) were tested for CD16 expression levels (MFI units, y-axis) on the CD14*" monocyte subset. (B) Healthy control subjects
were stratified according to gender and levels of CD16 expression examined. (C) CRP levels in long-standing RA patients (closed points) and early RA
patients (open points) were tested at the time of donating blood sample and examined for correlation with CD16 expression levels (MFI units, y-axis).
(D) ESR values (x-axis) were measured in early RA patients only and examined for correlation with CD16 expression level (MFI units, y-axis). Statistics;

Spearman’s correlation.
doi:10.1371/journal.pone.0028918.9g002
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RA (n=18) cryopreserved PBMC (Fig. 3B). RA monocytes (n=15)
demonstrate greater TINF production on HAG stimulation than
controls (p<<0.001, Fig. 3B). The extent of HAG-stimulated
intracellular TNF staining in RA patients was correlated with the
percentage of CDI14" " monocytes expressing CD16 (r=0.813,
p<0.001; Fig. 3C).

CD16P°° expression on CD14™" monocytes is predictive
of response to methotrexate treatment

Clinical predictors of CD16 expression level in RA patients.
Patient demographics of a cohort of early RA patients are shown
in Table 1. The influence that the main baseline patient
characteristics have on CDI16 expression levels on CDI14++
monocytes are shown in Figure 4. Baseline CD16 expression on
CD14++ monocytes was not influenced by age (rho=10.266,
p=0.057 Fig. 4B), baseline DAS28ESR scores (rho=0.041;
p=0.743, Fig. 4F) or symptom duration up to one year
(rho=0.262, p=0.816 Fig. 4G). There was no significant
difference in CD16 expression on CD144++ monocytes in early
RA patients stratified according to gender (p=0.437, Fig. 4A),
smoking status (current smoker vs. non-smoker p = 0.258, Fig. 4C),
the presence of autoantibodies (CCP pos vs. neg p =0.082, RF pos
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vs. neg p=0.610, Fig. 4D and Fig. 4E respectively), or the
presence or absence of hand or foot erosions at presentation
(p=0.327, Fig. 4H and p=0.70, Fig. 4I respectively). Genetic
polymorphisms within the FCGR34 (FCGR3A-158F/ V) gene did
not influence absolute FcyRIIIa/CD16 expression level in early
RA patients (FV vs. FF p=0.506, Fig. 4]).

Clinical predictors of response to steroid/methotrexate
therapy. Within this steroid/methotrexate treated cohort,
baseline variable were examined for association with non- or
mod/good- EULAR response to therapy by 14 weeks. There was
no association between age, smoking status, presence of
autoantibodies and baseline DAS28ESR  with response to
steroid/methotrexate therapy (Table 1). Significantly more
women were non-responders to steroid/methotrexate therapy
than men (p =0.03, Table 1). The expression of CD16 on CD14**
monocytes prior to initiation of therapy in early-RA patients was
found to be predictive of response to methotrexate; mean CD16
expression on CD14™" monocytes was significantly higher in non-

responders compared to moderate and good responders
(p=0.0009, Table 1). Thus, the percentage of CDI14™"
monocytes expressing CD16 at baseline was significantly

different between patients classified as EULAR non-responders
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Figure 3. TNF Intracellular staining in CD14 positive monocytes from healthy control and RA patients. A) Thawed A) Cryopreserved
PBMC from control and RA patients were stimulated for 4hrs with LPS (1 ug/ml), heat-aggregated Ig [HAG] (100 pg/ml) or the absence of stimulation
(NS). Representative dot plots/histograms are shown for all treatments in a HC individual and for HAG stimulation in a RA patient (bottom panel).
Intracellular staining was performed using anti-human TNF-PE or isotype control-PE antibodies and MFI units of expression measured. B) Intracellular
staining for TNF in response to LPS (left panel) and HAG (right panel) in healthy control (HC, n=8) and RA (n = 15) subjects. C) Correlation between
HAG-stimulated TNF intracellular staining and % CD16 positive monocytes in RA patients. The percentage of CD14™" monocytes expressing CD16 (x-
axis) and the MFI of anti-TNF-PE expression (y-axis) were determined by flow cytometry. Open diamonds represent early RA patient and shaded
diamonds represent long-standing RA patients. Correlation coefficient spearman’s rho=0-813, p<<0.001.

