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Psoriatic arthritis (PsA) is a chronic inflammatory arthritis, affecting up to 40% of patients
with psoriasis. Constitutive expression by CD4+ T cells of an active form of STAT3, a
signal transducer and transcription factor, has been shown to induce many of the major
features of PsA in an animal model. We used high dimensional mass cytometry (CyTOF) to
probe ex-vivo levels of phosphorylated STAT3 (pSTAT3) in circulating immune cell
subpopulations from PsA patients during active and inactive states. We evaluated the
frequency of 16 immune cell populations and the levels of the activated forms of STAT3
(pSTAT3) and, for comparison, STAT1 (pSTAT1) and Src (pSrc) in whole blood fixed
shortly after collection. In addition to PsA patients, we studied active rheumatoid arthritis
(RA) patients. Increased levels of pSTAT3 were found in all the CD4+ T cell subsets
analyzed, specifically, Th1, Th2, Th17, T follicular helper (Tfh) and T regulatory (Treg) as
well as in CD14+CD16- (classical) monocytes from active PsA patients compared to
inactive patients. After correcting for body mass index (BMI), smoking and conventional
disease modifying antirheumatic drugs (c-DMARDs), levels of pSTAT3 levels remained
increased in Th1 and Tfh CD4+ T cells, and in CD14+CD16- monocytes from active
patients compared to inactive patients. No differences between the patient groups were
observed for pSTAT1 or pSrc. No differences were found between the active PsA and
active RA groups after correction for multiple testing. During active PsA, circulating Th1
and Tfh CD4+ T cells, and CD14+CD16- monocytes expressing high levels of pSTAT3
may play a role in PsA pathophysiology, perhaps by migration to inflamed sites.
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INTRODUCTION

Psoriatic arthritis (PsA), a chronic inflammatory arthritis
belonging to the group of spondyloarthropathies, affects 6-41%
of patients with psoriasis (1). A recent meta-analysis found a
pooled prevalence of 133 for every 100,000 persons and an
incidence of 83 for every 100,000 individuals (2). In most adult
cases, arthritis develops around 10 years after the appearance of
psoriasis, with the disease affecting males and females equally (3).
Psoriatic arthritis also occurs in children, with distinguishing
features, such as a bimodal age of onset distribution (4). PsA is a
systemic disease, involving the musculoskeletal system, the skin
and nails (3, 5). The term psoriatic disease has been used to
encompass psoriasis, PsA and associated comorbidities (6).
Psoriatic disease is associated with uveitis and inflammatory
bowel disease, and an increased risk of comorbidities, especially
metabolic syndrome and cardiovascular disease (7, 8). There are
no specific biomarkers for PsA, and the diagnosis is based on
clinical and imaging findings.

Genetic, environmental and immune-related mechanisms
have been implicated in PsA pathogenesis. It is not fully
understood how interactions among these different factors lead
to manifestations of PsA, and initiation of the disease either at
the skin site or at the entheses has been proposed (3). Many
immune components, both innate and adaptive, have been
associated with the inflammatory response in PsA (9). Among
these, T cells and other cell types producing IL-17 have been
shown to be of fundamental importance, based on evidence from
genetic and tissue studies, animal models and, more recently,
response to therapy (10–12). The transcription factor STAT3 has
been shown to be essential for the development of Th17 cells
(13). Recently, work by Yang et al. described an animal model in
which overexpression of STAT3C, a constitutively active form of
STAT3, in CD4+ T cells led to expression of many of the major
features of PsA, including psoriasis-like skin lesions, tendinitis/
enthesitis and arthritis (14, 15). This work points to a crucial role
of STAT3 in PsA pathogenesis, building upon an extensive
literature showing the importance of STAT3 in psoriasis (16)
and PsA, including a STAT3 polymorphism (STAT3
rs744166∗G allele) that has been found to be associated with
PsA (17). In a commentary to Yang et al. (14), Mountz (15)
proposes a model in which dysregulation of STAT3 expression in
CD4+ T cells is the ‘initiating event,’ driving both skin disease
and musculoskeletal disease through the induction of Th17 and
Th22 cells. In this model, Th17 cells would be mostly involved in
the development of psoriatic arthritis, and Th22 cells, which
express the chemokine receptor CCR10, would drive the
development of psoriasis. The higher expression of STAT3
would underlie both these outcomes.

Given the complexity of the immune landscape in PsA, it
is likely that, at different stages of the disease, distinct
immune phenotypes can be detected and shed light on the
disease immunopathology. In this study, we used the high
dimensionality of mass cytometry to measure expression of
phosphorylated STAT3 (pSTAT3) in non-manipulated, ex vivo,
circulating immune populations during active and inactive PsA.
We also analyzed samples from active rheumatoid arthritis (RA)
Frontiers in Immunology | www.frontiersin.org 2
for comparison. Mass cytometry, also known as cytometry by
time-of-flight (CyTOF), is a novel platform combining flow
cytometry and mass spectrometry that allows assessment of
overall heterogeneity and degree of similarity between subsets
of immune cells, based on a large number of parameters. Studies
using CyTOF in rheumatic diseases have been reported (18, 19),
and use of this approach in these diseases has been reviewed
recently (20).
PATIENTS, MATERIALS AND METHODS

Patients
Demographic, clinical and laboratory parameters and treatment
data were collected from 27 patients with PsA fulfilling CASPAR
criteria (21) and 14 patients with RA fulfilling 2010 EULAR/ACR
classification criteria (Table 1) (22). All patients provided
informed consent, and the study was approved by the IRB at
Carmel Medical Center (CMC 0044-11). The PsA study
population consisted of 12 patients with inactive disease, as
defined by minimal disease activity (MDA) ≥ 5, and 15
patients with active disease (MDA<5) (23). All RA patients
were classified as having moderate to high disease activity,
according to the clinical disease activity index (CDAI) score (24).

Samples
Four ml of blood was collected from each subject in EDTA tubes
and promptly treated with Smart Tube fixative in a proportion of
1.4 parts Proteomic Stabilizer PROT1 (Smart Tube, Inc. San
Carlos, CA) to 1 part whole blood, and frozen at -80°C. The fixed
whole blood was thawed in a 4°C cold room. Following complete
thawing, samples were diluted 1:5 with 1X Smart Tube Thaw-
Lyse Buffer (Smart Tube, Inc.), mixed 5 times and incubated for
10 min at room temperature (RT). Samples were then
centrifuged at 600 x g for 8 min at RT. Supernatant was
decanted, and the pellet was re-suspended in 25-50 ml of
Thaw-Lyse Buffer. This procedure was performed in total 3
times, followed by 2 washes with 25 ml of thaw Lyse Buffer 2
(Smart Tube, Inc). The resulting pellet was re-suspended in 1.6
ml of 0.22 mm filtered CyFacs buffer [1 x PBS (Rockland,
Limerick, PA), 1% bovine serum albumin (Sigma) and 0.05%
sodium azide (Sigma) in Milli-Q water] and stored at 4°C
overnight in a 96 well deep well polypropylene plate (VWR,
Radnor, PA).

Antibodies
The antibody panel is shown on Supplementary Table 1.
Antibodies were titrated using fixed blood from a healthy adult
control. Antibodies were freshly combined for each experiment
in a volume of 50 ml per sample and filtered using a 0.1mm
Durapore PVDF filter (Millipore Sigma, St. Louis, MO) at 14,000
x g for 5 min at RT.

