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Abstract

Objective

To find novel predictors of treatment response to disease-modifying antirheumatic drugs
(DMARDs), we studied activation of STAT (signal transducers and activators of transcrip-
tion) 6 and 1 in circulating leukocytes of patients with rheumatoid arthritis (RA).

Methods

19 patients with untreated recent-onset RA, 16 patients with chronic RA irresponsive to syn-
thetic DMARDs and 37 healthy volunteers provided blood samples for whole blood flow
cytometric determination of intracellular STAT6 and STAT1 phosphorylation, expressed as
relative fluorescence units, in response to IL-4 and IFN-y, respectively. Phosphorylation
was restudied and treatment response (according to European League Against Rheuma-
tism) determined after 1-year treatment with synthetic DMARDs in recent-onset RA and with
biological DMARD in synthetic DMARD-irresponsive RA. Estimation-based exact logistic
regression was used to investigate relation of baseline variables to treatment response.
95% confidence intervals of means were estimated by bias-corrected bootstrapping and the
significance between baseline and follow-up values was calculated by permutation test.

Results

At baseline, levels of phosphorylated STAT6 (pSTAT6) induced by IL-4 in monocytes were
higher in those who achieved good treatment response to synthetic DMARDs than in those
who did not among patients with untreated RA (OR 2.74, 95% CI 1.05 t0 9.47), and IFN-y -stim-
ulated lymphocyte pSTAT1 levels were higher in those who achieved good treatment response
to a biological drug than in those who did not among patients with chronic RA (OR 3.91, 95%
Cl 1.1210 20.68). During follow-up, in recent-onset RA patients with good treatment response
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to synthetic DMARDS, the lymphocyte pSTAT®6 levels decreased (p = 0.011), and, conse-
quently, the ratio of pPSTAT1/pSTAT6 in lymphocytes increased (p = 0.042).

Conclusion

Cytokine-stimulated STAT6 and STAT1 phosphorylation in circulating leukocytes was asso-
ciated with treatment response to DMARD:s in this pilot study. The result, if confirmed in
larger studies, may aid in developing personalized medicine in RA.

Introduction

Rheumatoid arthritis (RA) is a disease of autoimmune origin characterized by synovitis,
autoantibody production, cartilage and bone destruction, and systemic inflammation. RA is
predisposed by both genetic and environmental triggers, and complex adaptive and innate
immune mechanisms contribute to the disease course. [1] The treatment of patients with
newly diagnosed RA is usually started with traditional disease-modifying antirheumatic drugs
(DMARD:s), and intensified, if necessary, by biological drugs, most commonly inhibitors of
the proinflammatory cytokines such as tumor necrosis factor (TNF) [2].

In order to maintain RA patients’ work capacity optimally, remission should be achieved
rapidly [3,4]. However, at present there are virtually no reliable biomarkers to predict treat-
ment response to the chosen treatment in RA. Several studies have been performed to examine
the usefulness of clinical and laboratory variables, autoantibodies, cytokines and genetic fac-
tors as predictors of treatment response to methotrexate and other types of DMARDs as well
as to anti-TNF agents and other biological drugs [5,6]. The most studied treatment response
marker candidates may be plasma levels of inflammatory cytokines and other soluble media-
tors. However, the results concerning the treatment response marker ability of these candi-
dates can be contradicting [5,7], or they may not provide additional predictive value to the
levels of inflammatory activity markers that are already in clinical use (primarily C-reactive
protein and erythrocyte sedimentation rate) [8-10]. Among demographics and clinical data,
the treatment strategy seems to be the strongest predictor [11]. Rheumatoid factor and antici-
trullinated protein antibodies may be used in clinical practice, as their presence has been
reported to associate with good treatment response to biologicals [12-14], but not uniformly,
either [15,16].

Immune cell profiling is a novel approach to find predictive markers in RA, including stud-
ies on cell surface marker determination [17-19], while studies on potential markers belonging
to intracellular signaling in immune cells are rare so far. Such markers could be, for example,
STAT (signal transduction and activator of transcription) family members, which are involved
in leukocyte signaling in response to various cytokines and growth factors, become activated
mainly by phosphorylation, and play important roles in immune responses [20]. STAT1 and
STATS, for example, are tempting targets for marker research on RA for several reasons. First,
their expression is upregulated in synovial lymphocytes, macrophages and fibroblasts in
inflammatory arthritis and diminishes along with successful response to DMARDs [21-23].
However, these STATs have quite divergent effects. STAT1 elicits the Thl type of immune
responses, interacts with Th17 type response development, activates inflammation, but also
exerts homeostatic functions and attenuates tissue destruction [24]. STAT6 promotes expres-
sion of several Th2-specific transcription factors and subsequent production of Th2 cytokines,
humoral immunity and regulatory T cell response [25,26]. Thus, the roles of STAT1 and
STATS in the continuum of the inflammatory process in the joints apparently differ from each
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other, and remain unresolved yet. Second, despite the obvious importance of STAT1 and
STAT6 on the immune response, their activation in circulating immune cells is not known,
especially in relation to each other. Third, while the effects of both the principal STAT1-acti-
vating cytokine IFN-y and STAT6-activating IL-4 seem either advantageous or disadvanta-
geous depending on the phase of the arthritic disease or the animal model used [24,27,28],
activation of STAT1 and STAT6 in response to these cytokines with respect to the RA progres-
sion and treatment response remain largely unknown.

To the present study we recruited patients with recent-onset RA who had not started
DMARD therapy, another group of patients with chronic DMARD-irresponsive RA who
started biological therapy, and a reference group of healthy subjects, and determined STAT1
and STAT6 phosphorylation in circulating leukocyte subsets in response to cytokine stimula-
tion (IFN-y and IL-4, respectively) using whole blood flow cytometry. The patients were exam-
ined at baseline and after one year of treatment and the data were analyzed in relation to the
activity and outcome of RA. To our knowledge, this is the first study to explore intracellular
signaling of both STAT1 and STAT6 pathways in circulating leukocyte subtypes with regard to
treatment response in RA.

Materials and Methods
Subjects

The study comprised two patient groups and a healthy reference group. Nineteen patients who
had been newly diagnosed with RA and not received DMARD:s or oral corticosteroids prior to
blood sampling were the recent-onset RA group. Sixteen patients with persisting disease activ-
ity despite treatment with several synthetic DMARDs were the chronic RA group. Their blood
samples were obtained before initiating biological DMARD therapy. The patients were
recruited at the Division of Rheumatology, Helsinki University Central Hospital, from July
2010 to March 2012. An additional group consisting of 37 healthy subjects was recruited
among laboratory and hospital personnel who did not have autoimmune diseases or immuno-
suppressive medication. Their samples were used as references to ensure the comparability of
the activation results during the time span of the study.

