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Introduction: The phosphorylation state of signaling proteins is a useful
measure of cell function. The high dimensionality of mass cytometry (CyTOF)
allows assessment of a large number of parameters using limited amount
of material. By combining CyTOF high dimensionality with fixation of blood
cells close to collection, cell phosphorylation patterns are preserved as close
as possible to in vivo conditions. We used Cytof and whole fixed blood to
investigate the phosphorylated forms of five Signal Transducers and Activators
of Transcription - STATs - in Rheumatoid Arthritis (RA) patients and controls.

Materials and Methods: We designed an antibody panel identifying 34 immune
subpopulations combined with the phosphorylated (p) forms of Statl, Stat3,
Stat4, Stat5 and Stat6. Whole fixed blood from 21 RA patients and 10 healthy
controls were analyzed by CyTOF. The frequency of immune cell subpopulations
and the level of the pSTATs proteins were compared between the samples
from RA patients and controls using Multiple Mann Whitney tests and clustering
analysis. Correlation of the tested parameters with DAS28-ESR, DAS28-CRP and
CDAIl was examined.

Results: Levels of pSTAT5 were elevated in several CD4 T cell subsets, and
positively correlated with DAS28-ESR and DAS28-CRP. pSTAT1 levels were
elevated in CD4 T cell subpopulations, as well as in some subsets of CD8 T
cell subsets, NK cells, monocytes and Dendritic cells. Levels of pSTAT6 in several
CD4 T cell subpopulations, including T regulatory cells, were lower in samples
from RA patients compared to controls, and negative correlations between CDAI
and pSTAT6 were found. The frequency of CD4 T cell effector memory cells
expressing the chemokine receptors CCR2 and CCR5 was lower in samples from
RA patients compared to controls.
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Conclusion: We found distinct pattern of STAT proteins phosphorylation
associated with circulating immune cells in RA samples compared to healthy
controls. These findings correlated with measures of disease activity. Analysis of
phosphorylation patterns may be useful to understand disease pathology, and
also as a marker of treatment response and disease outcome. By avoiding cell
isolation, phosphorylation patterns in several cell subpopulation can be analyzed
close to the in vivo cell profile.
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1 Introduction

Phosphorylation of signaling proteins occurs upon stimulation
by external stimuli, mostly cytokines. The activation of signaling
pathways in individual cells is related to the capacity of the cells
to respond to different stimuli. In this way, analysis of signaling
cell status may be considered a proxy measure of cell function, as
a “bridge between phenotypic and functional assays” as stated in
Toney et al. (1), which usually require larger cell numbers.

Furthermore, to be able to assess the phosphorylated status of
cells as close as possible to an in vivo situation would be very useful
to understand disease biology and potentially to monitor patients’
treatment responses.

The high dimensionality of mass cytometry, also known
time-of-flight (CyTOF),
cytometry and mass spectrometry allowing assessment of

as cytometry by combines flow
overall heterogeneity and degree of similarity between subsets
of immune cells population, based on a large number of
parameters (2). Combining the high dimensionality of Cytof
with the analysis of signaling using phospho flow cytometry
(3) allows the characterization of the phosphorylation state of
individual signaling proteins in a large number of cell subsets
simultaneously, yielding a large amount of information about
several cell subpopulations.

Additionally, by using blood fixed just after collection, the
phosphorylation status of circulating cells close to in vivo status can
be preserved. In this way, analysis of the phosphorylation status
of large set of immune cells can be performed with significant
less material than would be required for other functional and
phosphorylation assays, and without the need for additional steps
for cell isolation.

