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ABSTRACT

The Janus kinase/signal transduction and activator of transcription (JAK-STAT) signaling pathway is implicated in the pathogenesis of autoimmune diseases,
including systemic lupus erythematosus (SLE). While small-molecule JAK inhibitors (Jakinibs) are currently under investigation for SLE, results of recent studies
suggest, that the efficacy of drugs such as methotrexate (MTX) may also be due to their ability to suppress phosphorylation of STAT proteins. A previously identified
STAT5 phosphorylation (pSTATS) and STAT1 protein expression »signature« in circulating CD4+ T cells of patients with SLE was associated with perturbed
homeostasis between conventional (Tcon) and activated regulatory (aTreg) subset and with time-adjusted cumulative disease activity during follow-up.

Initial observations in SLE patient cohort were validated with additional markers of disease severity and patients were stratified according to medication status.
Preliminary results show that lower CD4 + T-cell counts in patients with SLE are associated with higher pSTATS5 levels and Tcon homeostatic proliferation, which was
previously found to drive lymphopenia associated autoimmunity. Relapsing disease was better predicted by pSTAT5 levels than CD4 counts. Further, significant
correlation was found between mean pSTATS5 levels during follow- up and the markers of disease severity. As patients with SLE, also patients with rheumatoid
arthritis (RA) not receiving methotrexate, had significantly higher increase in CD4+ T-cell pSTATS5 levels compared to patients not receiving this specific therapy.
However, the difference in pSTAT5 between Tcon and aTreg was independent of treatment with MTX and significantly increased only in patients with SLE.

CD4 depletion, driving homeostatic proliferation of Tcon subset, is therefore associated with higher pSTATS5 levels, which confer worse prognosis in patients with
SLE. While treatment with MTX may decrease overall pSTAT5 levels in CD4 + T-cells also from patients with RA, increased pSTATS5 levels in Tcon relative to aTreg

subset are specific for SLE.

1. Introduction

Janus kinases (JAK) and signal transducer and activator of tran-
scription (STAT) proteins are major components in interferon (IFN)-
dependent gene expression and are responsible for signal transduction
of over 50 cytokines, hormones and growth factors regulating key
cellular processes such as survival, proliferation, and differentiation
[1,2].

Aberrant JAK/STAT signaling was linked to the inflammatory con-
ditions and autoimmune diseases, such as systemic lupus erythematosus
(SLE) [3].

Genome-wide association studies (GWASs), enabled by next-gen-
eration sequencing allowed for linking of single nucleotide poly-
morphisms (SNPs) in affected populations with autoimmune disease
phenotypes [4-7]. A SNP haplotype in the STAT4 gene was first asso-
ciated with susceptibility to both systemic lupus erythematosus (SLE)
and rheumatoid arthritis (RA) [8]. Recent integration of genome-wide

epigenomics data with data from GWASs on SLE suggests that control of
CD4 + T cell homeostasis in which STATs play a major role, may be an
important component of the genetic contribution to SLE disease sus-
ceptibility [9-12]. Perturbed homeostasis between pathogenic and
regulatory subsets of CD4+ T-cells was described in patients with SLE
[13-15].

As demonstrated by recent studies, characterization of STAT sig-
naling responses in relevant T cell subsets is likely to reveal new aspects
of their homeostasis and immunopathology of SLE [16-18]. Results of
studies utilizing phospho-specific flow cytometry in patients with SLE
show that STAT signaling analyzes performed at the level of total T cells
may fail to capture SLE- associated alterations specific to a given T cell
subset [19,20]. Important involvement of T-cell subset specific STAT
signaling in SLE disease severity was first suggested when robust
changes in cytokine signal transduction, dependent on disease pro-
gression, were described in murine model of SLE [21].

The success of small-molecule JAK inhibitors (Jakinibs) in the
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Fig. 1. Lover CD4 T-cell counts in blood samples from patients with SLE are associated with increased proliferation — Ki-67 expression in Tcon, but not aTreg subset.
(A) FOXP3 + cells among gated CD4 + T cells were subdivided into 3 fractions based on CD45RA and the level of FOXP3 expression: I. CD45RA + FOXP3lo resting
Treg (rTreg), II. CD45RA- FOXP3hi acitvated Treg (aTreg) and III. CD45RA- FOXP3lo non-Treg subset as shown on representative dot plot from patient with SLE. (B)
Correlation between CD4 T-cell counts (cells/puL) and percentage of non-Treg and aTreg among CD4 + T-cells from patients with SLE (n = 39). (C) Purified CD4 + T-
cells from healthy donors (n = 6) were cultured for 3 days in the presence or absence of IL-7 (0.1 ng/mL). Bar graph shows percentage of the non-Treg subset among
CD4+ T-cells for treated (IL-7) and untreated (—) samples. (D) Correlation between CD4 T-cell counts (cells/uL) and percentage of Ki-67 + cells among FOXP3—
Tcon (left) and CD45RA- FOXP3hi aTreg (right) from patients with SLE (n = 23). (E) Purified CD4+ T-cells from healthy donors (n = 6) were cultured for 3 days in
the presence or absence of IL-7 (0.1.ng/mL). Bar graph shows percentage of Ki-67 + cells among Tcon for treated (IL-7) and untreated (—) samples. rs, Spearman