All patients fulfilled the ACR/EULAR 2010 classification criteria for RA [29]. The study
protocol was approved by the Ethical Review Board of the Joint Authority for the Hospital Dis-
trict of Helsinki and Uusimaa. An informed written consent was obtained from each subject.

Clinical evaluation

A comprehensive clinical and laboratory evaluation was undertaken at entry concomitant to
blood sampling, and after follow-up time (median 10 months, range 5 to 24 months) to assess
outcome. 66/68 joints were evaluated for swelling and pain, patient’s global assessment of dis-
ease activity was recorded on a 100 mm visual analogue scale, and laboratory measurements
including erythrocyte sedimentation rate (ESR) and plasma C-reactive protein (CRP) level
were logged. Disease activity score using 28 joints with ESR (DAS28) was calculated [30].

Blood samples and leukocyte stimulation

A 4-ml blood sample was taken, at baseline and at follow-up, by venipuncture from the antecu-
bital vein into a Falcon polypropylene tube (Becton Dickinson, Lincoln Park, NJ) supple-
mented with 400 ul of pyrogen-free acid citrate dextrose solution A (ACD-A, Baxter Health
Care Ltd, Norfolk, UK). Aliquoting and stimulations were performed within 3 hours of blood
sampling.
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100-pl aliquots of blood were put into polystyrene tubes (BD) and stimulated either with
human recombinant IL-4 (R&D Systems, Minneapolis, MN) at final concentration of 10 ng/
ml for 10 min or with hrIFN-y (R&D Systems) at final concentration of 100 ng/ml for 5 min at
+37°C, or incubated without cytokine stimulation at +37°C. After aliquoting, the tubes were
also supplemented with the monocyte surface marker antibody anti-CD14-FITC (mouse anti-
human IgG2b, k, clone M¢P9) (5 ul) (Becton Dickinson Biosciences, San Jose, CA).

Whole blood flow cytometric protocol

Blood samples were prepared using a protocol and reagents by Becton Dickinson [31]. Opti-
mal amounts of the antibodies and their compatibility with the permeabilization procedure, as
well as the cytokine stimulation conditions described above, were chosen based on preliminary
experiments. Unstimulated samples were used as controls because they provide the best means
to distinguish positive from negative events [32,33].

Following the initial incubations, leukocytes were fixed and erythrocytes lysed by adding
1X Lyse/Fix Buffer. After pelleting, leukocytes were washed with Stain Buffer and permeabi-
lized by Perm Buffer III at -20°C for 30 min. Cells were pelleted and washed with Stain Buffer,
after which the tubes were supplemented with the T cell marker antibody anti-CD3-PerCP
(mouse anti-human IgG1, «, clone SK7) (9 ul), and the IL-4 -stimulated tube and its unstimu-
lated control tube with anti-STAT6 (pTyr641) -Alexa Fluor 647 antibody (mouse anti-human
IgG2a, clone 18/P-Stat6) (5 pl), and the IFN-y -stimulated tube and its unstimulated control
tube with anti-STAT1 (pTyr701) -Alexa Fluor 647 antibody (mouse anti-human IgG2a, clone
4a) (5 pl), in 100 pl of Stain Buffer. Following incubation at room temperature protected from
light for 20 min, cells were washed in Stain Buffer and resuspended in 300 pl of Stain Buffer.
The samples were kept on ice for a maximum of 4 hours until flow cytometric acquisition.

Flow cytometric data were acquired on FACSCantoll flow cytometer and analyzed with
FACSDiva software (BD), as described previously [34]. Monocytes were identified by their
CD14-positivity and light scattering characteristics (Fig 1A and 1B). Lymphocytes were identified
by their light scattering characteristics (Fig 1C). pSTAT1 and pSTATS6 fluorescence intensity his-
tograms were created for both stimulated and unstimulated lymphocytes and monocytes (for
examples, see Fig 1D-1G). The intensities were expressed as relative fluorescence units (RFU).

Statistical analysis

The data are presented as means with standard deviations (SD), medians with interquartile
range (IQR), or counts with percentages. Correlations were estimated by Spearman’s correla-
tion coefficient method. Estimation-based exact logistic regression was used to investigate rela-
tion of baseline variables to treatment response. In all analyses, patients with gopod EULAR
response were categorized as good responders and patients with moderate or no response as
non-responders. The 95% confidence intervals (CI) of means were estimated by bias-corrected
bootstrapping (5000 replications) and the significance of difference between baseline and fol-
low-up values was calculated by permutation test for paired replicates. Stata 13.1 (StataCorp
LP, College Station, TX, USA) statistical package was used for the analyses.

Results
Subjects and treatment

A total of 19 patients had recent-onset RA with a median duration of symptoms of 12 months
(interquartile range 4 to 24 months) and had not previously received any synthetic DMARDs
or oral glucocorticoids (Table 1). Another 16 patients had chronic RA with median disease
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Fig 1. Flow cytometry gating strategy. A) Gate P3 was set to comprise all events with high CD14-FITC-
fluorescence. B) Among events in P3, monocytes were included in gate P4 based on light scattering
characteristics (FSC and SSC). C) Gate P1 was set to comprise lymphocytes based on light scattering
characteristics, and for analysis all events in P1 but not in P4 were considered lymphocytes. Gate P2 was set
to comprise neutrophils. pSTAT6-Alexa Fluor 647 and pSTAT1-Alexa Fluor 647 fluorescence intensity
histograms were created for lymphocytes and monocytes in respective tubes. Representative histograms are
shown for comparatively high (D) and low (E) monocyte pSTAT6 activation, and comparatively high (F) and
low (G) lymphocyte pSTAT1 activation. Gate P5 (D, E) or P7 (F, G) is set to comprise 2—4% of events in the
unstimulated sample and copied to the corresponding stimulated sample, i.e. the unstimulated samples serve
as controls for the stimulated samples.

doi:10.1371/journal.pone.0167975.9001

duration of 12.5 years (interquartile range 7 to 15.5 years) and were included in the study prior
to initiating their first biological DMARD (Table 1).

After blood sampling, 18 patients with recent-onset RA started DMARD therapy according
to the national guidelines [35] and EULAR recommendations [2]: 8 patients (42%) methotrex-
ate (MTX)-based combination, 3 patients (16%) other combination, 5 patients (26%) MTX
monotherapy, and 2 patients (11%) other monotherapy. In addition, 6 patients (32%) started a
course of low-dose (< 10 mg/day) oral prednison. During follow-up the drug treatment was
modified, targeting to remission, in line with the national and EULAR recommendations

Table 1. Characteristics of the subjects at baseline.