doi:10.1371/journal.pone.0028918.9003
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Figure 4. Baseline characteristics of early RA patients prior to methotrexate therapy and correlations with CD16 expression. CD16

expression levels were examined on CD14"" monocytes for correlations
methotrexate therapy. Demographics examined were gender (A), age at

with baseline characteristics in a cohort of early RA patients prior to
baseline (B), smoking status (C), CCP autoantibody-positivity (D), RF-

positivity (E), baseline DAS28ESR (F), disease duration at initiation of therapy (G), foot erosions (H), hand erosions () and FCGR3A genotype (J).

Relationships between these baseline characteristics and EULAR responses
doi:10.1371/journal.pone.0028918.9g004

and moderate or good responders at 14 weeks post-methotrexate
therapy (Fig. 5A; p=0.01 and p=0.003 respectively). The
percentage of CD16 positive CD14™ monocytes at baseline was
also negatively correlated with the percentage reduction in
DAS28-ESR levels between 0-14 weeks (Fig. 5B; spearman’s
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are shown in Table 1.

rho=-0.464, p=0.003). When the analysis was stratified by
gender, CD16 was still significantly raised in EULAR non-
responders compared to moderate and good responders
(p=0.0153) in female subjects. There were insufficient non-
responders to assess this in male subjects. The levels of CD16
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expression (MFI units, data not shown) and the percentage of
CD14™ monocytes expressing CD16 were not significantly
changed at 2 or 14 weeks post-treatment compared with
baseline (p=0.938 and p=0.779 respectively; Wilcoxon signed
ranks test Fig. 5C).

Discussion

Monocytes are crucial players in the perpetuation of immune
responses and joint damage in RA. The CD14"Y monocyte subset
has previously been the major focus of attention in RA due to
reports of increased numbers in inflammatory diseases [28-31]
and following reports suggesting they are the main produces of
TNF in healthy controls [38]. However, in our current study we
found no significant difference in the proportions of the CD 14"
monocyte subset, consistent with another study in this area [32], or
the level of FcyRIIla/CD16 expression between RA and control
subjects. In this study, we have demonstrated that the CD14*"
monocyte subset in RA shows higher expression of FcyRIIla/
CD16 compared with healthy controls, as previously reported
[6,31,35-37]. This increased expression may result in a cell that is
more responsive to IgG-containing ICs with resultant cellular
activation. FeyRIITa/CD16 positive cells have been demonstrated
to be the main producers of TNF in response to LPS [26]. Indeed,
we have demonstrated that monocytes from RA patients show an
enhanced capacity to produce TNF in response to IgG-containing
ICs and the extent of TNF-production is correlated with the level
of FcyRIMla/CD16 expression on CD14™ monocytes. Therefore,
we propose that higher FcyRIITa/CD16 levels seen on CD14™"
monocytes in RA may allow circulating ICs, found abundantly in
RA patients, to provide an inflammatory drive toward the
production of TNF and perpetuation of disease. Our data
demonstrated higher TNF production in response to ICs in RA
compared to healthy controls in contrast to recent work of Laurent
et al. who reported TNF production in response to IC was similar
between healthy controls and RA patients. The different results
may be accounted for by a greater increase in FcyRIIla/CD16
expression in RA relative to healthy controls in our study, which
may accentuate the difference in TNF production between the
groups. Furthermore, both studies used different experimental
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Table 1. Early RA patient baseline demographics and associations with response to steroid/methotrexate therapy.
Entire Cohort NR MOD/GOOD NR vs. MOD/GOOD
n=73 n=11 n=31 p value
Gender (% women) 69 91 64 P=0.03 (})
Age (median years) 51 59 48 P=0.071 (¢)
Smoking (% ever smoked) 45.7 66 384 P=0.245 (})
Smoking (% current smokers) 25.7 222 26.9 P=1.0 (})
CCP titre (mean) 204 229 194 P=0.539 (¢)
CCP positive (%) 86 920 84 P=0.7448 ()
RF titre (mean) 145 192 127 P=0.156 ()
RF positive (%) 80 80 80 P=1.00 (})
DAS28ESR baseline 5.6 5.20 5.74 P=0.44 ($)
CD16 expression (mean MFI) 15.13 21.08 13.16 P =0.0009 (¢)
A cohort of early RA patients (n =73) were recruited for investigation. Baseline characteristics of the cohort is summarised in column [Entire cohort]. Patients with EULAR
response data at week 14 post-initiation of therapy (n=42) were furthermore split into non-responders [NR] or moderate/good responders [MOD/GOOD] and baseline
characteristics in each subgroup analysed separately. Statistically significant differences between the two EULAR response subgroups [NR vs. MOD/GOOD] were
examined. () fishers statistical test (¢) mann-whitney U test.
doi:10.1371/journal.pone.0028918.t001