Staining
The staining was performed in a 96 well deep well plate at RT.
The cells, initially resuspended in 1.6 ml of CyFacs buffer, were
January 2022 | Volume 12 | Article 758418
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pelleted by centrifugation at 974 x g at 4°C. Supernatant was
aspirated using a manifold to control the amount of supernatant
left. Following aspiration, the plate was vortexed to ensure
resuspension of the cell pellet. Fc receptors were blocked using
5 ml of Human TruStain FcX™ (BioLegend, San Diego, CA) for
10 min. At the end of the incubation, 50 ml of filtered antibodies
for surface antigens (Supplementary Table 1) was added to each
well and mixed gently with the cells. The plate was incubated for
30 min at RT with gentle vortexing after 15 min. Cells were then
washed twice with 1.6 ml of CyFacs Buffer and fixed with 1.6% of
formaldehyde (Thermo Scientific, Rockford, IL) for 10 min at
RT, followed by 2 washes with CyPBS. Cells were then
permeabilized with 90% methanol (Sigma), on ice for 30 min,
followed by 2 washes with CyPBS. Antibodies to intracellular
antigens (Supplementary Table 1) were added to the cells and
incubated for 30 min at RT with a gentle vortexing after 15 min,
and cells were washed once with 1.6 ml of CyPBS. To enable cell
identification based on DNA content, cells were labeled with
0.125 nM iridium (191Ir and 193Ir) (Cell-ID™ Intercalator-Ir,
Fluidigm, South San Francisco, CA), for 20 min at RT, in a
volume of 300 ml. Cells were then washed 5 times before CyTOF
acquisition: 2 times with CyFacs buffer and 3 times with 0.22 mm
filtered MilliQ water; the last 2 washes were performed just
before acquisition.
Frontiers in Immunology | www.frontiersin.org 3
Mass Cytometry
A Helios mass cytometer (Fluidigm) was used for sample
acquisition. Before acquisition, the machine was tuned with
Tuning Solution (Fluidigm) and a bead sensitivity test was
performed using EQ™ Four Element Calibration Beads
(Fluidigm). The samples were resuspended in a solution of
1:10 Calibration Beads in CyWater to obtain a concentration
of approximately 1 x 106 cell/ml. The fluidics system
SuperSampler (VictorianAirships, Alamo, CA) was used for
injection of cells into the instrument. Sample files were
normalized using calibration beads.

Mass Cytometry Data Analysis
Cell subpopulations were manually determined using FlowJo
version 10.5.2 (FlowJo, LLC). Supplementary Figure 1 shows
the gating strategy. Briefly, cell events (intact cells) were
identified as Ir191/193 double positive events, and doublets
were excluded on the basis of higher DNA content (Ir191) and
longer event length. Immune cell frequencies are expressed as
frequency of mononuclear cells, defined as CD45+, CD66a- cells,
except for granulocytes that are expressed as frequency of total
leukocytes. CD4+ T cell subsets were defined based on Kunicki
et al. (25): from gated CD3+CD4+ cells, the Tfh subset was
defined as CXCR5+ cells; the CXCR5- cells were then defined as
TABLE 1 | Characteristics of the study patient population.

Active PsA Inactive PsA Active RA p-valueActive PsA - Inactive PsA1 p-valueActive PsA – Active RA1

Number 15 12 14
Age (years)2 54.60±15.52 58.67±11.32 58.71±13.76 0.68 0.6
Disease Duration Arthritis (years)2 7.87±4.96 13.75±12.11 9.36±11.83 0.21 0.48
Disease Duration: Psoriasis (years)2 17.93±12.60 25.75±12.62
Body Mass Index2 30.57±4.61 24.62± 3.36 30.29±7.18 0.001 0.88
Gender(female) 11 (73.3%) 8 (66.7%) 11 (78.6%) 1.0 1.0
Smoking 9 (64.3%) 2 (16.7%) 4 (28.6%) 0.02 0.12
Ethnicity: Jewish 12 (80 %) 12 (100%) 11 (78.6%) 0.23 1.0

Arab 3 (20.0%) 0 3 (21.4%) 0.23 1.0
Comorbidities
Hypertension 4 (26.7%) 2 (16.7%) 5 (35.7%) 0.67 0.70
Hyperlipidemia 6 (40%) 4 (33.3%) 7 (50.0%) 1.00 0.59
Diabetes Mellitus 3 (20%) 0 0 0.23 0.22
Asthma 1 (6.7%) 0 1 (7.1 %) 1.0 1.0
Ischemic Heart Disease 2 (13.3%) 0 0 1.0
Thyroid Diseases 1 (6.7%) 1 (8.3%) 4 (28.6%) 1.0 0.17

Medication
c-DMARDS3 5 (33.3%) 9 (75.0%) 4 (28.6%) 0.03 0.68
Methotrexate 5 (33.3%) 8 (66.7%) 4 (28.6%) 1.0 0.68
Leflunomide 1 (6.7%) 0 0 1.0 1.0
Salazopyrine 2 (13.3%) 3 (25.0%) 0 0.63 0.48
Cyclosporine 1 (6.7%) 0 0 1.0 1.0
Apremilast 1 (6.7%) 0 0 1.0 1.0

b-DMARDS4 5 (33.3%) 5 (41.7%) 0 0.71 0.04
Anti TNFa 3 (20%) |5 (41.7%) 0 0.40 0.22
Etanercept 3 (20%) 3 (25.0%) 0 1.0 0.22
Golimumab 0 1 (8.3%) 0 0.44 1.0
Adalimumab 1 (6.7%) 0 0 1.0 1.0
Infliximab 1 (6.7%) 1(8.3%) 0 1.0 1.0

Secukinumab 2 (13.3%) 0 0 0.49 0.48
Ustekinumab 1 (6.7%) 0 0 1.0 1.0
January 2
1: t test or MannWhitney test were used to compare continuous variables between two independent groups. Chi-squared test or exact test for small sample were used to compare categorical
variables between groups; the bold values denote statistical significance. 2: Continuous variables are presented as mean ± SD. 3: c-DMARDS: conventional disease-modifying antirheumatic
drugs; 4 : b-DMARDS: biological disease-modifying antirheumatic drugs. For medication, the number of patients refers to the total number of patients on the particular medication in each group.
022 | Volume 12 | Article 758418
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follows: the Th1 subset was defined as CXCR3+ CCR4- cells, the
Th2 subset as CCR4+CXCR3-, Th17 as CCR6+CD161+, and the
Treg subset as CD127lo/-CD25hi FOXP3+ (Supplementary
Figure 1). For levels of phosphorylated signaling proteins, the
signal intensity from a whole given population was measured, as
the distribution was unimodal; the geometric mean (gmean, as
defined by FlowJo software) of the signal intensity for each value
was expressed as the hyperbolic arcsine of the gmean divided by
a cofactor parameter (value=5) (arcsinh transformed).

Statistical Analysis
We analyzed the differences between PsA patients at active and
inactive states and the differences between the active PsA and
active RA patients. Sixty-four conditions were analyzed: 16 cell
subpopulations and 3 phosphorylated signaling proteins. Group
to group analyses were performed using unpaired t test with
Welch’s correction, using GraphPad Prism version 9.1.0.

Data were analyzed using significance analysis of microarray
(SAM) analysis (26), a non-parametric method that performs
correction for multiple testing, using the “samr” package in R
through GitHub (https://github.com/MikeJSeo/SAM). Two class
unpaired SAM analyses were used to analyze the groups, with a
false discovery rate (FDR) set at <1% (q<0.01).

To analyze the contribution of variables that differed between
active and inactive PsA patients, we performed linear regression
model with bootstrapping for deriving robust estimates of
standard errors and confidence intervals for estimates regression
coefficients. This allowed estimation of the contribution of BMI,
smoking and conventional disease-modifying anti-rheumatic
drugs (c-DMARDS). All tests were two-sided with a p<=0.05
considered statistically significant. Statistical analyses were
performed using SPSS version 24.0 (IBM, Armonk, New
York, USA).

Correlations between phosphoproteins levels and disease
parameters were performed using Spearman’s rank correlation
in the GraphPad Prism version 9.1.0.