Variables

Demographics

Women, n (%)

Age (years), mean (SD)

Rheumatoid factor positive, n (%)
ACPA positive, n (%)

Measures of disease activity, mean (SD)
DAS28

Erythrocyte sedimentation rate (mm/h)
Plasma C-reactive protein (mg/l)
Number of swollen joints (0-66)
Number of tender joints (0-68)
Patient’s global assessment (VAS 0—100 mm)
pSTAT6, RFU, mean (SD)

IL-4 —stimulated monocytes
Unstimulated monocytes

IL-4 —stimulated lymphocytes
Unstimulated lymphocytes

pSTAT1, RFU, mean (SD)

IFN-y —stimulated monocytes
Unstimulated monocytes

IFN-y —stimulated lymphocytes
Unstimulated lymphocytes
pSTAT1/pSTATE ratio, mean (SD)
Monocytes

Lymphocytes

Recent-onset RA (N = 19) Chronic RA (N = 16) Healthy subjects (N = 37)

16 (84) 13 (81) 24 (65%)
46 (15) 48 (14) 37 (15)

15 (79) 13 (81)

14 (74) 12 (80)

3.79 (1.55) 4.79 (1.32)

24 (23) 24 (15)

18 (26) 11 (9)

7 (5) 11(7)

7 (5) 12.(9)

45 (24) 51 (23)

1240 (339) 1094 (287) 1054 (266)
247 (31) 235 (65) 233 (38)
382 (108) 348 (103) 312 (70)
95 (12) 92 (17) 89 (14)
1967 (661) 1616 (537) 2087 (869)
284 (39) 293 (48) 271 (33)
146 (20) 141 (24) 138 (21)
109 (13) 199 (27) 100 (16)
1.63 (0.50) 1.55 (0.56) 2.02 (0.74)
0.41 (0.11) 0.43 (0.12) 0.45 (0.09)

Abbreviations: RA, rheumatoid arthritis; ACPA, anti-citrullinated protein antibody; SD, standard deviation; DAS28, disease activity score in 28 joints; VAS,
visual analogue scale; pSTAT, phosphorylated signal transducer and activator of transcription; RFU, relative fluorescence units.

doi:10.1371/journal.pone.0167975.t1001
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[35,2]. At follow-up, 1 patient had stopped DMARD treatment and 3 patients had stopped oral
prednison. The EULAR treatment response was good in 11 patients (58%), moderate in 2
patients (11%), and 6 patients (32%) did not respond.

In the chronic RA group, 14 patients started an anti-TNF drug (5 golimumab, 4 etanercept,
3 adalimumab, and 2 certolizumab), 1 patient started tocilizumab, and 1 patient rituximab. In
addition to biologicals, 6 patients (38%) used a MTX-based DMARD combination, 4 patients
(25%) other DMARD combination, 2 patients (13%) MTX monotherapy, and 2 patients (13%)
other DMARD monotherapy. In addition, 9 patients (56%) used low-dose (< 10 mg/day) oral
prednison. During follow-up one patient stopped rituximab treatment and 3 patients were
switched to another TNF blocker. The EULAR treatment response was good in 10 patients
(63%), moderate in 3 patients (19%), and 3 patients (19%) did not respond.

At baseline, pPSTAT6 and pSTAT]1 levels and the pSTAT1/pSTATS6 ratio did not correlate
with age, erythrocyte sedimentation rate, or CRP (Table 2).

pSTATG predicts treatment response to DMARDs in recent-onset RA
and decreases during successful treatment

Among patients with recent-onset RA, baseline STAT6 phosphorylation (pSTAT®6) levels upon
IL-4 stimulation in monocytes were higher in those who achieved good response to DMARDs
than in those who did not (Table 3). IFN-y -stimulated pSTAT1 levels and the ratio of IFN-y-
stimulated pSTATI to IL-4 -stimulated pSTAT®6 of these patients at baseline were not associated
with response to DMARDs (Table 3). Also, pSTAT6 and pSTAT1 levels and the pSTAT1/
pSTATS ratio did not correlate with disease activity determined by DAS28 (data not shown).

During follow-up, pSTATE6 levels fell significantly among good responders in monocytes
and lymphocytes (Fig 2A and 2D), while there were no significant changes in pSTAT1 levels
(Fig 2B and 2E). This led to an increase in the pSTAT1/pSTATS6 ratios (Fig 2C and 2F), which
was significant in good responders’ lymphocytes (Fig 2F).

pSTAT1 predicts treatment response to biological drugs in chronic RA

Among patients with chronic RA, baseline pSTAT]1 levels upon IFN-y stimulation in lympho-
cytes were higher in those who achieved good response to biological drug in than in those who
did not (Table 3). IL-4 -stimulated pSTAT6 levels and the ratio of IFN-y-stimulated pSTAT1

Table 2. Correlation of signaling results with age and inflammatory markers at baseline in all

patients.

Age, years ESR, mm/h CRP, mg/I
Baseline r (95% Cl) r (95% Cl) r (95% Cl)
Monocyte
pSTATS6, RFU 0.14 (-0.21 to 0.45) 0.03 (-0.30 to 0.36) 0.11 (-0.23 10 0.43)
pSTAT1, RFU -0.20 (-0.50t0 0.14) 0.08 (-0.26 to 0.40) 0.28 (-0.06 to 0.56)
pSTAT1/pSTATE ratio -0.32 (-0.5910 0.01) -0.01 (-0.34t0 0.33) 0.18 (-0.16 t0 0.49)
Lymphocyte
pSTAT6, RFU 0.20 (-0.14 t0 0.50) 0.12 (-0.22 t0 0.44) 0.17 (-0.17 t0 0.48)
pSTAT1, RFU -0.06 (-0.38 to 0.28) 0.26 (-0.08 to 0.55) 0.26 (-0.08 to 0.54)
pSTAT1/pSTATS ratio -0.25 (-0.54 t0 0.10) 0.02 (-0.31 to 0.36) 0.01 (-0.32t0 0.34)

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; r, Spearman correlation coefficient; Cl,
confidence interval; pSTAT, phosphorylated signal transducer and activator of transcription, RFU, relative
fluorescence units.

doi:10.1371/journal.pone.0167975.t002
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Table 3. Univariate odds ratios of good EULAR response calculated by estimation-based exact logistic regression.

Recent-onset RA

Baseline OR* (95% CI) p value OR* (95% CI) p value
Monocyte

pSTATS6, RFU 2.74 (1.0510 9.47) 0.037 1.91 (0.64 10 6.72) 0.27
pSTAT1, RFU 2.45(0.76 10 9.66) 0.14 1.68 (0.48106.72) 0.44
pSTAT1/pSTATS6 ratio 0.86 (0.25 t0 2.85) 0.81 1.08 (0.36 to 3.35) 0.89
Lymphocyte

pSTAT6, RFU 2.25(0.91 to 7.40) 0.084 2.37 (0.81t0 11.25) 0.13
pSTAT1, RFU 1.76 (0.63 to 5.58) 0.30 3.91 (1.1210 20.68) 0.029
pSTAT1/pSTATS6 ratio 0.59 (0.22t0 1.41) 0.25 0.85 (0.33 10 2.09) 0.74

* per 1 standard deviation.