methodologies that may have directly impacted on the results,
including method of monocyte isolation (unmanipulated PBMC
vs. positive selection of monocytes), different ICs (HAG vs. ACPA-
containing ICs derived from RA patients) and the measurement of
intracellular TNF after 4 hours by flow cytometry compared with
TNF release into the culture supernatant at 24 hours by ELISA.
Various other studies have previously attempted to address this
using a variety of ICs such as ACPA-containing [40], collagen-
containing IC [41] and PEG-precipitated IC [42]. These studies
were also unable to show any correlation between FcyRIIla/
CD16 and TNF production in response to the aforementioned IC,
but once again different sources of monocytes/monocyte-derived
macrophages were used (healthy controls) with a tendency for
longer culture duration and the measurement of TNF release into
culture supernatants, rather than intra-cellular TNF as employed
in the current study. The extent to which these methodological
differences directly impacted on the results from the different
studies is currently unknown.

FcyR-mediated IC uptake, targeting into both MHC class I and
II antigen presentation pathways and cross-presentation of IC-
bound antigens has been demonstrated for FcyRIIla/CD16 [46—
49]. These CD14"*/CD16P* cells also co-express chemokine
receptors and adhesion molecules thereby showing their capacity
to migrate rapidly to sites of inflammation. Studies have
demonstrated that magnetic-bead isolated CD16P” monocytes
adhere to activated endothelium and migrate into the joint more
efficiently than CD16"® monocytes due to increased adhesion
molecule and chemokine receptor expression [50]. In RA, this
CD16"* phenotype of cells becomes expanded due to increased
expression of CD16 on CD14™ monocytes and this cellular subset
may be associated with increased recruitment into the joint. We
have shown that monocytes from early-RA patients show
intermediate levels of FcyRIIIa/CD16 expression between healthy
controls and RA patients, thus increased FcyRIIla/CD16
expression may become established as disease progresses. We
have shown that steroid/methotrexate treatment does not down
regulate FcyRIIIa/CD16 expression, even in patients achieving
moderate/good clinical responses, consistent with previous
longitudinal studies [35]. Although the work by Wijngaarden
et al. 2005 showed a downregulation of CD16 after methotrexate
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Figure 5. FcyRIlla/CD16 expression on RA CD14"" monocytes pre- and post- methotrexate therapy. A) The percentage of CD16 positive
CD14" monocytes was measured at baseline (y-axis) and correlated with patient responses to methotrexate treatment. Patients were classified at
week 14 post-initiation of therapy as non-responders (NR, n=12), moderate (MOD, n=12) or good (GOOD, n=15) according to EULAR criteria and
compared using Mann Whitney U test. Dots represent outliers. (B) The percentage reduction in DAS28-ESR between 0 and 14 weeks post-initiation of
therapy (x-axis) and the % of CD14" cells expressing CD16 at baseline (y-axis). Negative levels indicate increased DAS28ESR between baseline and
week 14. Statistics; Spearman’s correlation. C) The percentage of CD16 positive CD14" monocytes was measured at baseline (wk0), 2 and 14 weeks
after initiation of steroid/methotrexate treatment in early DMARD-naive RA patients. Samples at 2 weeks mainly reflect influence of steroid treatment
whereas week 14 samples will mainly reflect the effect of methotrexate therapy. Wilcoxon signed ranks test used to compare paired samples pre- and