Heatmaps
Heat maps were created using the Morpheus visualization and
analysis software: https://software.broadinstitute.org/morpheus/.
Values were transformed by subtracting row median and
dividing by row median absolute deviation. Clustering was
performed by hierarchical clustering using Euclidean distance
with average linkage.
RESULTS

Study Population
The PsA population had an average age of 58.25 ± 12.22 years, and
70% (n=19) were female. The patients with active PsA were more
obese (BMI=30.57 ± 4.61) and more often smokers (64%),
compared to patients with inactive PsA. Fewer active compared
to inactive PsA patients were using conventional (c-)DMARDS
(33% to 75%). There were no other statistically significant
differences in demographic parameters, comorbidities or
Frontiers in Immunology | www.frontiersin.org 4
medications (Table 1) between patients with active versus inactive
disease. In the active PsA group, the mean tender joint count was
14.13 ± 9.32, swollen joints 11.27 ± 6.81, Psoriasis Area and Severity
Index (PASI) score 2.77 ± 2.82 and enthesitis score of 5.14 ± 7.54.
The calculated minimal disease activity (MDA) score in active PsA
patients was 0 in 4 patients, 1 in 8 patients and 2 in 3 patients. In the
inactive PsA group, 5 patients had an MDA score of 5, 4 patients a
score of 6 and 3 patients scored 7. In the RA group, 11 (79%)
patients were female, and themean age was 58.71 ± 13.76 years. The
calculated mean CDAI score was 33.19 ± 14.61. No RA patient was
on biologic (b)-DMARDS, compared to 33% in the active PsA
group. There were no statistically significant differences in
demographic and comorbidities between active PsA patients and
active RA patients (Table 1).

Comparisons Between Active and Inactive
Psoriatic Arthritis Patients
We compared the frequency of 16 immune cell subpopulations
between active and inactive PsA. No significant differences in the
frequency of these subpopulations were found between the two PsA
groups, using group to group comparisons (Figures 1A, B). Next,
we compared the level of phosphorylated proteins (pSTAT1,
pSTAT3 and pSrc) in these 16 subpopulations between the two
groups of PsA patients. Higher levels of pSTAT3 were found in all
CD4+ T cell subsets analyzed, defined as detailed in Kunicki et al.
(25), as well as in CD14+CD16- (classical) and CD14+CD16+
(intermediate) monocytes from active compared to inactive PsA
patients, using group to group comparisons (Figures 2A, B and
Supplementary Tables 2, 3).

We next analyzed all data using SAM (significance analysis of
microarrays): frequency of 16 immune cell subpopulations, and the
baseline levels of the 3 phosphoproteins in all subpopulations, for a
total of 64 comparisons. At FDR<1% (q<0.01), levels of pSTAT3 in
all CD4+ T cell subsets analyzed (Th1, Th2, Th17, Treg, Tfh), as
well as in CD14+CD16- monocytes (classical) were significantly
different between active and inactive PsA, whereas levels in
CD14+CD16+ monocytes were similar between the 2 groups
(Figures 2A, B). Next, using the SAM results, we generated a
heat map to visualize the baseline status of the 3 phosphorylated
signaling proteins (pSTAT1, pSTAT3 and pSrc) in all
subpopulations analyzed. As can be seen in the heat map in
Figure 2C, the level of signaling from pSTAT3 in the CD4+ T
cell subsets as well as in CD14+ monocytes are noticeably higher,
albeit heterogeneous, in the active PsA group and decreased in the
inactive group. In contrast, levels of pSTAT1 or pSrc did not differ
between the PsA groups in the immune subpopulations assessed
(Supplementary Figure 2).

As active PsA patients have higher level of BMI and smoking
and lower level of c-DMARD usage than inactive patients
(Table 1), we performed a bootstrap analysis that showed that
levels of pSTAT3 in Th1 and Tfh CD4+ T cells, as well as in
CD14+CD16- monocytes, stay significantly higher in active PsA
patients, after correction for these confounding variables
(Tables 2–4). The difference between the patient groups is no
longer significant for Th17, Treg and Th2 CD4+ subsets after
correction (Supplementary Tables 4–6).
January 2022 | Volume 12 | Article 758418
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PsA samples were clustered using the level of pSTAT3 in Th1
and Tfh CD4+ T cells and CD14+ monocytes. The majority of
the active samples clusters in 2 adjacent clusters, while half of the
inactive samples cluster away from the active samples. Between these 2
groups, there isamixedgroupofactiveandinactive samples(Figure3).

We next examined whether the levels of pSTAT3 in Th1 or Tfh
cells CD4+ T cells or in CD14+CD16- monocytes were correlated
with tender joints (TJ), swollen joints (SJ), enthesitis or C reactive
protein (CRP). There was no correlation between enthesitis or CRP
and levels of pSTAT3 in Th1, Tfh or CD14 monocytes
(Supplementary Tables 7, 8). Modest negative correlations
(r between -0.43 and -0.47) were observed between tender joints
or swollen joints and levels of pSTAT3 in Th1 and Tfh cells,
although without reaching significance (Supplementary
Figures 3A, B), while weak negative (r ~ -0.2), non-significant
correlations with pSTAT3 in CD14+ monocytes and tender joints
or swollen joints were observed (Supplementary Figure 3C).

Comparisons Between Active Psoriatic
Arthritis Patients and Active Rheumatoid
Arthritis
We also performed a comparison between active PsA and active
RA. No significant difference in cell frequency for 16 immune
Frontiers in Immunology | www.frontiersin.org 5
subpopulations was observed between these patient groups
(Supplementary Figure 4). Levels of phosphorylated proteins
were also similar between the two groups (Supplementary
Figure 5), except for the higher level of pSrc in granulocytes in
active PsA (Supplementary Figure 6), which was not significant
after performing SAM analysis. No correlations were observed
between CRP (N=9), TJ or SJ (N=13 for both) in active RA and
any phosphoproteins using Spearman’s correlation.
DISCUSSION

In this study, we describe findings of elevated levels of
phosphorylated STAT3 (pSTAT3) in CD4+ T cell subsets and
CD14+CD16- (classical) monocytes in active PsA patients, in
comparison to patients with inactive disease (inactive PsA). To
the best of our knowledge, this is the first report of higher level of
pSTAT3 in circulating CD4+ T cells subsets and CD14+CD16-
monocytes, measured directly in ex vivo cells from PsA patients
with active disease. Levels of other signaling proteins analyzed -
pSTAT1 and pSrc - were similar between active and inactive PsA
patients in all cell types assessed. Elevated pSTAT3 in PsA has
been described previously in other tissues or in total T cells. Fiocco
A

B

FIGURE 1 | No differences in immune cell frequencies in whole blood between patients with active or inactive PsA. (A) Frequency of granulocytes is expressed as
frequency of leukocytes. (B) Frequencies of 15 immune cell subpopulations expressed as frequency of total mononuclear cells (CD45+CD66a-). Data are shown as
box plots extending from the 25th to 75th percentiles, and the whiskers from the minimum to the maximum point; middle line represents the median. Samples from 15
active PsA patients and 12 inactive PsA patients were tested. Group to group comparison using unpaired t test with Welch’s correction, p>0.05 in all comparisons.
Tfh, T follicular helper; mDC, myeloid Dendritic cell; pDC, plasmacytoid Dendritic cell; MC, Monocyte.
January 2022 | Volume 12 | Article 758418
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et al. (27, 28), found higher levels of pSTAT3, but also of other
signaling proteins, on total T cell lysates from synovial fluid of PsA
patients compared to T cells from peripheral blood mononuclear
cells (PBMC) from healthy donors. These synovial fluid T cells
were isolated through a multistep process, which may have
affected the signaling profile, and the comparison to circulating
cells may be another confounder. In a brief report, Raychaudhuri
Frontiers in Immunology | www.frontiersin.org 6
et al. (29) showed that sorted and activated CD3+ T cells from
peripheral blood, upon activation with IL-23, showed increased
pSTAT3, but the effect was similar in cells from both PsA patients
and healthy controls. Elevated pSTAT3 and pSTAT1 was observed
in PsA synovial tissue from PsA in comparison to tissue from
osteoarthritis patients (30), indicating that there is activation of the
JAK-STAT pathway at inflammatory sites.
A