Abbreviations: EULAR, European League Against Rheumatism; RA, rheumatoid arthritis; OR, odds ratio; Cl, confidence interval; pSTAT, phosphorylated
signal transducer and activator of transcription, RFU, relative fluorescence units.

doi:10.1371/journal.pone.0167975.t003

to IL-4 -stimulated pSTATS6 of these patients at baseline were not associated with response to
biological treatment (Table 3). pSTAT6 and pSTAT1 levels and the pSTAT1/pSTAT®6 ratio did
not correlate with disease activity determined by DAS28 (data not shown).

During follow-up, pSTATS6 levels fell significantly in monocytes and lymphocytes (Fig 3A
and 3D), while there were no significant changes in pSTAT1 levels (Fig 3B and 3E). This led to
a non-significant but clear increase in the pSTAT1/pSTATS6 ratios in good responders’ mono-
cytes and lymphocytes (Fig 3C and 3F).

Discussion

Our results reveal that baseline STAT6 phosphorylation level, as determined by whole blood
phospho-specific flow cytometry, in monocytes upon IL-4 stimulation is positively correlated
with good treatment response to synthetic DMARD:s in patients with recent-onset untreated
RA, and, that baseline STAT1 phosphorylation level in lymphocytes upon IFN-y stimulation is
positively correlated with good treatment response to biological drugs in patients with chronic
RA. The findings are novel and suggest that activation capability of STAT6 and STAT1 signal-
ing pathways of circulating leukocytes may aid to predict treatment response in RA patients.
We also found recently that baseline STAT3 phosphorylation in peripheral blood CD4" T cells
is associated with good treatment response to synthetic DMARDs in recent-onset RA [36].
Immune cell profiling strategies other than above have also been applied to find predictive
markers in RA [37]. These include determination of the expression of chemokine receptors on
T cells and monocytes for predicting response to infliximab [17], CD28 on T cells for predict-
ing response to abatacept [18], CD16 on monocytes for predicting response to methotrexate
[19], and ZAP-70 in B cells for predicting response to rituximab [38]. Taken together, immune
cell profiling is a promising approach to be used in guiding personalized treatment decisions
and improving outcomes of patients with RA.

The mechanisms underlying the positive correlation between STAT6 phosphorylation level
and response to DMARDs are not known but may involve priming of circulating cells. Indeed,
inflammatory stimuli like autoantibodies and Toll-like receptor ligands may up-regulate IL-4
receptor expression to cause priming for STAT6 signaling in myeloid cells. This, in turn, can
limit excessive inflammation and tissue damage. [39] Also, high percentage of IL-4 positive
CD4™" T cells at onset of RA has been reported to predict remission with methotrexate treat-
ment [40]. Furthermore, it has been shown in mouse models that deficiency of IL-4 and
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Fig 2. pSTAT6 and pSTAT1 in patients with recent-onset rheumatoid arthritis (n = 19). IL-4-induced pSTAT6
(A, D) and IFN-y-induced pSTAT1 (B, E) fluorescence intensities and their ratios (C, F) in peripheral blood
monocytes (A-C) and lymphocytes (D-F). Measurements were made before treatment (“Baseline”) and after 1-year
treatment with disease-modifying antirheumatic drugs (“Follow-up”). Results are shown separately for patients with
no or moderate treatment response (“No”, n = 7) or good response (“Good”, n = 12), as defined by EULAR criteria.
The fluorescence intensities are given in relative fluorescence units (RFU), with squares denoting group means and
whiskers denoting 95% confidence intervals. The horizontal dashed lines show the corresponding mean values in
healthy controls (n = 37). The p values denote significance of difference between baseline and follow-up values
(permutation test). Predictive value of baseline levels for treatment response are shown in Table 2. Abbreviations:
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pSTAT, phosphorylated signal transducer and activator of transcription, EULAR, European League Against
Rheumatism.

doi:10.1371/journal.pone.0167975.g002

STATS6 can result in significant increase in arthritis severity [28], and that overexpression of
IL-4 may protect from cartilage erosions [41]. Hence, good response to DMARDs in recent-
onset RA may be associated with monocytes’ good capability for IL-4 -mediated responses that
protect from progression of tissue destruction associated with RA.

Our observation that there is a positive correlation between IFN-y -stimulated STAT1 phos-
phorylation level in circulating lymphocytes and treatment response to biological drugs in
patients with chronic RA may reflect an overall immunological state that is facilitated by good
STATT1 activation capability. Supporting this concept, it has been reported recently that IFN-y
inhibits IL-17 production in a STAT1-dependent manner, thus representing one mechanism
favoring the development of Th1 cells and silencing the Th17 program [42]. Furthermore,
Ortiz et al. showed that levels of IFN-v -induced pSTAT1 positive cells in peripheral blood of
RA patients correlate inversely with the number of memory T cells, and, close to our finding,
that baseline levels of the IFN-y -induced pSTAT1+ cells are higher in those RA patients who
obtain good response to the IL-6 blocker tocilizumab [43]. Altogether, it is possible that higher
capacity to phosphorylate STATI in response to IFN-y can be a marker able to distinguish the
RA patients who are amenable to treatment with TNF or IL-6 blockers. This needs to be veri-
fied in larger studies, as well as the possibility that the same applies to additional biologicals.

In the present study we also found that STAT6 phosphorylation decreases during treat-
ment, which agrees with the finding that STAT6 expression decreases in response to successful
DMARD treatment in the RA synovium [21]. The mechanisms that are able to attenuate
STAT®6 phosphorylation include negative feedback provided by members of the suppressors of
cytokine signaling family, which may regulate IL-4-dependent STAT6 activation [44] and are
elevated in RA patients’ peripheral blood mononuclear cells [45]. As to lymphocyte STAT1
phosphorylation in chronic RA patients not responding to multiple synthetic DMARDs, high
baseline levels predicted good response to biologicals and did not decrease during the therapy.
If confirmed in larger studies, STAT1 phosphorylation could serve as a predictive surrogate
marker identifying a subgroup of patients with chronic RA who will have good treatment
response to biologicals.