In this study, we used CyTOF to analyze the phosphorylation
status of five signal transducer and activator of transcription -
STATs - proteins in 34 cell populations in Rheumatoid Arthritis
(RA). To do this analysis, we used whole blood what was fixed
shortly after drawing, preserving the signaling landscape as close
as possible to the “in vivo” condition. In this way, our study
has a significant advantage over studies using cells obtained after
multistep isolation, which may alter the signaling status of the
cells (4), or studies that analyzed only a few parameters using
flow cytometer (5). RA is a common autoimmune disease of
unknown etiology affecting joints and other organs, and with
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significant involvement of circulating immune cells (6, 7). There
is growing interest in targeting transcription factors for RA therapy
(8). Many mediators involved in RA are regulated by transcription
factors including the JAK (Janus kinase)/STATs pathway. Among
the seven STAT members, STAT1 -3, -4, -5 and -6 have been
found to be abundantly expressed in RA (8). Members of the
JAK/STAT family are activated by several cytokines that have
been shown to be produced in a dysregulated manner in RA
(9), affecting multiple cell types that play important role in RA
pathology, including lymphocytes, macrophages and fibroblast-like
synoviocytes. Supplementary Table 1 provides further information
regarding STATs activating cytokines and the relevance of these
STATs proteins to RA. Targeting of JAK, that are recruited to
membrane receptors and subsequently phosphorylated the STATSs
proteins, showed the potential of this approach to treat RA (10).
Furthermore, direct target of STATS protein, such as STAT3 may be
even more efficacious with potential less adverse effects on immune
responses (11, 12). Response to treatment has been shown to be
associated with levels of phosphorylation response of STAT1 and
STATS6 in circulating leukocytes from RA patients (13). However,
several of these studies analyzed cells after several steps of isolation,
or analyzed a limited number of cell populations. In this study,
we analyzed cells from blood fixed shortly after collection to
demonstrate the potential usefulness of this approach to capture the
signaling landscape in circulating immune cells.

2 Materials and methods

2.1 Participants information

Patients with Rheumatoid Arthritis (RA) who meet the
American College of Rheumatology (ACR) classification criteria
(14) were recruited from University of California, San Francisco
(UCSF) rheumatology clinic. The research was performed with
approval from the Institutional Review Board (IRB) from UCSF
(IRB number 13-12711) and Stanford University (IRB number
33260). A total of 21 RA patients were included in the study;
fifteen patients (71%) were classified as in remission or mild disease
(DAS28 CRP < 3.2) and six (29%) as moderate or high activity
disease (DAS28 CRP > 3.2). Summary of demographic and clinical
information for the RA patients is in Table 1, with detailed patient
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TABLE 1 Rheumatoid Arthritis patients and controls information.

Rheumatoid Control subjects
Arthritis
patients
Number 21 10
Age (years)! 61.4 +14.18 61.8 +8.32
Sex female, % 18 (86%) 10 (100%)
Disease duration 11.8 £10.36 NA
(years)
ESR (mm/hr) 25.00 £ 12.54 Normal range:
Women > 50 years: <30
Men > 50 years: <20 (52)
CRP (mg/dL) 476 +4.83 Normal value: <0.3

Normal or minor elevation:
0.3-1.0 (53)

Rheumatoid factor

Negative —1280

In up to 4% of healthy

(range) individuals (54)
Anti-CCP titer 169.5 £75.71 Healthy range: negative
DAS 28-ESR 3.36 £ 0.89 NA
DAS 28-CRP 2.66 +0.83 NA
CDAI 10 £+ 8.24 NA
Tender joints 0.86 & 1.46 NA
Swollen joints 3.33+£6.03 NA
Medications
cDMARDs?
MTX 16
Sulfasalazine 1
bDMARDs®
Abatacept 2
Certolizumab 2
Etanercept 4
Adalimumab 4
None 9
Prednisone 12

IContinuous variables are presented as mean £ SD. 2c-DMARDS, conventional disease-
modifying antirheumatic drugs; >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; NA, not applicable.

information in Supplementary Table 2. With the exception of one
patient in remission, all others were on medication (Table 1). Ten
healthy adult volunteers were recruited through the Stanford Blood
Center (SBC) (Table 1).

2.2 Samples

For RA patients, heparinized whole blood collected in
vacutainer tubes was dispensed into Smart Tubes (Smart Tube
Inc.), which contain Smart Tube fixative (proprietary formula) for
1 ml of blood. Heparinized blood samples from healthy donors
from the SBC were mixed at the sample proportion with the
same Smart Tube fixative. After addition of fixative, samples were
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incubated at room temperature (RT) for 10 min and transferred
to —80°C storage. Samples were kept at —80°C until thawing. The
fixed whole blood was thawed in a 4°C cold room as described in
Macaubas et al. (15). Briefly, following complete thawing, samples
were mixed 1:5 with 1 x Smart Tube Thaw-Lyse Buffer (Smart
Tube) and centrifuged at 600 x g for 8 min at RT. The resulting
pellet was sequentially washed with Thaw-Lyse Buffer in a total of 3
times, followed by 2 washes with 25 ml of thaw Lyse Buffer 2 (Smart
Tube). The final pellet re-suspended in 1.6 ml of 0.22 pum filtered
CyFacs buffer [1 x PBS - CyPBS (Rockland), 1% bovine serum
albumin (Millipore Sigma) and 0.05% sodium azide (Millipore
Sigma) in Milli-Q water (Invitrogen)] and stored at 4°C overnight
in a 96 well deep well polypropylene plate (VWR).