post- therapy.
doi:10.1371/journal.pone.0028918.g005

therapy, this was a modest downregulation in the percentage of
FeyRIIIa/CD16 positive cells and was not reproduced in MFI
expression levels. We hypothesise that in the context of persistent
autoantibody production in RA the CD14**/CD16"* cellular
subset may provide a continual drive to TNF-release and other
effector functions, such as phagocytosis and antigen-presentation
in the joint. Therefore, the presence of these monocytes may
represent an important part of the pathophysiology of autoanti-
body-positive RA, which may be relatively resistant to methotrex-
ate therapy and could be a potential therapeutic target.

We have demonstrated that increased FcyRIIIa/CD16 expres-
sion on CDI14"™ monocytes in RA may be important in

@ PLoS ONE | www.plosone.org

determining non-response to methotrexate therapy. Expansion
of this CD14™/CD16"* subset may predict patients who will
have persistent circulating IC-driven TINF production, irrespective
of therapy, and as a consequence will demonstrate poorer
responses and may need more aggressive treatment with anti-
TNEF/other biologics. FcyRIIIa/CD16 expression is not correlated
with gender, DAS28-ESR score or the presence of systemic
inflammation, suggesting that FcyRIIla/CD16 may provide
additional information above current related to
response. However, this finding needs further validation, as
several high FcyRIIIa/CDI16 expressing patients demonstrated
adequate responses to methotrexate therapy.

measures
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We propose that CD14""/CD16P** monocytes warrant further
mvestigation due to the potential pathogenic importance of the
1C/FcyRIIa activation pathway in driving inflammatory respons-
es in RA. In addition, studies are needed to determine whether
monocyte FcyRIIIa/CDI16 expression levels could potentially be
used as a prognostic or predictive biomarker of response to
methotrexate therapy in RA. Furthermore, blockade of FeyRIIIa/
CD16 represents an attractive target for future therapeutic
intervention.

Supporting Information

Figure S1 Validation of non-specific blockade using
immunoglobulin. A) Expression levels of staining (MFT units)
of IgG1-PE isotype control at increasing concentration of non-
specific binding blockade using soluble immunoglobulin (IgG ug/
ml). B) Expression levels of staining (MFI units) with CD16-PE
antibody clone 3G8 with increasing concentrations of non-specific
blocking using soluble immunoglobulin (IgG pg/ml) C) Compar-
ison of mean staining levels (MFI units) of CD16-PE clone 3G8 on

References

1. Edwards JCW (1998) Is rheumatoid factor relevant? In: Bird HA, Snaith M, eds.
Questions and uncertainties in rheumatoid arthritis.

2. Mewar D, Wilson AG (2006) Autoantibodies in rheumatoid arthritis: a review.
Biomed Pharmacother 60: 648-655.

3. Nimmerjahn F, Ravetch JV (2007) Fc-receptors as regulators of immunity. Adv
Immunol 96: 179-204.

4. Nimmerjahn F, Ravetch JV (2008) Fc gamma receptors as regulators of immune
responses. Nat Rev Immunol 8: 34-47.

5. Dijstelbloem HM, van de Winkel JGJ, Kallenberg CGM (2001) Inflammation in
autoimmunity: receptors for IgG revisited. Trends Immunol 22: 510-516.

6. Blom AB, Van Lent PLEM, Holthuysen AEM, Jacobs C, van den Berg WB
(2003) Skewed balance in basal expression and regulation of activating v
inhibitory Fcg receptors in macrophages of collagen induced arthritis sensitive
mice. Ann Rheum Dis 62: 465-471.