In order to evaluate the relationship of combined markers with the treatment response, we
calculated the ratio of IFN-y -stimulated STAT1 phosphorylation to IL-4 -stimulated STAT6
phosphorylation in leukocytes. The ratio may indicate how the immune response types are ori-
entated, especially as IFN-y has been shown sufficient for Th1 differentiation, whereas IL-4 is
critical for Th2 differentiation [46]. We found no association between the pSTAT1/pSTAT6
ratio at baseline and treatment response, but, however, the ratio increased during treatment
with synthetic or biological DMARDs, and the increase was significant in lymphocytes during
successful DMARD treatment in recent-onset RA. Our findings are consistent with results
showing that a shift to the Th1 direction occurred in the Th1/Th2 cell ratio in patients with
RA during either TNF blocker or glucocorticoid treatment [47], and that the expression of
IFN-y compared to that of IL-4 in peripheral blood mononuclear culture increased under
treatment with the TNF antibody infliximab [48]. IFN-y can suppress IL-4 -induced STAT6
activation, as observed in monocytes and Th1 cells [49,50]. Altogether, the increased pSTAT1/
pSTATS ratio after follow-up observed in our study seems to be more due to a decrease in
STAT6 phosphorylation capability than an increase in STAT1 phosphorylation capability.

Although pSTAT1 and pSTAT6 predicted treatment response, of interest, they did not cor-
relate with DAS28, suggesting that the two markers are distinct from disease activity markers.
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Fig 3. pSTAT6 and pSTAT1 in patients with chronic rheumatoid arthritis (n = 16). IL-4 -induced pSTAT6 (A, D)
and IFN-y -induced pSTAT1 (B, E) fluorescence intensities and their ratios (C, F) in peripheral blood monocytes
(A-C) and lymphocytes (D-F). Measurements were made before treatment (“Baseline”) and after 1-year treatment
with biological drugs (“Follow-up”). Results are shown separately for patients with no or moderate treatment
response (“No”, n = 6) or good response (“Good”, n = 10), as defined by EULAR criteria. The fluorescence intensities
are given in relative fluorescence units (RFU), with squares denoting group means and whiskers denoting 95%
confidence intervals. The horizontal dashed lines show the corresponding mean values in healthy controls (n = 37).
The p-values denote significance of difference between baseline and follow-up values (permutation test). Predictive

PLOS ONE | DOI:10.1371/journal.pone.0167975

December 12,2016

11/15



o @
@ ’ PLOS | ONE STAT6 and STAT1 in Rheumatoid Arthritis

value of baseline levels for treatment response are shown in Table 2. Abbreviations: pSTAT, phosphorylated signal
transducer and activator of transcription, EULAR, European League Against Rheumatism.

doi:10.1371/journal.pone.0167975.9003

The only correlation observed between disease activity measures and pSTAT6 and pSTAT1
phosphorylation was a positive correlation between the pSTAT1/pSTAT®6 ratio at study entry
and swollen joint count. This feature may reflect the potent effects of the IFN-y/STAT]1 path-
way within joints, including priming of monocytes and macrophages and induction of inflam-
matory mediator production [51]. This is likely to represent the complexity of the cellular and
molecular interactions involving IFN-y/STAT1 and IL-4/STAT6 pathways during different
phases of RA, which is also evident in the opposing results obtained from other studies. There
are studies showing that in human peripheral blood leukocytes, the IFN-y/STAT1 pathway is
able to limit cellular infiltration and potential tissue damage at inflammatory sites [52,53].
Also, in certain mouse models, the IFN-y/STAT1 pathway mediates protective effects in auto-
immune disease and arthritis [24], and lack of IL-4 and STAT6 suppresses arthritis [27]. How-
ever, in other mouse models, the IFN-y/STAT1 pathway has increased and the IL-4/STAT6
pathway decreased the severity of arthritis [28]. Clearly, further studies are required to reveal
the mechanisms explaining our results on the associations of IL-4/STAT6 and IFN-y/STAT1
signaling in immune cells and the course of RA.

A lthough there was significant association between STAT6 and STAT1 phosphorylation
levels and treatment response in RA, the levels overlapped with those of healthy reference sub-
jects. However, among the numerous inflammatory pathways operating in RA, it is important
to find the specific molecular markers that are able to distinguish the patients who will respond
to a given treatment from those who will not, even if the markers serve as surrogate markers.
As the method used in the present study allows determining phosphorylation and/or expres-
sion of several targets simultaneously, it is applicable for combining or correlating STAT1 and
STATG6 phosphorylation with other markers, thereby possibly creating markers that can be uti-
lized in tailoring personalized treatment for patients with RA in the future. The patients stud-
ied were well characterized with rigorous inclusion criteria, although the number of patients
brands this a pilot study.

Conclusion

Our current results show that baseline STAT6 and STAT1 phosphorylation levels in circulat-
ing leukocytes are associated with treatment response to synthetic DMARDs and biologicals in
RA, and that their ratio is influenced by the treatments. If confirmed in larger studies, the
results may be utilized in developing personalized medicine for patients with RA.

Acknowledgments

The authors would like to thank Ms Maija-Leena Peltoperi for excellent technical assistance.

Author Contributions
Conceptualization: KK AK HR MLR.
Data curation: AK.

Formal analysis: HK.

Funding acquisition: KK HR MLR.
Investigation: KK AK MLR RK.

PLOS ONE | DOI:10.1371/journal.pone.0167975 December 12, 2016 12/15



@° PLOS | ONE

STAT6 and STAT1 in Rheumatoid Arthritis

Methodology: KK AK.

Project administration: HR MLR.

Resources: RK HR MLR.

Supervision: HR MLR.

Validation: KK AK.

Visualization: AK HK.

Writing - original draft: KK AK HR MLR.

Writing - review & editing: KK AK RK HK HR MLR.

References

1.

10.

1.

12

13.

Mclnnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med 2011; 365:2205—-19. doi:
10.1056/NEJMra1004965 PMID: 22150039

Smolen JS, Landewé R, Breedveld FC, Dougados M, Emery P, Gaujoux-Viala C, et al. EULAR recom-
mendations for the management of rheumatoid arthritis with synthetic and biological disease-modifying
antirheumatic drugs. Ann Rheum Dis 2010; 69:964—75. doi: 10.1136/ard.2009.126532 PMID:
20444750

Puolakka K, Kautiainen H, Métténen T, Hannonen P, Korpela M, Hakala M, et al. Early suppression of
disease activity is essential for maintenance of work capacity in patients with recent-onset rheumatoid
arthritis: five-year experience from the FIN-RACo trial. Arthritis Rheum 2005; 52:36—41. doi: 10.1002/
art.20716 PMID: 15641055

Smolen JS, Aletaha D, Bijlsma JW, Breedweld FC, Boumpas D, Burmester G, et al. Treating rheuma-
toid arthritis to target: recommendations of an international task force. Ann Rheum Dis 2010; 69:631-7.
doi: 10.1136/ard.2009.123919 PMID: 20215140

Romao VC, Canhao H, Fonseca JE. Old drugs, old problems: where do we stand in prediction of rheu-
matoid arthritis responsiveness to methotrexate and other synthetic DMARDs? BMC Medicine 2013;
11:17. doi: 10.1186/1741-7015-11-17 PMID: 23343013

van den Broek M, Visser K, Allaart CF, Huizinga TWJ. Personalized medicine: predicting responses to
therapy in patients with RA. Curr Opin Pharmacol 2013; 13:463-9. doi: 10.1016/j.coph.2013.03.006
PMID: 23578763