C

B

FIGURE 2 | Levels of pSTAT3 are increased in CD4+ T cell subsets and in classical monocytes during active PsA. (A) Signal intensity of pSTAT3 in CD4+ T cell
subsets from PsA patients. (B) Signal intensity in monocytes: CD14+CD16- (classical) subset and CD14+CD16+ (Intermediate) subset. Data expressed as arcsinh
transformed geometric mean (gmean), displayed as violin plots, with the straight line representing the median and dashed lines the quartiles. Samples from 15 active
PsA patients and 12 inactive PsA patients were tested. Group to group comparison using unpaired t test with Welch’s correction, all values p<0.05, see
Supplementary Tables 2, 3 for details. *: significant difference between the 2 groups by two class unpaired SAM analysis, FDR <1% (q<0.01). (C) Heat map showing
STAT3 phosphorylation signal in CD4+ T cell subsets and CD14+ (classical) monocytes). A, Active PsA; I, Inactive PsA; Tfh, T follicular helper; MC, Monocytes.
TABLE 2 | Bootstrapping analysis for pSTAT3 in CD4+ Th1 cells.

Bootstrap for Coefficients

Model B Bootstrap (based on 999 bootstrap samples)

Bias Standard Error Significance (2-tailed) 95% Confidence Interval

Lower Upper

1 (Constant) 3.272 .060 .594 .003 2.229 4.521
Group -0.940 -.026 .306 .011 -1.585 -.331
Smoke 0.160 -.012 .413 .671 -.634 1.024
cDMARDS -0.713 .018 .347 .070 -1.427 -.026
BMI 0.211 -.018 .292 .425 -.439 .780
January
 2022 | Volume 12 | A
cDMARDs, conventional disease-modifying antirheumatic drugs. For smoke and cDMARDS, the variables are yes/no for each condition. BMI, Body Mass Index; for this variable grouping
was based on normal weight (below 25) versus obese (above 25).
rticle 758418
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In our study, elevated levels of pSTAT3 in active PsA patients,
compared to patients with inactive disease, were found in all
circulating CD4+ T cells analyzed. These findings agree with
results from a murine model showing that expression of STAT3C
in CD4+ T cells led to appearance of PsA-like symptoms (14).
However, in our study, levels of pSTAT3 in circulating Th17,
Treg and Th2 CD4+ T cells were not different in active PsA
patients after correction for BMI, smoking (both higher in active
patients) and use of c-DMARDs (lower in active PsA). These
factors have been shown to affect activation of STAT3 in different
directions and may affect subsets of circulating CD4+ cells in
distinct ways. Smoke has been shown to activate STAT3 in the
lung (31) and cigar smoke extract has been shown to activate
STAT3 phosphorylation in a murine macrophage cell line (32).
In contrast, c-DMARDS, such as methrotrexate (MTX), have
been shown to reduce levels of pSTAT3 (33).

Higher BMI in the active PsA group is consistent with several
lines of evidence that indicate that obesity plays an important
role in PsA. STAT3 is the main signaling factor of IL-6, and
obesity has been shown to chronically activate intracellular JAK-
STAT3 signaling through increased levels of IL-6 and leptin (34).
Of particular importance to PsA, obesity increases the chance of
developing the disease (8, 35). In addition, juvenile PsA patients
have been found to have higher rate of obesity compared to
polyarticular juvenile idiopathic arthritis (JIA) patients or to the
US pediatric population (36). Furthermore, obesity is associated
with reduced treatment response in PsA (37). Obesity has been
Frontiers in Immunology | www.frontiersin.org 7
shown to be associated with induction of Th17 cells, but not with
Th1 or Treg cells (38, 39). Thus, elevated pSTAT3 in the
circulating CD4+ Th17 (and perhaps other helper subsets) in
active PsA patients in our study could be partially driven by
factors associated with obesity.

For circulating Th1 and Tfh CD4+ T cells, higher expression
of pSTAT3 in active PsA compared to inactive PsA was
independent of group variables, suggesting an intrinsic role for
these cells in PsA. However, in contrast to Th17 cells, Th1
differentiation appears largely independent of STAT3. Indeed,
higher expression of IFNg has been described in STAT3-deficient
CD4+ T cells (40), suggesting that STAT3 may inhibit Th1
development. Knocking out STAT3 and mTOR decreased IL-10
production in Th1 cells, but did not affect IFNg production (41).
Although STAT3 does not seem to play a role in Th1
development, increased levels of pSTAT3 in Th1 cells have
been found to contribute to organ damage in a model of acute
liver injury, suggesting a potential role of these cells in promoting
disease pathogenesis (42).

The presence of Th1 cells in psoriatic lesions has been noted
for quite some time. However, the role of Th1 cells and IFNg in
psoriasis or PsA is still unclear. In psoriatic plaques, IFNg
producing Th1 cells are abundant, following an initial phase
where Th17 predominates (43); expression of IFNg and IFN-
inducible genes is also upregulated. However, a small trial with
an anti-IFNg antibody showed only minimal efficacy in the
treatment of psoriasis, in contrast to inhibition of IL-17
TABLE 3 | Bootstrapping analysis for pSTAT3 in CD4+ Tfh cells.

Bootstrap for Coefficients

Model B Bootstrap (based on 998 bootstrap samples)

Bias Std. Error Sig. (2-tailed) 95% Confidence Interval

Lower Upper

1 (Constant) 2.982 .042 .596 .001 1.862 4.338
Group -0.741 -.013 .346 .044 -1.464 -.041
Smoke -0.210 -.031 .364 .538 -.963 .503
cDMARDS -0.499 -.009 .362 .180 -1.306 .160
BMI 0.299 -.002 .300 .291 -.331 .868
Janua
ry 2022 | Volume 12 | A
cDMARDs, conventional disease-modifying antirheumatic drugs. For smoke and cDMARDS, the variables are yes/no for each condition. BMI, Body Mass Index; for this variable grouping
was based on normal weight (below 25) versus obese (above 25).
TABLE 4 | Bootstrapping analysis for pSTAT3 in CD14+CD16- monocytes.

Bootstrap for Coefficients

Model B Bootstrap (based on 1000 bootstrap samples)

Bias Std. Error Sig. (2-tailed) 95% Confidence Interval

Lower Upper

1 (Constant) 5.315 -0.082 1.077 0.002 2.890 7.248
Group -1.464 0.054 0.594 0.024 -2.471 -0.060
Smoke -0.090 0.024 0.700 0.888 -1.238 1.501
cDMARDS -0.313 0.003 0.612 0.616 -1.617 0.820
BMI_NW 0.930 0.044 0.560 0.099 -0.115 2.052
cDMARDs, conventional disease-modifying antirheumatic drugs. For smoke and cDMARDS, the variables are yes/no for each condition. BMI, Body Mass Index; for this variable grouping
was based on normal weight (below 25) versus obese (above 25).
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activity (44). More recently, Diani et al. described that Th1 (and
Tc1) cells expressing the chemokine receptor CXCR3 are
enriched in synovial fluid (SF), in contrast to the blood, of PsA
patients (45), paralleling a marked increase in CXCL10, the
ligand of CXCR3, in the SF of PsA patients. Similar
observations were also described in the skin of psoriasis
patients (46). These findings suggest a potential role for Th1
(and Tc1) cells that are recruited from the blood in response to
CXCL10 chemokine, both in psoriasis and in PsA (47).
Expansion of synovial CXCR3+ CD8+ T cells has been also
described by Penkava et al. using single-cell sequencing (48).
Interestingly, we found that levels of pSTAT3 in circulating Th1
and Tfh cells were negatively correlated with the number of
tender or swollen joints, although without reaching statistical
significance. Th1 (and perhaps Tfh) cells expressing high levels
of pSTAT3 might be recruited to sites of inflammation and
contribute to tissue damage in PsA, although how these cells
would induce damage, and the exact role of IFNg in these
processes, is currently unclear.