2.3 Antibodies

The antibody panel is shown on Supplementary Table 3.
Antibodies clones were selected based on showing appropriate
staining for fixed cells. We used fixed blood from two additional
healthy adult controls to titrate the antibody panel. These two
control samples were not included in the group of 10 healthy
volunteers that were compared to RA patients. Antibodies were
freshly combined for each experiment in a volume of 50 pl per
sample. The total amount was filtered using a 0.1 pm Durapore
PVDF filter (Millipore Sigma) at 14,000 x g for 5 min at RT.

2.4 Staining and mass cytometry

The staining was performed as described in Macaubas et al.
(15), with modifications. Briefly, Fc receptors were blocked using
5 wl of Human TruStain FcX™ (BioLegend) for 10 min,
followed by addition of the antibody cocktail for surface antigens
(Supplementary Table 3). The deep well plate was incubated for
30 min at RT, followed by washing with CyFacs Buffer and fixation
with 1.6% of formaldehyde (Thermo Scientific) for 10 min at RT,
followed by 2 washes with CyPBS. Cells were then permeabilized
with 90% methanol (Millipore Sigma), on ice for 30 min, followed
by 2 washes with CyPBS, followed by addition of antibodies to
intracellular antigens (Supplementary Table 3), and incubation for
30 min at RT. Cell DNA content was identified by incubation with
0.125 nM iridium (191Ir and 193Ir) (Cell-ID™ Intercalator-Ir,
Fluidigm/Standard BioTools), for 20 min at RT, in a volume of
300 pl. Cells were then washed 2 times with CyFacs buffer and
kept at 4 °C overnight. Next day, cells were washed 2 times with
0.22 pm filtered Milli-Q water; cells were counted before the last
wash. A Helios mass cytometer (Fluidigm/Standard BioTools) was
used for sample acquisition, performed as described in Macaubas
etal. (15).

2.5 Mass cytometry data analysis

Cell subpopulations were manually determined using FlowJo
version 10.10.0 (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
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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 + , CD66b- cells, except for
granulocytes and granulocytic myeloid-derived suppressor cells
(G-MDSC) that are expressed as frequency of total leukocytes.
The gating strategy from Ando et al. was mostly used (16), and
modifications are noted on Supplementary Figure 1. For levels of
phosphorylated signaling proteins, the signal intensity from a given
cell subpopulation was measured; the geometric mean (gmean, as
defined by Flow]Jo 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).

2.6 Statistical analysis

Differences between parameters from RA and control groups
were analyzed using unpaired Multiple Mann Whitney tests,
and resulting p-values were corrected using the Benjamini-
Hochberg procedure to control the False Discovery Rate [FDR(q)].
Correlations were performed using Spearman correlation. All
analyses were done using GraphPad Prism version 10.

2.7 Heatmaps

Heat maps were created using the open-access visualization
and analysis software Morpheus, available at https://software.
broadinstitute.org/morpheus/. For Hierarchical Clustering, the
distance metric used for clustering was based on one minus the
Spearman rank correlation coefficient. The maximum and the
minimum values in each row were used to convert values to color.

3 Results

3.1 Blood immune cell subpopulations
distribution are mostly similar between
RA patients and controls

We assessed the frequency of 34 immune subpopulations
in from the blood of RA and controls subjects (Supplementary
Figures 2-5). After correction for multiple testing [FDR(Q) = 1%],
the only significant difference was the frequency of CD4
T cell effector memory (CD4 + T cell CD45RO + RA-
CD62L-), expressing the chemokine receptors CCR2 and CCR5
(Supplementary Table 4). This population was lower in the blood
of RA patients compared to controls, while frequency of CD4 T
cell central memory cells expressing the chemokine receptors CCR2
and CCR5 was similar between the two groups (Figure 1).