Gonzalez-Alvaro |, Ortiz AM, Seoane |V, Garcia-Vicufia R, Martinez C, Gomariz RP. Biomarkers pre-
dicting a need for intensive treatment in patients with early arthritis. Curr Pharm Des 2015; 21:170-81.
doi: 10.2174/1381612820666140825123104 PMID: 25163741

Klimiuk PA, Sierakowski S, Latosiewicz R, Skowronski J, Cylwik JP, Cylwik B, et al. Histological pat-
terns of synovitis and serum chemokines in patients with rheumatoid arthritis. J Rheumatol 2005;
32:1666-72. PMID: 16142858

Knudsen LS, Klarlund M, Skjodt H, Jensen T, Ostergaard M, Jensen KE, et al. Biomarkers of inflamma-
tion in patients with unclassified polyarthritis and early rheumatoid arthritis. Relationship to disease
activity and radiological outcome. J Rheumatol 2008; 35:1277-87. PMID: 18597410

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. doi: 10.1155/2013/183653 PMID:
23690656

Métténen T, Hannonen P, Leirisalo-Repo M, Nissila M, Kautiainen H, Korpela M, et al. Comparison of
combination therapy with single-drug therapy in early rheumatoid arthritis: a randomised trial. Lancet
1999; 353:1568—73. PMID: 10334255

Klaasen R, Cantaert T, Wijbrandts CA, Teitsma C, Gerlag DM, Out TA, et al. The value of rheumatoid
factor and anti-citrullinated protein antibodies as predictors of response to infliximab in rheumatoid
arthritis: an exploratory study. Rheumatology 2011; 50:1487-93. doi: 10.1093/rheumatology/ker010
PMID: 21454308

Couderc M, Mathieu S, Pereira B, Glace B, Soubrier M. Predictive factors of rituximab response in rheu-
matoid arthritis: results from a French university hospital. Arthritis Care Res 2013; 65:648-52.

PLOS ONE | DOI:10.1371/journal.pone.0167975 December 12, 2016 13/15


http://dx.doi.org/10.1056/NEJMra1004965
http://www.ncbi.nlm.nih.gov/pubmed/22150039
http://dx.doi.org/10.1136/ard.2009.126532
http://www.ncbi.nlm.nih.gov/pubmed/20444750
http://dx.doi.org/10.1002/art.20716
http://dx.doi.org/10.1002/art.20716
http://www.ncbi.nlm.nih.gov/pubmed/15641055
http://dx.doi.org/10.1136/ard.2009.123919
http://www.ncbi.nlm.nih.gov/pubmed/20215140
http://dx.doi.org/10.1186/1741-7015-11-17
http://www.ncbi.nlm.nih.gov/pubmed/23343013
http://dx.doi.org/10.1016/j.coph.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23578763
http://dx.doi.org/10.2174/1381612820666140825123104
http://www.ncbi.nlm.nih.gov/pubmed/25163741
http://www.ncbi.nlm.nih.gov/pubmed/16142858
http://www.ncbi.nlm.nih.gov/pubmed/18597410
http://dx.doi.org/10.1155/2013/183653
http://www.ncbi.nlm.nih.gov/pubmed/23690656
http://www.ncbi.nlm.nih.gov/pubmed/10334255
http://dx.doi.org/10.1093/rheumatology/ker010
http://www.ncbi.nlm.nih.gov/pubmed/21454308

@° PLOS | ONE

STAT6 and STAT1 in Rheumatoid Arthritis

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fabris M, Quartuccio L, Lombardi S, Saracco M, Atzeni F,Carletto A, et al. The CC homozygosis of the
-174G>C IL-6 polymorphism predicts a lower efficacy of rituximab therapy in rheumatoid arthritis. Auto-
immun Rev 2012; 11:315-20. doi: 10.1016/j.autrev.2010.06.012 PMID: 20974296

Braun-Moscovici Y, Markovits D, Zinder O, Schapira D, Rozin A, Ehrenburg M, et al. Anti-cyclic citrulli-
nated protein antibodies as a predictor of response to anti-tumor necrosis factor-alpha therapy in
patients with rheumatoid arthritis. J Rheumatol 2006; 33:497-500. PMID: 16511906

16. Bobbio-Pallavicini F, Caporalli R, Alpini C, Avalle S, Epis OM, Klersy C, et al. High IgA rheumatoid
factor levels are associated with poor clinical response to tumour necrosis factor alpha inhibitors in rheu-
matoid arthritis. Ann Rheum Dis 2007; 66:302—7. doi: 10.1136/ard.2006.060608 PMID: 17079248

Nissinen R, Leirisalo-Repo M, Peltomaa R, Palosuo T, Vaarala O. Cytokine and chemokine receptor
profile of peripheral blood mononuclear cells during treatment with infliximab in patients with active
rheumatoid arthritis. Ann Rheum Dis 2004; 63:681—7. doi: 10.1136/ard.2003.008599 PMID: 15140775

Scarsi M, Ziglioli T, Airo P. Baseline numbers of circulating CD28-negative T cells may predict clinical
response to abatacept in patients ith rheumatoid arthritis. J Rheumatol 2011; 38:2105—11. doi: 10.3899/
jrheum.110386 PMID: 21807779

Cooper DL, Martin SG, Robinson JI, Mackie SL, Charles CJ, Nam J, et al. FcyRllla expression on
monocytes in rheumatoid arthritis: role in immune-complex stimulated TNF production and non-
response to methotrexate therapy. PLoS ONE 2012; 7:e28918. doi: 10.1371/journal.pone.0028918
PMID: 22235253

O’Shea JJ, Plenge R. JAKs and STATs in immunoregulation and immune-mediated disease. Immunity
2012; 36:542-50. doi: 10.1016/j.immuni.2012.03.014 PMID: 22520847

Walker JG, Ahern MJ, Coleman M, Weedon H, Papangelis V, Beroukas D, et al. Changes in synovial
tissue Jak-STAT expression in rheumatoid arthritis in response to successful DMARD treatment. Ann
Rheum Dis 2006; 65:1558—64. doi: 10.1136/ard.2005.050385 PMID: 16760256

Muller-Ladner U, Judex M, Ballhorn W, Kulimann F, Distler O, Schlottmann K, et al. Activation of the IL-
4 STAT pathway in rheumatoid synovium. J Immunol 2000; 164:3894—3901. PMID: 10725752

Kasperkovitz PV, Verbeet NL, Smeets TJ, van Rietschoten JG, Kraan MC, van der Pouw Kraan TC,
et al. Activation of the STAT1 pathway in rheumatoid arthritis. Ann Rheum Dis 2004; 63:233-9. doi: 10.
1136/ard.2003.013276 PMID: 14962955