Tfh are a subset of CD4+ T cells in the germinal center that
express CXCR5 and provide help to B cells for antibody
production; circulating Tfh (cTfh) are considered a counterpart
of Tfh, and alterations in the frequency of cTfh have been
described in several autoimmune conditions (49). cTfh have
been found to be increased in the circulation of patients with
psoriasis (49), although pediatric PsA patients had a similar
percentage of cTfh in comparison to healthy controls (50).
Different subsets of T follicular (Tf) cells have been described,
both in secondary lymphoid organs as well as in the circulation
(51), including regulatory Tf (Tfr). We did not assess these
subsets in our study, and further examination of Tfh associated
markers is needed to validate our results (52). Nevertheless, an
increase in IL-6/pSTAT3 signaling was found to favor
development of Tfh over Tfr (53), suggesting that cTfh with
high pSTAT3 might represent preferentially an effector rather
than a regulatory subset and thus potentially contribute to
disease immunopathology.
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We also find that CD14+CD16- monocytes express higher
pSTAT3 in active PsA patients. Although the percentage of
CD14+ monocytes was not increased in the active compared to
the inactive group, enhanced pSTAT3 expression could be
related to osteoclast development in active PsA patients (54).

PsA has some similarities with RA, which is also a chronic
inflammatory arthritic disease (55), and we did not find
differences between active PsA and active RA in the
parameters we tested, including pSTAT3 levels, after correction
for multiple testing. Constitutive pSTAT3 has been described in
CD4+ and CD8+ T cells, as well as in CD14+ monocytes from
RA patients (56). Jak inhibitors have shown efficacy for treating
RA and PsA (57–61), consistent with a potentially important role
of STAT3 in both diseases.

STAT3 is able to interact with several different transcription
factors in different cell types, and activate diverse sets of genes,
leading to distinct phenotypes in different conditions (62).
Consistent with this, STAT3 is involved in various cellular
processes including inflammation, proliferation, cell growth
and differentiation and apoptosis. STAT3 is activated by
several pro-inflammatory cytokines, such as IL-6, that may
play a role in promoting STAT3 activation in PsA. In
preliminary experiments, we found that serum from active PsA
patients induces increased phosphorylation of STAT3 in CD4+ T
cells from a healthy donor compared to serum from an inactive
PsA patient (Supplementary Figure 7), suggesting the presence
of circulating factors that promote STAT3 activation in active
PsA patients.

This study has several limitations. We analyzed a small,
heterogeneous sample, and further studies with larger number
of patients are needed to confirm our findings. The absence of a
healthy control precludes evaluating if PsA inactive patients have
returned to healthy levels or are still in a state of compensated
inflammation, as we described previously in systemic juvenile
idiopathic arthritis (sJIA) (63). Furthermore, diversity within the
major CD4+ T cell subsets, as well as within monocytes, was not
analyzed and may reveal additional relationships between these
FIGURE 3 | pSTAT3 levels in Th1 and Tfh CD4+ T cells, and in CD14+ monocytes partially cluster PsA samples. Arcsinh transformed geometric mean of pSTAT3
phosphorylated target in Th1 and Tfh CD4+ T cells and CD14+ monocytes was used. Clustering by hierarchical clustering using Euclidean distance with average
linkage. A, active PsA; I, inactive PsA.
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cells and PsA. For example, subsets of Th17, such as Th1-like
Th17 cells, have been described in autoimmune diseases such as
RA (64, 65). These ex-Th17 cells lose expression of IL-17 and
produce IFNg; interestingly, they gain the expression of CXCR3
(66) and could respond to the CXCL10 chemokine. Further
studies on the functional capability of these cells will also be
necessary to investigate the relevance of the higher pSTAT3
expression in circulating cells in PsA.

In summary, our results show that increased STAT3 signaling
in circulating CD4+ T cells, especially Th1 and Tfh, as well as
CD14+CD16-monocytes, is associated with active PsA. Evidence
suggests that the elevated expression of STAT3 is associated with
an effector rather than regulatory function for these cells. These
cells may be recruited from the circulation into sites of
inflammation and make an important contribution to
PsA immunopathology.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the IRB at Carmel Medical Center (CMC 0044-11).
Frontiers in Immunology | www.frontiersin.org 9
The patients/participants provided their written informed
consent to participate in this study.
AUTHOR CONTRIBUTIONS

CM, DZ, and EM designed the research, interpreted the results
and wrote the manuscript. CM and SR performed experiments
and analyzed data. IL performed statistical analysis. AH and ME
performed patient sample collection and processing. DS
performed experiments. All authors contributed to the article
and approved the submitted version.
FUNDING

This work was supported by Pfizer, Israel, Pfizer tracking number
W1201524 (DZ, EDM) and the UCSF-Stanford Arthritis Center
of Excellence funded by the Great Western Region of the Arthritis
Foundation (EDM). The funder was not involved in the study
design, collection, analysis, interpretation of data, the writing of
this article or the decision to submit it for publication.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
758418/full#supplementary-material
REFERENCES

1. Ogdie A, Weiss P. The Epidemiology of Psoriatic Arthritis. Rheum Dis Clin
North Am (2015) 41(4):545–68. doi: 10.1016/j.rdc.2015.07.001

2. Scotti L, Franchi M, Marchesoni A, Corrao G. Prevalence and Incidence of
Psoriatic Arthritis: A Systematic Review and Meta-Analysis. Semin Arthritis
Rheum (2018) 48(1):28–34. doi: 10.1016/j.semarthrit.2018.01.003

3. Ritchlin CT, Colbert RA, Gladman DD. Psoriatic Arthritis. N Engl J Med
(2017) 376(10):957–70. doi: 10.1056/NEJMra1505557

4. Zisman D, Stoll ML, Butbul Aviel Y, Mellins ED. Juvenile Psoriatic Arthritis:
A Report From the GRAPPA 2017 Annual Meeting. J Rheumatol Suppl (2018)
94:11–6. doi: 10.3899/jrheum.180131

5. McGonagle D, Lories RJ, Tan AL, Benjamin M. The Concept of a "Synovio-
Entheseal Complex" and its Implications for Understanding Joint
Inflammation and Damage in Psoriatic Arthritis and Beyond. Arthritis
Rheum (2007) 56(8):2482–91. doi: 10.1002/art.22758

6. Scarpa R, Caso F, Costa L, Peluso R, Del Puente A, Olivieri I. Psoriatic Disease
10 Years Later. J Rheumatol (2017) 44(9):1298–301. doi: 10.3899/
jrheum.161402

7. Feld J, Nissan S, Eder L, Rahat MA, Elias M, Rimar D, et al. Increased
Prevalence of Metabolic Syndrome and Adipocytokine Levels in a Psoriatic
Arthritis Cohort. J Clin Rheumatol (2018) 24(6):302–7. doi: 10.1097/
RHU.0000000000000721

8. Ferguson LD, Siebert S, McInnes IB, Sattar N. Cardiometabolic Comorbidities
in RA and PsA: Lessons Learned and Future Directions. Nat Rev Rheumatol
(2019) 15(8):461–74. doi: 10.1038/s41584-019-0256-0

9. Veale JD, Fearon U. The Pathogenesis of Psoriatic Arthritis. Lancet (2018)
391(10136):2273–84. doi: 10.1016/S0140-6736(18)30830-4