7. Kleinau S (2003) The impact of Fc receptors on the development of autoimmune
diseases. Curr Pharm Des 9: 1861-1870.

8. Ravetch JV, Bolland S (2001) IgG Fc Receptors. Annu Rev Immunol 19:
275-290.

9. Ji H, Ohmura K, Mahmood U, Lee DM, Hothuis FMA, et al. (2002) Arthritis
critically dependent on innate immune system players. Immunity 16: 157-168.

10. Diaz dS, Andren M, Martinsson P, Verbecek JS, Kleinau S (2002) Expression of
FegammaRIIT is required for development of collagen-induced arthritis.
Eur J Immunol 32: 2915-2922.

11. Blom AB, van Lent PL, van Vuuren H, Holthuysen AE, Jacobs C, et al. (2000)
Fc gamma R expression on macrophages is related to severity and chronicity of
synovial inflammation and cartilage destruction during experimental immune-
complex-mediated arthritis (ICA). Arthritis Res 2: 489-503.

12. Binstadt BA, Patel PR, Alencar H, Nigrovic PA, Lee DM (2006) \Particularities
of the vasculature can promote the organ specificity of autoimmune attack. Nat
Immunol 7: 284-292.

13. Wipke BT, Wang Z, Nagengast W, Reichert DE, Allen PM (2004) Staging the
initiation of autoantibody-induced arthritis: A critical role for immune
complexes. J Immunol 172: 7694-7702.

14. Robinson JI, Barrett JH, Taylor JC, YEAR consortium, Naven M, et al. (2010)
Dissection of the FCGR34 association with RA: increased association in men and
with autoantibody positive disease. Ann Rheum Dis 69: 1054-1057.

15. Burmester GR, Stuhlmiiller B, Keyszer G, Kinne RW (1997) Mononuclear
phagocytes and rheumatoid synovitis: mastermind or workhorse in arthritis?
Arthritis Rheum 40: 5-18.

16. Wikaningrum R, Highton J, Parker A, Cooleman M, Hessian PA, et al. (1998)
Pathogenic mechanisms in the rheumatoid nodule: comparison of proinflam-
matory cytokine production and cell adhesion molecule expression in
rheumatoid nodules and synovial membranes from the same patient. Arthritis
Rheum 41: 1783-1797.

17. Gerber J, Mosser D (2001) Stimulatory and inhibitory signals originating from
the macrophage Fc gamma receptor. Microbes Infect 3: 131-139.

18. Shahrara S, Pickens SR, Dorfleutner A, Pope RM (2009) IL-17 induces
monocyte migration in rheumatoid arthritis. J Immunol 182: 3884-3891.

19. Evans HG, Gullick NJ, Kelly S, Pitzalis C, Lord GM, et al. (2009) In vivo
activated monocytes from the site of inflammation in humans specifically
promote Th17 responses. PNAS 106: 6232-6237.

20. Marsh CB, Pomerantz RP, Parker JM, Winnard AV, Mazzaferri EL, Jr., et al.
(1999) Regulation of monocyte survival in vitro by deposited IgG: role of
macrophage colony-stimulating factor. J Immunol 162: 6217-6225.

@ PLoS ONE | www.plosone.org

FcyRllla on Monocytes in Rheumatoid Arthritis

monocytes with or without immunoglobulin blockade (+/—IgG)
(data from 5 RA patients and 3 healthy controls).
(TTIFF)

Appendix S1 Membership and Affiliations of the YEAR
Consortium.

(DOCX)

Acknowledgments

We would like to thank the patients and controls who provided blood
samples for this study. We would like to acknowledge the support of the
clinicians and nurses who have assisted in the collection of samples and
clinical data. See Appendix S1 for list of YEAR consortium members.

Author Contributions

Conceived and designed the experiments: DLC JI PE AWM. Performed
the experiments: DLC SGM JIR CC SLM. Analyzed the data: DLC SGM
JIR SLM CC JN AWM. Contributed reagents/materials/analysis tools:
YEAR JN. Wrote the paper: DLC PE AWM.