correlation coefficient; *p < .05.

treatment of RA demonstrates that intracellular signaling pathways can
be targeted therapeutically to treat autoimmunity. Different Jakinibs
are in preclinical development or in various phases of clinical trials in
patients with SLE [22].

Treatment of MRL/Ipr mice with tyrphostin AG490, a selective JAK2
inhibitor, significantly inhibited the phosphorylation of STATI1, im-
proved renal function, reduced proteinuria and suppressed histological
lesions of the kidneys [23]. CEP-33779 — another JAK2 inhibitor, pre-
vented the development of nephritis in NZB/ W F1 mice [24]. In ad-
dition to slowing down the course of experimental lupus nephritis,
pleiotropic beneficial effects of pharmacologic inhibition of the JAK/
STAT pathway in murine lupus were shown with oral use of tofacitinib,
a drug that preferentially inhibits JAK1 and JAK3 [25,26].

In addition, results of recent studies suggest, that the efficacy of
drugs such as methotrexate (MTX) may also be due to their ability to
suppress JAK/STAT signaling [27,28].

On the other hand, treatment with homeostatic cytokines, such as
low-dose IL-2 is being considered as a therapeutic approach in patients
with SLE [29-31].

A previously identified basal activation — phosphorylation of STAT5
(pSTATS) in circulating CD4+ T cells of patients with SLE was de-
pendent on another homeostatic cytokine IL-7. Such STAT5 signaling
signature was associated with perturbed homeostasis between subsets
of CD4+ T-cells and with time-adjusted cumulative disease activity
during follow-up [32].

The initial observations in SLE patient cohort were further validated
by the phospho-flow protocols to analyze the STATS5 signaling in T-cells

in peripheral blood of patients with SLE and the pSTAT5 signatures
were compared with those from patients with RA. In particular, a better
understanding of CD4 + T-cell depletion was assessed as a pathological
event potentially driving such signaling changes and homeostatic pro-
liferation of CD4+ T-cell subsets. STAT5 signaling was monitored
during follow-up of patients, which were stratified according to the
medication status and pSTATS levels after stimulation with re-
combinant cytokines were used to examine responsiveness to kinase
inhibitor.

2. CD4 counts and homeostasis of CD4+ T-cell subsets

Systemic lupus erythematosus (SLE) is a prototype systemic auto-
immune disorder with a broad clinical spectrum, unpredictable course
and many life threatening manifestations. Peripheral blood mono-
nuclear cells (PBMCs) from patients with SLE carry gene expression
signature of exposure to interferons [33,34]. Moreover, SLE patients
with hematologic involvement, including lymphopenia, are more likely
to show the IFN signature [33]. Administration of IFN- alpha in mice
results in lymphopenia [35], which is in patients with SLE associated
with several clinical and immunologic manifestations [36].

As shown first in spontaneous animal models of autoimmunity,
lymphopenia with associated compensatory homeostatic proliferation
enables differentiation of autoreactive T cells into memory/effector
cells [37]. It was also demonstrated that such homeostatic proliferation
in response to IL-7 can release autoreactive CD4 + cells from inhibitory
networks, eventually leading to autoimmune disease [38].
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Increased production of IL-7 accompanies HIV-1-mediated T-cell
depletion [39]. Also in patients with SLE significant negative correla-
tion between CD4 counts and increased IL-7 levels was recently found
[32].

The excess IL-7, which was shown to support proliferation of au-
toreactive T cells and progression of autoimmunity also in lupus-pre-
disposed mice [40], contributes to the expansion and activation of
autoreactive FOXP3- conventional T cells (Tcon) via a direct effect on
cells that express the IL-7R complex at moderate to high levels [41].
Proliferation of FOXP3 + regulatory CD4 + T cells (Treg), characterized
by lower CD127 (IL-7Ralpha) expression [42], in response to lympho-
penia is on the other hand not controlled by IL-7 levels [43].