3.2 Phosphorylation patterns are distinct
between circulating immune cells from
RA patients and controls

We analyzed the baseline levels of five phosphorylated STATs
proteins (pSTAT1, pSTAT3, pSTAT4, pSTAT5 and pSTAT6) in all
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Frequency of circulating CCR5 + CCR2 + (CCRs) CD4 T cell
effector memory (em) subset is lower in blood from Rheumatoid
Arthritis (n = 21) patients compared to controls (n = 10), while
frequency of circulating CCR5 + CCR2 + (CCRs) CD4 T cell central
memory (cmem) subset is similar between RA and controls. Middle
line represents the median. Comparisons between all 34 cell
subpopulations from RA and control groups were performed using
multiple Mann-Whitney tests, and the resulting p-values were
corrected using the Benjamini-Hochberg procedure to control the
False Discovery Rate [FDR(qg)]. Comparisons between CCRs CD4
cmem from RA patients and controls were deemed non-significant.
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Differential expression of phosphorylated STATs proteins in immune
cell subpopulations between samples from Rheumatoid Arthritis
(RA) and controls. Red points on the upper right quadrant represent
phosphorylated STATs with higher expression in cells from RA
patients compared to controls. Green points on the upper left
quadrant represent phosphorylated STATs with lower expression in
cells from RA patients compared to controls. Black points below the
dotted line represent values without statistically significant changes.
Dotted line represents the —log10 of the False Discovery Rate (FDR)
level (q) = 1%.

34 immune subpopulations. At FDR = 1%, several differences were
observed in the phosphorylation pattern from circulating blood
immune cells between RA patients and controls (Figure 2 and
Supplementary Table 5).

We used Hierarchical clustering to analyze the relationship
between the differentially expressed phosphorylated STATS proteins
in RA and control samples. The samples clustered in 3 clusters; the
cluster 1 contains 5 (out of 6) moderate RA samples and 4 mild
ones. This cluster is characterized by low pSTAT®6 in several CD4 T
cells subsets compared to cluster 3, where all control samples are,

frontiersin.org


https://doi.org/10.3389/fmed.2025.1622537
https://software.broadinstitute.org/morpheus/
https://software.broadinstitute.org/morpheus/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Macaubas et al.

10.3389/fmed.2025.1622537

3RA
14 RA
13RA

O

moE
n

g
a

N EEEEEEEEE 1RA
"HENEEEEEEE 1SRA

EN EEE
1]

,
d

— .

Bl
EEN  EEEEENE

a

[ = B g S—— st |

EENEN SN EEEETEE.

IEIIIIIEZ 10

HEN | J] |
R OECOEmaE

FIGURE 3

software Morpheus as described in Materials and Methods.
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and higher pSTATS5 levels in several CD4 and CD8 T cell subsets
compared to the clusters 1 and 2 (Figure 3).

Cluster 2 contains only mild RA samples, and it is closer to
cluster 3, which contains all control samples, than to the RA cluster
1. However, as cluster 1, cluster 2 shows lower pSTAT6 in several
CD4 T cells subsets compared to samples in cluster 3. In contrast
to cluster 1, cluster 2 shows lower levels of pSTATS5 in the cell
populations analyzed. Both cluster 1 and 2 show higher levels of
PpSTAT1 in several CD4 and CD8 subsets compared to cluster 3.
Some patients in cluster 1 also show elevated levels of pSTAT1 in
mDC and monocytes, as well as pSTAT3 in monocytes (CD16 +).
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Cluster 3, in addition to all control samples, contains one RA
remission sample (patient 19) as well as a mild RA sample. In
addition to high levels of pSTAT6 compared to clusters 1 and 2,
cluster 3 also shows high level of pSTAT1 in B cells.

These results suggest that elevated levels of pSTAT5 and
pSTAT1, and lower levels of pSTAT®6 in subsets of CD4 T cells, as
well as in CD8 T cells, may be important in distinguishing RA from
control samples.