10. Bravo A, Kavanaugh A. Bedside to Bench: Defining the Immunopathogenesis
of Psoriatic Arthritis. Nat Rev Rheumatol (2019) 15(11):645–56. doi: 10.1038/
s41584-019-0285-8
11. McGonagle DG, McInnes IB, Kirkham BW, Sherlock J, Moots R. The Role of
IL-17A in Axial Spondyloarthritis and Psoriatic Arthritis: Recent Advances
and Controversies. Ann Rheum Dis (2019) 78(9):1167–78. doi: 10.1136/
annrheumdis-2019-215356

12. Durham LE, Kirkham BW, Taams LS. Contribution of the IL-17 Pathway to
Psoriasis and Psoriatic Arthritis. Curr Rheumatol Rep (2015) 17(8):55. doi:
10.1007/s11926-015-0529-9

13. Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D, Watowich SS, et al.
STAT3 Regulates Cytokine-Mediated Generation of Inflammatory Helper T
Cells. J Biol Chem (2007) 282(13):9358–63. doi: 10.1074/jbc.C600321200

14. Yang L, Fanok MH, Mediero-Munoz A, Fogli LK, Corciulo C, Abdollahi S,
et al. Augmented Th17 Differentiation Leads to Cutaneous and Synovio-
Entheseal Inflammation in a Novel Model of Psoriatic Arthritis. Arthritis
Rheumatol (2018) 70(6):855–67. doi: 10.1002/art.40447

15. Mountz JD. Editorial: STATus of STAT3 in Psoriatic Arthritis. Arthritis
Rheumatol (2018) 70(6):801–4. doi: 10.1002/art.40445

16. Calautti E, Avalle L, Poli V. Psoriasis: A STAT3-Centric View. Int J Mol Sci
(2018) 19(1):171. doi: 10.3390/ijms19010171

17. Cenit MC, Ortego-Centeno N, Raya E, Callejas JL, Garcia-Hernandez FJ,
Castillo-Palma MJ, et al. Influence of the STAT3 Genetic Variants in the
Susceptibility to Psoriatic Arthritis and Behcet's Disease. Hum Immunol
(2013) 74(2):230–3. doi: 10.1016/j.humimm.2012.10.019

18. Bader L, Gullaksen S-E, Blaser N, Brun M, Bringeland GH, Sulen A, et al.
Candidate Markers for Stratification and Classification in Rheumatoid
Arthritis. Front Immunol (2019) 10:1488–. doi: 10.3389/fimmu.2019.01488

19. Leong JY, Chen P, Yeo JG, Ally F, Chua C, Nur Hazirah S, et al. Immunome
Perturbation is Present in Patients With Juvenile Idiopathic Arthritis Who are
in Remission and Will Relapse Upon Anti-TnfaWithdrawal. Ann Rheum Dis
(2019) 78(12):1712–21. doi: 10.1136/annrheumdis-2019-216059

20. Cheung P, Khatri P, Utz PJ, Kuo AJ. Single-Cell Technologies - Studying
Rheumatic Diseases One Cell at a Time.Nat Rev Rheumatol (2019) 15(6):340–
54. doi: 10.1038/s41584-019-0220-z
January 2022 | Volume 12 | Article 758418

https://www.frontiersin.org/articles/10.3389/fimmu.2021.758418/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.758418/full#supplementary-material
https://doi.org/10.1016/j.rdc.2015.07.001
https://doi.org/10.1016/j.semarthrit.2018.01.003
https://doi.org/10.1056/NEJMra1505557
https://doi.org/10.3899/jrheum.180131
https://doi.org/10.1002/art.22758
https://doi.org/10.3899/jrheum.161402
https://doi.org/10.3899/jrheum.161402
https://doi.org/10.1097/RHU.0000000000000721
https://doi.org/10.1097/RHU.0000000000000721
https://doi.org/10.1038/s41584-019-0256-0
https://doi.org/10.1016/S0140-6736(18)30830-4
https://doi.org/10.1038/s41584-019-0285-8
https://doi.org/10.1038/s41584-019-0285-8
https://doi.org/10.1136/annrheumdis-2019-215356
https://doi.org/10.1136/annrheumdis-2019-215356
https://doi.org/10.1007/s11926-015-0529-9
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.1002/art.40447
https://doi.org/10.1002/art.40445
https://doi.org/10.3390/ijms19010171
https://doi.org/10.1016/j.humimm.2012.10.019
https://doi.org/10.3389/fimmu.2019.01488
https://doi.org/10.1136/annrheumdis-2019-216059
https://doi.org/10.1038/s41584-019-0220-z
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Macaubas et al. Elevated pSTAT3 in Psoriatic Arthritis
21. Taylor W, Gladman D, Helliwell P, Marchesoni A, Mease P, Mielants H.
Classification Criteria for Psoriatic Arthritis: Development of New Criteria
From a Large International Study. Arthritis Rheum (2006) 54(8):2665–73. doi:
10.1002/art.21972

22. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham CO3rd, et al.
Rheumatoid Arthritis Classification Criteria: An American College of
Rheumatology/European League Against Rheumatism Collaborative
Initiative. Arthritis Rheum (2010) 62(9):2569–81. doi: 10.1002/art.27584

23. Coates LC, Fransen J, Helliwell PS. Defining Minimal Disease Activity in
Psoriatic Arthritis: A Proposed Objective Target for Treatment. Ann Rheum
Dis (2010) 69(1):48–53. doi: 10.1136/ard.2008.102053

24. Aletaha D, Martinez-Avila J, Kvien TK, Smolen JS. Definition of Treatment
Response in Rheumatoid Arthritis Based on the Simplified and the Clinical
Disease Activity Index. Ann Rheum Dis (2012) 71(7):1190–6. doi: 10.1136/
annrheumdis-2012-201491

25. Kunicki MA, Amaya Hernandez LC, Davis KL, Bacchetta R, Roncarolo MG.
Identity and Diversity of Human Peripheral Th and T Regulatory Cells
Defined by Single-Cell Mass Cytometry. J Immunol (2018) 200(1):336–46.
doi: 10.4049/jimmunol.1701025

26. Tusher VG, Tibshirani R, Chu G. Significance Analysis of Microarrays
Applied to the Ionizing Radiation Response. Proc Natl Acad Sci USA (2001)
98(9):5116–21. doi: 10.1073/pnas.091062498

27. Fiocco U, Martini V, Accordi B, Caso F, Costa L, Oliviero F, et al.
Transcriptional Network Profile on Synovial Fluid T Cells in Psoriatic
Arthritis. Clin Rheumatol (2015) 34(9):1571–80. doi: 10.1007/s10067-015-
3002-2

28. Fiocco U, Accordi B, Martini V, Oliviero F, Facco M, Cabrelle A, et al. JAK/
STAT/Pkcd Molecular Pathways in Synovial Fluid T Lymphocytes Reflect the
In Vivo T Helper-17 Expansion in Psoriatic Arthritis. Immunol Res (2014) 58
(1):61–9. doi: 10.1007/s12026-013-8481-0

29. Raychaudhuri SK, Abria C, Raychaudhuri SP. Regulatory Role of the JAK
STAT Kinase Signalling System on the IL-23/IL-17 Cytokine Axis in Psoriatic
Arthritis. Ann Rheum Dis (2017) 76(10):e36. doi: 10.1136/annrheumdis-2016-
211046

30. Gao W, McGarry T, Orr C, McCormick J, Veale DJ, Fearon U. Tofacitinib
Regulates Synovial Inflammation in Psoriatic Arthritis, Inhibiting STAT
Activation and Induction of Negative Feedback Inhibitors. Ann Rheum Dis
(2016) 75(1):311–5. doi: 10.1136/annrheumdis-2014-207201