Hu X, Ivashkiv LB. Cross-regulation of signaling and immune responses by IFN-y and STAT 1. Immunity
2009; 31:539-50. doi: 10.1016/j.immuni.2009.09.002 PMID: 19833085

Goenka S, Kaplan MH. Transcriptional regulation by STAT6. Immunol Res 2011; 50:87-96. doi: 10.
1007/s12026-011-8205-2 PMID: 21442426

Sanchez-Guajardo V, Tanchot C, O’'Malley JT, Kaplan MH, Garcia S, Freitas AA. Agonist-driven devel-
opment of CD4*CD25*Foxp3* regulatory T cells requires a second signal mediated by Stat6. J Immunol
2007; 178:7550-6. PMID: 17548589

Nandakumar KS, Holmdahl R. Arthritis induced with cartilage-specific antibodies is IL-4-dependent. Eur
J Immunol 2006; 36:1608-18. doi: 10.1002/eji.200535633 PMID: 16688680

Finnegan A, Grusby MJ, Kaplan CD, O’'Neill SK, Eibel H, Koreny T, et al. IL-4 and IL-12 regulate proteo-
glycan-induced arthritis through Stat-dependent mechanisms. J Immunol 2002; 169:3345-52. PMID:
12218156

Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham CO 3rd, et al. 2010 rheumatoid arthritis
classification criteria: an American College of Rheumatology/European League Against Rheumatism
collaborative initiative. Ann Rheum Dis 2010; 69:1580-8. doi: 10.1136/ard.2010.138461 PMID:
20699241

Prevoo ML, van't Hof MA, Kuper HH, van Leeuwen MA, van de Putte LB, van Riel PL. Modified disease
activity scores that include twenty-eight-joint counts. Development and validation in a prospective longi-
tudinal study of patients with rheumatoid arthritis. Arthritis Rheum 1995; 38:44-8. PMID: 7818570

BD Biosciences. Perm Buffer lll. Available: https://www.bdbiosciences.com/documents/Phosflow_
Protocol_for_Human_Whole_Blood_Samples.pdf.

Maecker HT, Trotter J. Flow cytometry controls, instrument setup, and the determination of positivity.
Cytometry A 2006; 69:1037—42. doi: 10.1002/cyto.a.20333 PMID: 16888771

Oberprieler NG, Taskén K. Analysing phosphorylation-based signalling networks by phospho flow
cytometry. Cell Signal 2011; 23:14—18. doi: 10.1016/j.cellsig.2010.07.009 PMID: 20643206

Oiva J, Mustonen H, Kylanpaa ML, Kyhéla L, Kuuliala K, Alanara T, et al. Acute pancreatitis with organ
dysfunction associates with abnormal blood lymphocyte signaling: controlled laboratory study. Crit Care
2010; 14:R207. doi: 10.1186/cc9329 PMID: 21087472

Hakala M, Hannonen P, Helve T, Korpela M, Mattila K, Méttonen T, et al. Rheumatoid arthritis (updated
Current Care Guidelines). Duodecim 2009; 125:2131-2. PMID: 19938416

PLOS ONE | DOI:10.1371/journal.pone.0167975 December 12, 2016 14/15


http://dx.doi.org/10.1016/j.autrev.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20974296
http://www.ncbi.nlm.nih.gov/pubmed/16511906
http://dx.doi.org/10.1136/ard.2006.060608
http://www.ncbi.nlm.nih.gov/pubmed/17079248
http://dx.doi.org/10.1136/ard.2003.008599
http://www.ncbi.nlm.nih.gov/pubmed/15140775
http://dx.doi.org/10.3899/jrheum.110386
http://dx.doi.org/10.3899/jrheum.110386
http://www.ncbi.nlm.nih.gov/pubmed/21807779
http://dx.doi.org/10.1371/journal.pone.0028918
http://www.ncbi.nlm.nih.gov/pubmed/22235253
http://dx.doi.org/10.1016/j.immuni.2012.03.014
http://www.ncbi.nlm.nih.gov/pubmed/22520847
http://dx.doi.org/10.1136/ard.2005.050385
http://www.ncbi.nlm.nih.gov/pubmed/16760256
http://www.ncbi.nlm.nih.gov/pubmed/10725752
http://dx.doi.org/10.1136/ard.2003.013276
http://dx.doi.org/10.1136/ard.2003.013276
http://www.ncbi.nlm.nih.gov/pubmed/14962955
http://dx.doi.org/10.1016/j.immuni.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19833085
http://dx.doi.org/10.1007/s12026-011-8205-2
http://dx.doi.org/10.1007/s12026-011-8205-2
http://www.ncbi.nlm.nih.gov/pubmed/21442426
http://www.ncbi.nlm.nih.gov/pubmed/17548589
http://dx.doi.org/10.1002/eji.200535633
http://www.ncbi.nlm.nih.gov/pubmed/16688680
http://www.ncbi.nlm.nih.gov/pubmed/12218156
http://dx.doi.org/10.1136/ard.2010.138461
http://www.ncbi.nlm.nih.gov/pubmed/20699241
http://www.ncbi.nlm.nih.gov/pubmed/7818570
https://www.bdbiosciences.com/documents/Phosflow_Protocol_for_Human_Whole_Blood_Samples.pdf
https://www.bdbiosciences.com/documents/Phosflow_Protocol_for_Human_Whole_Blood_Samples.pdf
http://dx.doi.org/10.1002/cyto.a.20333
http://www.ncbi.nlm.nih.gov/pubmed/16888771
http://dx.doi.org/10.1016/j.cellsig.2010.07.009
http://www.ncbi.nlm.nih.gov/pubmed/20643206
http://dx.doi.org/10.1186/cc9329
http://www.ncbi.nlm.nih.gov/pubmed/21087472
http://www.ncbi.nlm.nih.gov/pubmed/19938416

@° PLOS | ONE

STAT6 and STAT1 in Rheumatoid Arthritis

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Kuuliala K, Kuuliala A, Koivuniemi R, Oksanen S, Hamalainen M, Moilanen E, Kautiainen H, Leirisalo-
Repo M, Repo H. Constitutive STAT3 phosphorylation in circulating CD4+ T lymphocytes associates
with disease activity and treatment response in recent-onset rheumatoid arthritis. PLoS One 2015; 10:
e€0137385. doi: 10.1371/journal.pone.0137385 PMID: 26353115

Ermann J, Rao DA, Teslovich NC, Brenner MB, Raychaudhuri S. Immune cell profiling to guide thera-
peutic decisions in rheumatoid arthritis. Nat Rev Rheumatol 2015; 11:541-51. doi: 10.1038/nrrheum.
2015.71 PMID: 26034835