To better visualize the relationship between the level of pSTATs
and the cell subsets, we used the mean rank difference between the
PSTATS levels RA and control group (Supplementary Table 5) to
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cmem
5
0.60
0.01
0.41
0.07
0.33
0.16

Next, we investigated if the levels of differentially expressed
phosphorylated STATS proteins correlated with measures of disease
activity, specifically Disease Activity Score-28 - DAS28-ESR,
DAS28-CRP and Clinical Disease Activity Index (CDAI). The
analysis showed that only levels of pSTATS5 correlated positively and
significantly with DAS28-ESR and -CRP. Furthermore, with the
exception of CD8 T central memory cells, all pSTAT5 correlations
involved CD4 T cell subsets (Table 2). Another observation was

em CCRs
5
0.66
0.00
0.51
0.02
0.43
0.06

that, while statistically significant DAS28-ESR positive correlations 0 E § E E § E
with levels of pSTAT5 were found with several CD4 T cell
subsets, DAS28-CRP showed lower levels of correlation, with
significant correlations with levels of pSTAT5 in only three CD4
subsets (Figure 5 and Table 2). On the other hand, correlations T
with CDAI, which does not include a marker of inflammation, §:§ % 5| g % _
showed significant negative correlation between CDAI and levels 2632 8% 2 2 2 3
@ £ &8 &8 oo

Numbers represent r (top) and P (bottom) values; significant correlations are in bold. cmem, central memory; CCRs, CCR5 and CCR2 chemokine receptors; em, effector memory; CD62Ln, CD62L negative; eff, effector.

TABLE 2 Spearman correlation values for DAS28-ESR, DAS28-CRP, and CDAI and level of phosphorylated STATs in differentially expressed cell subpopulations.

of pSTAT6 in three CD4 T cell subsets (Figure 5 and Table 2).
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FIGURE 5

Levels of pSTATS in CD4 T cell subsets are positively correlated with indicators of disease activity, while pSTAT6 is negatively correlated. Spearman
correlation analysis between level of pSTAT5S and (A) DAS-ESR, (B) DAS-CRP and (C) CDAI, n = 20. CCRs, CCR5 + and CCR2 + ; cmem, central

memory; em, effector memory; eff, effector.

4 Discussion

In this study, we examined 34 immune subpopulations in
blood cells from Rheumatoid Arthritis (RA) patients. The blood
was fixed shortly after collection, allowing examination of cell
profiles close to the in vivo condition. First, we compared if the
frequencies of these immune subpopulations were distinct between
RA patients and controls. We found differences only regarding the
CCR2 + CCR5 + CD4 T cell effector memory subset, with lower
levels of these cells in RA patients. Medication usage may affect
the expression of chemokine receptors. The effects, however, are
complex. For example, it has been found that methotrexate (MTX),
which almost all patients were taking at time of blood sampling,
has been shown to affect CCR2 expression in monocytes but to be
more associated with disease activity in CD4 + T cells (17). Anti-
TNF medication, which was also largely used, has been shown to
be associated with lower expression of CCR2 in CD3 + T cells,
while CCR5 was affected to a lower degree (18). While we cannot
exclude that medications may have contributed, at least in part,
to the decrease of the CCR2 + CCR5 + cells effector memory T
cells in RA patients, we did not observe a significant decrease in
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other populations that also coexpress CCR2 and CCR5. T effector
memory cells produce pro-inflammatory cytokines such as IFNY
and TNF and the expression of the chemokines receptors CCR2
and CCR5 allow these cells to rapidly migrate to inflammatory
sites, attracted by CCL2 (MCP1) and CCL5 (RANTES), respectively
(19). CCL2, one of the ligands of CCR2, has been shown to
be produced by the chondrocytes and synovial fibroblasts in RA
(20). The T cells expressing CCR2 and CCR5 may have migrated
from the circulation into the inflamed tissues in RA patients.
In fact, T cell clones isolated from RA patients coexpressing
CCR2 and CCRS5 have shown high migratory capacity in in vitro
assay of cell migration (21), and the majority of T cells in the
joint express CCR2 and CCR5 (22). Based on previous studies
[reviewed in Kiinzli and Masopust (23)], we speculate that these
CCR2 + CCR5 + effector memory cells in RA patients may have
reactivated, left the circulation and migrated to inflamed tissues,
while central memory cells continue to recirculate, and whose level
are indeed similar between RA and controls. CCR5 + cells have
been shown to accumulate in the synovial compartment, and that
these cells produce MMP-9 and osteopontin, two mediators that
are implicated in RA (20). Much remains to be understood about
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these cells. Recent work identified T resident memory cells (TRM),
which can be CD4 or CDS8, in synovium in remission, and some
evidence suggest that these cells, or their descendants, may leave
the tissues and contribute to the population of T cell central and
effector memory (24, 25).