21. Abrahams VM, Cambridge G, Lydyard PM, Edwards JCW (2000) Induction of
tumor necrosis factor a production by adhered human monocytes. A key role for
Feg receptor type IITA in rheumatoid arthritis. Arthritis Rheum 43: 608-616.

22. Feldmann M, Maini RN (2001) Anti-TNFa therapy of rheumatoid arthritis:
what have we learned? Annu Rev Immunol 19: 163-196.

23. Mertens M, Singh JA (2009) Anakinra for rheumatoid arthritis: A systematic
review. J Rheumatol 36: 1118-1125.

24. Danks L, Sabokbar A, Gundle R, Athanasou NA (2002) Synovial macrophage-
osteoclast differentiation in inflammatory arthritis. Ann Rheum Dis 61:
916-921.

25. Ziegler-Heitbrock L (2007) The CD14+ CD16+ blood monocytes: their role in
infection and inflammation. J Leukoc Biol 81: 584-592.

26. Cros J, Cagnard N, Woollard K, Patey N, Zhang SY, et al. (2010) Human
CD14dim Monocytes Patrol and Sense Nucleic Acids and Viruses via TLR7 and
TLR8 Receptors. Immunity 33: 375-386. doi: 10.1016/j.immuni.2010.08.012.

27. Ziegler-Heitbrock HW (2000) Definition of human blood monocytes. J Leukoc
Biol 67: 603-606.

28. Thieblemont N, Weiss L, Sadeghi HM, Estcourt C, Haeffner-Cavaillon N (1995)
CD14"°"CD16"=": a cytokine producing monocyte subset which expands during
human immunodeficiency virus infection. Eur J Immunol 25: 3418-3424.

29. Fingerle-Rowson G, Angstwurm M, Andreesen R, Ziegler-Heitbrock HWL
(1998) Selective depletion of CDI14+ CDI16+ monocytes by glucocorticoid
therapy. Clin Exp Immunol 112: 501-506.

30. Scherberich JE, Nockher WA (1999) CDI14++ monocytes, CD14+/CD16+
subset and soluble CD14 as biological markers of inflammatory systemic diseases
and monitoring immunosuppressive therapy. Clin Chem Lab Med 37: 209-213.

31. Kawanaka N, Yamamura M, Aita T, Morita Y, Okamoto A, et al. (2002)
CD14+,CD16+ blood monocytes and joint inflammation in rheumatoid
arthritis. Arthritis Rheum 46: 2578-2586.

32. Cairns AP, Crockard AD, Bell AL (2002) The CD14+ CD16+ monocyte subset
in rheumatoid arthritis and systemic lupus erythematosus. Rheumatol Int 21:
189-192.

33. Mobley JL, Leininger M, Madore S, Baginski T], Renkiewicz R (2007) Genetic
evidence of a functional monocyte dichotomy. Inflammation 30: 189-197.

34. Iwahashi M, Yamamura M, Aita T, Okamoto A, Ueno A, et al. (2004)
Expression of Toll-like receptor 2 on CD16+ blood monocytes and synovial
tissue macrophages in rheumatoid arthritis. Arthritis Rheum 50: 1457-1467.

35. Wijngaarden S, van Roon JAG, van de Winkel JGJ, Bijlsma JW], Lafeber FP]JG
(2005) Down-regulation of activating Fcg receptors on monocytes of patients
with rheumatoid arthritis upon methotrexate treatment. Rheumatology 44:
729-734.

36. Laurent L, Clavel C, Lemaire O, Anquetil F, Cornillet M, et al. (2011) Feg
receptor profile of monocytes and macrophages from rheumatoid arthritis
patients and their response to immune complexes formed with autoantibodies to
citrullinated proteins. Ann Rheum Dis 70: 1052-1059.

37. Hepburn AL, Mason JC, Davies KA (2004) Expression of Fcg and complement
receptors on peripheral blood monocytes in systemic lupus erythematosus and
rheumatoid arthritis. Rheumatology 43: 547-554.