31. Geraghty P, Wyman AE, Garcia-Arcos I, Dabo AJ, Gadhvi S, Foronjy R.
STAT3 Modulates Cigarette Smoke-Induced Inflammation and Protease
Expression. Front Physiol (2013) 4:267. doi: 10.3389/fphys.2013.00267

32. Yuan F, Fu X, Shi H, Chen G, Dong P, Zhang W. Induction of Murine
Macrophage M2 Polarization by Cigarette Smoke Extract via the JAK2/
STAT3 Pathway. PloS One (2014) 9(9):e107063. doi: 10.1371/journal.
pone.0107063

33. Thomas S, Fisher KH, Snowden JA, Danson SJ, Brown S, Zeidler MP.
Methotrexate Is a JAK/STAT Pathway Inhibitor. PloS One (2015) 10(7):
e0130078. doi: 10.1371/journal.pone.0130078

34. Wunderlich CM, Hovelmeyer N, Wunderlich FT. Mechanisms of Chronic
JAK-STAT3-SOCS3 Signaling in Obesity. Jakstat (2013) 2(2):e23878. doi:
10.4161/jkst.23878

35. Soltani-Arabshahi R, Wong B, Feng BJ, Goldgar DE, Duffin KC, Krueger GG.
Obesity in Early Adulthood as a Risk Factor for Psoriatic Arthritis. Arch
Dermatol (2010) 146(7):721–6. doi: 10.1001/archdermatol.2010.141

36. Samad A, Stoll ML, Lavi I, Hsu JJ, Strand V, Robinson TN, et al. Adiposity in
Juvenile Psoriatic Arthritis. J Rheumatol (2018) 45(3):411–8. doi: 10.3899/
jrheum.170598

37. Galindez E, Carmona L. Is Obesity in Psoriatic Arthritis Associated With a
Poorer Therapeutic Response andMore Adverse Effects of TreatmentWith an
Anchor Drug? Reumatol Clin (2016) 12(6):307–12. doi: 10.1016/
j.reumae.2015.12.002

38. Winer S, Paltser G, Chan Y, Tsui H, Engleman E, Winer D, et al. Obesity
Predisposes to Th17 Bias. Eur J Immunol (2009) 39(9):2629–35. doi: 10.1002/
eji.200838893

39. Endo Y, Asou HK, Matsugae N, Hirahara K, Shinoda K, Tumes DJ, et al.
Obesity Drives Th17 Cell Differentiation by Inducing the Lipid Metabolic
Kinase, Acc1. Cell Rep (2015) 12(6):1042–55. doi: 10.1016/j.celrep.2015.07.014
Frontiers in Immunology | www.frontiersin.org 10
40. Ma CS, Wong N, Rao G, Nguyen A, Avery DT, Payne K, et al. Unique and
Shared Signaling Pathways Cooperate to Regulate the Differentiation of
Human CD4+ T Cells Into Distinct Effector Subsets. J Exp Med (2016) 213
(8):1589–608. doi: 10.1084/jem.20151467

41. Sun M, Wu W, Chen L, Yang W, Huang X, Ma C, et al. Microbiota-Derived
Short-Chain Fatty Acids Promote Th1 Cell IL-10 Production to Maintain
Intestinal Homeostasis. Nat Commun (2018) 9(1):3555. doi: 10.1038/s41467-
018-05901-2

42. Zhang S, Dai X, Shi Y, Zhu X, Dai Y, Qian X, et al. CHI3L1 Alleviate Acute
Liver Injury by Inhibiting Th1 Cells Differentiation Through STAT3 Signaling
Pathway. Ann Transl Med (2021) 9(7):529. doi: 10.21037/atm-20-6127

43. Christophers E, Metzler G, Röcken M. Bimodal Immune Activation in
Psoriasis. Br J Dermatol (2014) 170(1):59–65. doi: 10.1111/bjd.12631

44. Harden JL, Johnson-Huang LM, Chamian MF, Lee E, Pearce T, Leonardi CL,
et al. Humanized Anti-IFN-g (HuZAF) in the Treatment of Psoriasis. J Allergy
Clin Immunol (2015) 135(2):553–6. doi: 10.1016/j.jaci.2014.05.046

45. Diani M, Casciano F, Marongiu L, Longhi M, Altomare A, Pigatto PD, et al.
Increased Frequency of Activated CD8(+) T Cell Effectors in Patients With
Psoriatic Arthritis. Sci Rep (2019) 9(1):10870. doi: 10.1038/s41598-019-47310-5

46. Diani M, Galasso M, Cozzi C, Sgambelluri F, Altomare A, Cigni C, et al. Blood
to Skin Recirculation of CD4(+) Memory T Cells Associates With Cutaneous
and Systemic Manifestations of Psoriatic Disease. Clin Immunol (2017)
180:84–94. doi: 10.1016/j.clim.2017.04.001

47. Casciano F, Pigatto PD, Secchiero P, Gambari R, Reali E. T Cell Hierarchy in
the Pathogenesis of Psoriasis and Associated Cardiovascular Comorbidities.
Front Immunol (2018) 9:1390. doi: 10.3389/fimmu.2018.01390

48. Penkava F, Velasco-Herrera MDC, Young MD, Yager N, Nwosu LN, Pratt
AG, et al. Single-Cell Sequencing Reveals Clonal Expansions of Pro-
Inflammatory Synovial CD8 T Cells Expressing Tissue-Homing Receptors
in Psoriatic Arthritis. Nat Commun (2020) 11(1):4767. doi: 10.1038/s41467-
020-18513-6

49. Gensous N, Charrier M, Duluc D, Contin-Bordes C, Truchetet ME, Lazaro E,
et al. T Follicular Helper Cells in Autoimmune Disorders. Front Immunol
(2018) 9:1637. doi: 10.3389/fimmu.2018.01637

50. Morita R, Schmitt N, Bentebibel SE, Ranganathan R, Bourdery L, Zurawski G,
et al. Human Blood CXCR5(+)CD4(+) T Cells are Counterparts of T Follicular
Cells and Contain Specific Subsets That Differentially Support Antibody
Secretion. Immunity (2011) 34(1):108–21. doi: 10.1016/j.immuni.2010.12.012

51. Deng J, Wei Y, Fonseca VR, Graca L, Yu D. T Follicular Helper Cells and T
Follicular Regulatory Cells in Rheumatic Diseases. Nat Rev Rheumatol (2019)
15(8):475–90. doi: 10.1038/s41584-019-0254-2

52. Vella LA, Buggert M, Manne S, Herati RS, Sayin I, Kuri-Cervantes L, et al. T
Follicular Helper Cells in Human Efferent Lymph Retain Lymphoid
Characteristics. J Clin Invest (2019) 129(8):3185–200. doi: 10.1172/JCI125628

53. Niu Q, Huang ZC, Wu XJ, Jin YX, An YF, Li YM, et al. Enhanced IL-6/
Phosphorylated STAT3 Signaling is Related to the Imbalance of Circulating T
Follicular Helper/T Follicular Regulatory Cells in Patients With Rheumatoid
Arthritis. Arthritis Res Ther (2018) 20(1):200. doi: 10.1186/s13075-018-1690-0

54. Yang Y, Chung MR, Zhou S, Gong X, Xu H, Hong Y, et al. STAT3 Controls
Osteoclast Differentiation and Bone Homeostasis by Regulating NFATc1
Transcription. J Biol Chem (2019) 294(42):15395–407. doi: 10.1074/
jbc.RA119.010139

55. Merola JF, Espinoza LR, Fleischmann R. Distinguishing Rheumatoid Arthritis
From Psoriatic Arthritis. RMD Open (2018) 4(2):e000656. doi: 10.1136/
rmdopen-2018-000656