The finding that only the level of CCR2 + CCR5 + CD4 T
cell effector memory subset was different between RA patients and
controls may be related to the fact that the RA patients were mostly
well controlled clinically.

In contrast to the mostly similar cell distribution between
RA patients and controls, several differences were found in the
phosphorylation levels of pSTATs in several cell subpopulations.
These findings may suggest that, at least in a well-controlled patient
group, examination of cell distribution alone may not be sufficiently
informative to distinguish between controls and patients’ groups.
Analysis of parameters like phosphorylated proteins provide
another layer of information about functional status, and as we
show, can be executed with small blood volumes with a great degree
of depth and keeping cell characteristics as close as possible to
in vivo conditions.

We examined levels of phosphorylated STATI, -3, -4, -5
and -6 in 34 cell populations from blood. Several pSTATs were
differentially expressed between RA patients and controls, and
hierarchical cluster analysis showed that the pSTATs expression
pattern clustered RA samples away from controls. This complex
pattern of phosphorylation among diverse cell populations is
likely associated with several factors, such as diverse response of
cells to systemic and local stimuli, level of cytokine receptors,
negative feedback mechanisms such as SOCS proteins, and level
of unphosphorylated STATs, among others (26-32). The cluster
analysis showed that lower levels of pSTAT6 were observed in
subsets of CD4 T cells from RA patients compared to controls.
STATS, activated by IL-4 and IL-13, is a key transcription factor
involved in the initiation and expansion of Th2 response, through
its role as a mediator of IL-4 response. In RA, Th2 conditions
are considered to be protective, hence lower levels of pSTAT6
in RA compared to controls may suggest that anti-inflammatory
responses are reduced, and Th2-type response may be part of an
initial regulatory role in RA, and lost once disease is established
(33). In experimental arthritis, Th2-type response has been shown
to have anti-inflammatory and anti-osteoclastogenic properties
(33). However, the role of pSTAT6 in RA may be more complex,
with decreasing pSTAT6 from baseline in lymphocytes associated
with good response to treatment (13). Subsets of Th2 cells (for
example, CXCR3 + Th2) may also play a pathogenic role in synovial
inflammation in RA (34).

Levels of pSTAT6 were also lower in T regulatory (Treg) CD4
T cells in RA compared to controls. STAT6 is downstream of IL-
4 and IL-13, and it has been shown that in the absence of IL-4,
Treg suppression activity is decreased (35). This suggests that Treg
cells in RA patients might be defective (36), as in conditions of
STAT6 deficiency, induction and functionality of Tregs may be
impaired (37).

Levels of pSTAT6 were higher in CD56%™ NK cells in RA
compared to controls. Circulating NK cells in RA patients have
been found to have reduced cytotoxicity and capacity to produce
IENY (38). NK cells from Stat6 deficient mice have been shown to
have higher cytotoxic activity. The effects of IL-4 on NK cells is still
unclear, with reports of reduced as well as increased cytotoxicity
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activity (39). Nevertheless, there are indications that increased
STAT®6 activity is associated with reduced NK function.

Higher levels of pSTAT1 and pSTATS5 in cells from patients RA
compared to controls were found in the same CD4 subpopulations
that showed lower levels of pSTAT6 in RA, with the exception
of Treg cells. STAT1 and STAT5 are associated with Thl-like
conditions, which are involved in synovial inflammation and
bone metabolism and immune responses (33). Several CD8
subpopulations expressed higher levels of pSTATI and a few
pSTATS5, but not lower pSTATS, in RA compared to controls.

STAT1, which is activated by pro-inflammatory cytokines
IFNY and TNE and also IL-2 among several others (8),
promotes the differentiation of Thl pro-inflammatory cells.
The cytokine produced by these Thl cells are involved in
synovial inflammation, cartilage destruction and bone erosion
(33). Of course, Th17 cells are also involved in proinflammatory
responses in RA (33), although we did not find evidence in
our study related to Th17 cells. STATS5, activated by cytokines
of the IL-2 family among others, and although associated with
Thl pathway, also participates in the development of the Th2
and Th17 pathways.