38. Belge KU, Dayyani I, Horelt A, Siedlar M, Frankenberger M, et al. (2002) The
proinflammatory CD14+CD16+DR++ monocytes are a major source of TNF.
J Immunol 168: 3536-3542.

39. Van Lent PLEM, Holthuysen AEM, van den Bersselaar L, van Rooijen N, van
de Putte LBA, et al. (1995) Role of macrophage-like synovial lining cells in
localization and expression of experimental arthritis. Scand J Rheumatol 24:
83-89.

January 2012 | Volume 7 | Issue 1 | e28918



40.

41.

42,

43.

44.

Clavel C, Nogueira L, Laurent L, Iobagiu C, Vincent C, et al. (2008) Induction
of macrophage secretion of tumor necrosis factor alpha through Fcgamma
receptor Ila engagement by rheumatoid arthritis-specific autoantibodies to
citrullinated proteins complexed with fibrinogen. Arthritis Rheum 58: 678-688.
Mullazehi M, Mathsson L, Lampa J, Ronnelid J (2006) Surface-bound anti-type
II collagen-containing immune complexes induce production of tumor necrosis
factor a, interleukin-1b, and interleukin-8 from peripheral blood monocytes via
fcg receptor IIA: A potential pathophysiologic mechanism for humoralanti-type
II collagen immunity in arthritis. Arthritis Rheum 54: 1759-1771.

Mathsson L, Lampa J, Mullazehi M, Ronnelid J (2006) Immune complexes from
rheumatoid arthritis synovial fluid induce FcgammaRIla dependent and
rheumatoid factor correlated production of tumour necrosis factor-alpha by
peripheral blood mononuclear cells. Arthritis Res Ther 8: R64.

Arnett FC, Edworth SM, Bloch DA, McShane DJ, Fries JF, et al. (1988) The
American-Rheumatism-Association 1987 revised criteria for the classification of
rheumatoid-arthritis. Arthritis Rheum 31: 315-324.

Morgan AW, Keyte VH, Babbage SJ, Robinson JI, Ponchel F, et al. (2003)
FegRIITA-158V and rheumatoid arthritis. A confirmation study. Rheumatology
(Oxford) 42: 528-533.

@ PLoS ONE | www.plosone.org

10

46.

47.

48.

49.

50.

FcyRllla on Monocytes in Rheumatoid Arthritis

. Morgan AW, Griffiths B, Ponchel F, Montague BMN, Ali M, et al. (2000) Fcg

receptor type IIIA is associated with rheumatoid arthritis in two distinct ethnic
groups. Arthritis Rheum 43: 2328-2334.

Hamano Y, Arase H, Saisho H, Saito T (2000) Immune complex and Fc
receptor-mediated augmentation of antigen presentation for in vivo Th cell
responses. J Immunol 164: 6113-6119.

Regnault A, Lankar D, Lacabanne V, Rodriguez A, Théry C, et al. (1999) Fcg
receptor-mediated induction of dendritic cell maturation and major histocom-
patibility complex class I-restricted antigen presentation after immune complex
internalisation. J Exp Med 189: 371-380.

Signorino E, Brusa D, Granata R, Malavasi F, Ferrone S, et al. (2007)
Contribution of dendritic cells FcyRI and FeyRIII to cross-presentation of tumor
cells opsonized with the anti-MHC class I monoclonal antibodies. Cancer Biol
Ther 6: 1932-1937.

Herrada AA, Contreras FJ, Tobar JA, Pacheco R, Kalergis AM (2007) Immune
complex-induced enhancement of bacterial antigen presentation requires
FeyReceptor IIT expression on dendritic cells. PNAS 104: 13402-13407.
Ancuta P, Moses A, Gabuzda D (2004) Transendothelial migration of CD16+
monocytes in response to fractalkine under constitutive and inflammatory
conditions. Immunobiology 209: 11-20.

January 2012 | Volume 7 | Issue 1 | e28918