56. Kuuliala K, Kuuliala A, Koivuniemi R, Oksanen S, Hamalainen M, Moilanen
E, et al. Constitutive STAT3 Phosphorylation in Circulating CD4+ T
Lymphocytes Associates With Disease Activity and Treatment Response in
Recent-Onset Rheumatoid Arthritis. PloS One (2015) 10(9):e0137385. doi:
10.1371/journal.pone.0137385

57. Gladman D, Rigby W, Azevedo VF, Behrens F, Blanco R, Kaszuba A, et al.
Tofacitinib for Psoriatic Arthritis in Patients With an Inadequate Response to
TNF Inhibitors. N Engl J Med (2017) 377(16):1525–36. doi: 10.1056/
NEJMoa1615977

58. Mease P, Hall S, FitzGerald O, van der Heijde D, Merola JF, Avila-Zapata F,
et al. Tofacitinib or Adalimumab Versus Placebo for Psoriatic Arthritis.
N Engl J Med (2017) 377(16):1537–50. doi: 10.1056/NEJMoa1615975
January 2022 | Volume 12 | Article 758418

https://doi.org/10.1002/art.21972
https://doi.org/10.1002/art.27584
https://doi.org/10.1136/ard.2008.102053
https://doi.org/10.1136/annrheumdis-2012-201491
https://doi.org/10.1136/annrheumdis-2012-201491
https://doi.org/10.4049/jimmunol.1701025
https://doi.org/10.1073/pnas.091062498
https://doi.org/10.1007/s10067-015-3002-2
https://doi.org/10.1007/s10067-015-3002-2
https://doi.org/10.1007/s12026-013-8481-0
https://doi.org/10.1136/annrheumdis-2016-211046
https://doi.org/10.1136/annrheumdis-2016-211046
https://doi.org/10.1136/annrheumdis-2014-207201
https://doi.org/10.3389/fphys.2013.00267
https://doi.org/10.1371/journal.pone.0107063
https://doi.org/10.1371/journal.pone.0107063
https://doi.org/10.1371/journal.pone.0130078
https://doi.org/10.4161/jkst.23878
https://doi.org/10.1001/archdermatol.2010.141
https://doi.org/10.3899/jrheum.170598
https://doi.org/10.3899/jrheum.170598
https://doi.org/10.1016/j.reumae.2015.12.002
https://doi.org/10.1016/j.reumae.2015.12.002
https://doi.org/10.1002/eji.200838893
https://doi.org/10.1002/eji.200838893
https://doi.org/10.1016/j.celrep.2015.07.014
https://doi.org/10.1084/jem.20151467
https://doi.org/10.1038/s41467-018-05901-2
https://doi.org/10.1038/s41467-018-05901-2
https://doi.org/10.21037/atm-20-6127
https://doi.org/10.1111/bjd.12631
https://doi.org/10.1016/j.jaci.2014.05.046
https://doi.org/10.1038/s41598-019-47310-5
https://doi.org/10.1016/j.clim.2017.04.001
https://doi.org/10.3389/fimmu.2018.01390
https://doi.org/10.1038/s41467-020-18513-6
https://doi.org/10.1038/s41467-020-18513-6
https://doi.org/10.3389/fimmu.2018.01637
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.1038/s41584-019-0254-2
https://doi.org/10.1172/JCI125628
https://doi.org/10.1186/s13075-018-1690-0
https://doi.org/10.1074/jbc.RA119.010139
https://doi.org/10.1074/jbc.RA119.010139
https://doi.org/10.1136/rmdopen-2018-000656
https://doi.org/10.1136/rmdopen-2018-000656
https://doi.org/10.1371/journal.pone.0137385
https://doi.org/10.1056/NEJMoa1615977
https://doi.org/10.1056/NEJMoa1615977
https://doi.org/10.1056/NEJMoa1615975
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Macaubas et al. Elevated pSTAT3 in Psoriatic Arthritis
59. Mease P, Coates LC, Helliwell PS, Stanislavchuk M, Rychlewska-Hanczewska
A, Dudek A, et al. Efficacy and Safety of Filgotinib, a Selective Janus Kinase 1
Inhibitor, in Patients With Active Psoriatic Arthritis (EQUATOR): Results
From a Randomised, Placebo-Controlled, Phase 2 Trial. Lancet (2018) 392
(10162):2367–77. doi: 10.1016/S0140-6736(18)32483-8

60. Taylor PC. Clinical Efficacy of Launched JAK Inhibitors in Rheumatoid
Arthritis. Rheumatology (Oxford England) (2019) 58(Supplement_1):i17–26.
doi: 10.1093/rheumatology/key225

61. Harrington R, Al Nokhatha SA, Conway R. JAK Inhibitors in Rheumatoid
Arthritis: An Evidence-Based Review on the Emerging Clinical Data.
J Inflamm Res (2020) 13:519–31. doi: 10.2147/JIR.S219586

62. Vallania F, Schiavone D, Dewilde S, Pupo E, Garbay S, Calogero R, et al.
Genome-Wide Discovery of Functional Transcription Factor Binding Sites by
Comparative Genomics: The Case of Stat3. Proc Natl Acad Sci (2009) 106
(13):5117–22. doi: 10.1073/pnas.0900473106

63. Macaubas C, Nguyen KD, Peck A, Buckingham J, Deshpande C, Wong E, et al.
Alternative Activation in Systemic Juvenile Idiopathic Arthritis Monocytes.
Clin Immunol (2012) 142(3):362–72. doi: 10.1016/j.clim.2011.12.008

64. Basdeo SA, Cluxton D, Sulaimani J, Moran B, Canavan M, Orr C, et al. Ex-
Th17 (Nonclassical Th1) Cells Are Functionally Distinct From Classical Th1
and Th17 Cells and Are Not Constrained by Regulatory T Cells. J Immunol
(2017) 198(6):2249–59. doi: 10.4049/jimmunol.1600737

65. Yang P, Qian FY, Zhang MF, Xu AL, Wang X, Jiang BP, et al. Th17 Cell
Pathogenicity and Plasticity in Rheumatoid Arthritis. J Leukoc Biol (2019) 106
(6):1233–40. doi: 10.1002/JLB.4RU0619-197R
Frontiers in Immunology | www.frontiersin.org 11
66. Sallusto F, Zielinski CE, Lanzavecchia A. Human Th17 Subsets. Eur J
Immunol (2012) 42(9):2215–20. doi: 10.1002/eji.201242741

Conflict of Interest: EM reports grants from Novartis outside the submitted work.
DZ reports grants from Pfizer during the conduct of the study, personal fees from
Ely Lilly, Novartis, and Abbvie, outside the submitted work.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

The handling editor declared a shared affiliation with DZ at time of review.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Macaubas, Rahman, Lavi, Haddad, Elias, Sengupta, Zisman and
Mellins. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
January 2022 | Volume 12 | Article 758418

https://doi.org/10.1016/S0140-6736(18)32483-8
https://doi.org/10.1093/rheumatology/key225
https://doi.org/10.2147/JIR.S219586
https://doi.org/10.1073/pnas.0900473106
https://doi.org/10.1016/j.clim.2011.12.008
https://doi.org/10.4049/jimmunol.1600737
https://doi.org/10.1002/JLB.4RU0619-197R
https://doi.org/10.1002/eji.201242741
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	High Dimensional Analyses of Circulating Immune Cells in Psoriatic Arthritis Detects Elevated Phosphorylated STAT3
	Introduction
	Patients, Materials and Methods
	Patients
	Samples
	Antibodies
	Staining
	Mass Cytometry
	Mass Cytometry Data Analysis
	Statistical Analysis
	Heatmaps

	Results
	Study Population
	Comparisons Between Active and Inactive Psoriatic Arthritis Patients
	Comparisons Between Active Psoriatic Arthritis Patients and Active Rheumatoid Arthritis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