We also found that circulating myeloid DCs from RA patients
show higher levels of pSTAT1 compared to controls. STAT1
is associated with Thl cell priming as well as DC maturation
(40). Similarly, CD14 + (classical) and CD16 + (non-classical)
monocytes showed higher levels of pSTAT1 in RA compared to
controls. These results agree with a previous study that described
elevated pSTAT1 in monocytes from RA patients, isolated from
PBMC (41), and where monocytes were defined by size and
granularity only. In our study, we confirm this result in specific
monocyte subpopulations without isolation.

We also observed that CD16 + monocytes from RA patients
showed higher levels of pSTAT3 than controls. Elevated levels of
pSTATS3 in circulating T cells and monocytes from RA patients
with active disease have been described (42). CD16 + monocytes
are described as “patrolling monocytes” and may be able to migrate
to tissues (43), and activation of the STAT3 pathway may contribute
to cell migration (44).

Although several alterations in pSTATs levels were found
between samples from RA patients and controls, when we examine
correlations with disease activity, only levels of pSTATS5, mostly
in some CD4 subsets, were found to be positively correlated with
indicators of disease activity DAS28-ESR and DAS28-CRP. DAS28-
CRP was significantly positively correlated with three subsets
that also correlated with DAS28-ESR, CD4 + CD62L + naive
cells, and CD4 central memory and effector memory, both
carrying CCR2 and CCR5 receptors. The CD4 effector memory
CCR2 + CCRS5 + also shows differential levels between samples
from RA patients and controls, suggesting that this subset may
play an important role in RA pathology. Although higher levels
of pSTAT1 was observed to be differentially expressed in several
cell subsets between RA patients and controls, we did not observe
any significant correlation with disease activity. We also examined
correlations with Clinical Disease Activity Index (CDAI) and we
found significant negative correlations with pSTAT6 in CD4 T cell
memory and effector memory and CD62L negative effector cells.
The CDAI score is a composite index that includes symptoms
and physical examination, and does not include a marker of
inflammation. CDALI integrates various aspects of the disease and
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may provide a broader assessment of disease activity. Our findings
suggest that higher levels of pSTAT6 in CD4 T cells may be
related to factors promoting improved clinical status, while higher
PSTATS5 levels are associated with higher levels of inflammation as
expressed by ESR and CRP. These effects may be mediated by the
cytokine microenvironment, which CD4 T cell subsets especially
responsive to it, as found by divergent expression patterns affecting
PSTATS5 and pSTAT6. pSTAT], although differentially expressed in
several cell subsets, did not correlated with measures of disease
activity, and may be more associated with immunoregulatory
roles (33).

Our study has several limitations. We examined a small
number of RA patients, with a significant part comprising of well-
controlled patients. As such, differences between the RA patients
and controls may have been attenuated. However, several studies
suggest that a large proportion of RA patients can exhibit active
inflammation in the presence of normal levels of inflammatory
markers. Specifically, studies show that evidence of clinical disease
can be found in patients with normal ESR or CRP (45, 46),
and also that in over 50% of patients classified as in remission
by DASR28-ESR or -CRP, evidence of persistent synovitis can
be found by ultrasound and magnetic resonance imaging studies
(47-50). A recent study also showed that in at risk individuals,
immunological signs of systemic inflammation have been found
before evidence of active synovitis (51). Nevertheless, the lack
of patients with higher disease activity is another limitation of
our study. Additionally, while it is likely that treatment affects
the phosphorylation pattern of immune cells, the small number
and patient heterogeneity did not allow an in-depth analysis
of these variables. Future studies including a large number
of patients and controls, allowing for stratification by specific
medications and/or disease activity will be very informative.
Another alternative include longitudinal studies following patients’
response to medications, especially medications targeting signaling
pathways. These studies, using a similar approach described here,
will likely further uncover disease immunopathology and help
improve to understand response to treatment.

In summary, examination of phosphorylated patterns of several
STATS proteins in whole fixed blood from RA patients shows a Th1-
like pattern of phosphorylation in several subsets of T cells (both
CD4 and CD8) and decreased Th2-like response in comparison to
controls. Monocytes and DCs also show a pattern of activation as
seen by level of phosphorylated pSTATs. Levels of pSTATS5 in some
CD4 subsets are positively correlated with disease activity, while
levels of pSTAT6 are negatively correlated with CDAI Elevated
PSTAT3 was observed in CD16 + (non-classical) monocytes. These
findings suggest that the approach used in this study may be helpful
to examine cellular function in RA and other diseases as close as
possible to an in vivo state.
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