Gremese E, Tolusso B, Fedele AL, Canestri S, Alivernini S, Ferraccioli G. ZAP-70+ B cell subset influ-
ences response to B cell depletion therapy and early repopulation in rheumatoid arthritis. J Rheumatol
2012; 39:2276-85. doi: 10.3899/jrheum.120153 PMID: 22984268

Wermeling F, Anthony RM, Brombacher F, Ravetch JV. Acute inflammation primes myeloid effector
cells for anti-inflammatory STAT6 signaling. Proc Nat Acad Sci USA 2013; 110:13487-91. doi: 10.
1073/pnas.1312525110 PMID: 23898202

Rudwaleit M, Yin Z, Siegert S, Grolms M, Radbruch A, Braun J, et al. Response to methotrexate in early
rheumatoid arthritis is associated with a decrease of T cell derived tumour necrosis factor a, increase of
interleukin 10, and predicted by the initial concentration of interleukin 4. Ann Rheum Dis 2000; 59:311—
4. doi: 10.1136/ard.59.4.311 PMID: 10733482

van Lent PL, Holthuysen AE, Sléetjes A, Lubberts E, van den Berg WB. Local overexpression of adeno-
viral IL-4 protects cartilage from metallo proteinase-induced destruction during immune complex-medi-
ated arthritis by preventing activation of pro-MMPs. Osteoarthritis Cartilage 2002; 10:234—43. doi: 10.
1053/joca.2001.0501 PMID: 11869085

Yeh WI, McWilliams IL, Harrington LE. IFNy inhibits Th17 differentiation and function via Tbet-depen-
dent and Tbet-independent mechanisms. J Neuroimmunol 2014; 267:20—7. doi: 10.1016/j.jneuroim.
2013.12.001 PMID: 24369297

Ortiz MA, Diaz-Torné C, Hernandez MV, Reina D, de la Fuente D, Castellvi |, et al. IL-6 blockade
reverses the abnormal STAT activation of peripheral blood leukocytes from rheumatoid arthritis
patients. Clin Immunol 2015; 158:174-82. doi: 10.1016/j.clim.2015.03.025 PMID: 25847223

Seki Y, Hayashi K, Matsumoto A, Seki N, Tsukada J, Ransom J, et al. Expression of the suppressor of
cytokine signaling-5 (SOCS5) negatively regulates IL-4-dependent STAT6 activation and Th2 differenti-
ation. Proc Natl Acad Sci USA 2002; 9:13003-8.

Isoméaki P, Alanara T, Isohanni P, Lagerstedt A, Korpela M, Moilanen T, et al. The expression of SOCS
is altered in rheumatoid arthritis. Rheumatology 2007; 46:1538—46. doi: 10.1093/rheumatology/kem198
PMID: 17726036

Zhou L, Chong MM, Littman DR. Plasticity of CD4+ T cell lineage differentiation. Immunity 2009;
30:646-55. doi: 10.1016/j.immuni.2009.05.001 PMID: 19464987

Szalay B, Vasarhelyi B, Cseh A, Tulassay T, Deak M, Kovécs L, et al. The impact of conventional
DMARD and biological therapies on CD4+ cell subsets in rheumatoid arthritis. Clin Rheumatol 2014;
33:175-85. doi: 10.1007/s10067-013-2352-x PMID: 23934385

Kawashima M, Miossec P. Effect of treatment of rheumatoid arthritis with infliximab on IFNc, IL4, T-bet,
and GATA-3 expression: link with improvement of systemic inflammation and disease activity. Ann
Rheum Dis 2005; 64:415-8. doi: 10.1136/ard.2004.022731 PMID: 15286007

Dickensheets HL, Venkataraman C, Schindler U, Donnelly RP. Interferons inhibit activation of STAT6
by interleukin 4 in human monocytes by inducing SOCS-1 gene expression. Proc Natl Acad Sci USA
1999; 96:10800-5. PMID: 10485906

Huang Z, Xin J, Coleman J, Huang H. IFN-gamma suppresses STAT6 phosphorylation by inhibiting its
recruitment to the IL-4 receptor. J Immunol 2005; 174:1332—7. PMID: 15661890

Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of signals, mechanisms
and functions. J Leukoc Biol 2004; 75:163—-89. doi: 10.1189/jlb.0603252 PMID: 14525967

Hu'Y, Hu X, Boumsell L, Ivashkiv LB. IFN-y and STAT1 arrest monocyte migration and modulate Rac/
Cdc42 pathways. J Immunol 2008; 180:8057—65. PMID: 18523269

Ho HH, Antoniv T, Ji JD, lvashkiv LB. LPS-induced expression of MMPs in human monocytes is sup-
pressed by IFN-y via superinduction of ATF-3 and suppression of AP-1 proteins. J Immunol 2008;
181:5089-97. PMID: 18802113

PLOS ONE | DOI:10.1371/journal.pone.0167975 December 12, 2016 15/15


http://dx.doi.org/10.1371/journal.pone.0137385
http://www.ncbi.nlm.nih.gov/pubmed/26353115
http://dx.doi.org/10.1038/nrrheum.2015.71
http://dx.doi.org/10.1038/nrrheum.2015.71
http://www.ncbi.nlm.nih.gov/pubmed/26034835
http://dx.doi.org/10.3899/jrheum.120153
http://www.ncbi.nlm.nih.gov/pubmed/22984268
http://dx.doi.org/10.1073/pnas.1312525110
http://dx.doi.org/10.1073/pnas.1312525110
http://www.ncbi.nlm.nih.gov/pubmed/23898202
http://dx.doi.org/10.1136/ard.59.4.311
http://www.ncbi.nlm.nih.gov/pubmed/10733482
http://dx.doi.org/10.1053/joca.2001.0501
http://dx.doi.org/10.1053/joca.2001.0501
http://www.ncbi.nlm.nih.gov/pubmed/11869085
http://dx.doi.org/10.1016/j.jneuroim.2013.12.001
http://dx.doi.org/10.1016/j.jneuroim.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24369297
http://dx.doi.org/10.1016/j.clim.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25847223
http://dx.doi.org/10.1093/rheumatology/kem198
http://www.ncbi.nlm.nih.gov/pubmed/17726036
http://dx.doi.org/10.1016/j.immuni.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19464987
http://dx.doi.org/10.1007/s10067-013-2352-x
http://www.ncbi.nlm.nih.gov/pubmed/23934385
http://dx.doi.org/10.1136/ard.2004.022731
http://www.ncbi.nlm.nih.gov/pubmed/15286007
http://www.ncbi.nlm.nih.gov/pubmed/10485906
http://www.ncbi.nlm.nih.gov/pubmed/15661890
http://dx.doi.org/10.1189/jlb.0603252
http://www.ncbi.nlm.nih.gov/pubmed/14525967
http://www.ncbi.nlm.nih.gov/pubmed/18523269
http://www.ncbi.nlm.nih.gov/pubmed/18802113