As only a minority of subjects develop autoimmune disease also
during lymphopenia, other factors, such as Treg depletion [44,45], may
contribute to the development of autoimmune pathology under lym-
phopenic conditions. FOXP3+ Treg cells, critical in maintenance of
peripheral self-tolerance [46], have shown impaired in vivo pro-
liferative potential in some human autoimmune diseases [47].

The absence of Tregs in knock-out or antibody depletion mouse
models leads to systemic autoimmunity with characteristics similar to
systemic lupus erythematosus (SLE), including glomerulonephritis and
the development of DNA-specific antibodies [48]. In recent studies even
increased frequencies of FOXP3+ cells, which however lack the sup-
pressive function (CD45RA- FOXP3lo non-Treg cells) were described in
patients with SLE [49]. In addition, high FOXP3 (FoxP3hi) expressing,
CD45RA- activated Treg (aTreg) subpopulation, which is most sup-
pressive in vitro and highly proliferative in vivo, was shown to be de-
creased in SLE patients [49].

When subsets of FOXP3 + CD4 + T-cells defined recently by Miyara
et. al [49] were analyzed (Fig. 1A), a significant negative correlation
between CD4 counts and percentage of non- Treg, but not aTreg subset
from patients with SLE was found (Fig. 1B).

As significantly higher levels of IL-7 were also found in patients with
SLE [32], influence of in vitro treatment with recombinant human IL-7
on percentages of different CD4 + FOXP3+ T cell subsets from healthy
donors was examined. Increased percentage of non-Treg among CD4 +
T-cells was seen after IL-7 treatment (Fig. 1C).

CD4+ T cell reconstitution following lymphopenia in SLE may be
characterized by enhanced peripheral proliferation of Tcon subsets but
not aTreg cells, which could also explain relative increase in non-Treg
subset in patients with lover CD4 counts. To understand the relation-
ship between CD4 T-cell depletion and homeostatic proliferation of
Tcon and Treg, cell proliferation was assessed in each subset by quan-
tifying the expression of Ki-67, which is a critical protein for cell divi-
sion and is expressed exclusively by proliferating/cycling cells [50]. In
Fig. 1D, we show correlations between the percentage of Ki67 + Tcon
and Ki67 +aTreg cells and CD4 absolute cell counts, which was statis-
tically significant only for Tcon population. These results suggest that
cells in Tcon compartments are more actively cycling when CD4
numbers are diminished in patients with SLE.

When influence of in vitro IL-7 treatment on proliferation — Ki67
expression of different CD4+ T cell subsets from healthy donors was
examined, increased proliferation in FOXP3- Tcon was seen after IL-7
treatment (Fig. 1E). This suggested that higher levels of IL-7, associated
with (CD4) lymphopenia, could be responsible for both the relative
increase in non-Treg subset and increased SLE Tcon homeostatic pro-
liferation found in patients with lower CD4 counts.

Of note, IFN-alpha was also recently shown to preferentially pro-
mote activation of conventional - effector T-cells while inhibiting ac-
tivated Treg expansion and function [51]. IFNs and homeostatic cyto-
kines, such as IL-7 act on T-cells, through their intracellular signaling
pathways that lead from surface receptors, through STAT proteins,
which upon being activated-phosphorylated at specific tyrosine re-
sidues, translocate to the nucleus and control numerous gene programs
critical for the T-cell function [52,53]. While homeostatic cytokines
that use the common gamma chain signal mainly through STATS5 [54],
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STAT1 plays a role in the anti- proliferative effects delivered by type 1
or type 2 IFNs [55].

An IL-7 dependent STATS5 phosphorylation (pSTAT5) ‘signature’ in
circulating CD4 + T cells from patients with SLE was identified, which
was significantly higher in Tcon than aTreg subset. In that study,
STAT5-regulated Bcl-2 protein expression and proliferation, assessed by
Ki-67 expression, were positively correlated with pSTAT5 and sig-
nificantly increased in Tcon, but not aTreg subset [32].

In another study increased STAT1 protein expression (median
fluorescence intensity — MFI) was found in circulating CD4+ T cells
from patients with SLE, which was positively correlated with disease
activity. The highest STAT1 expression was found in aTreg subset,
which demonstrated the highest STAT1 phosphorylation responses
among SLE CD4 T cells and significant decrease in proliferation marker
Ki-67 expression after IFN-alpha stimulation. While percentage of Ki-
67 + aTregs was significantly decreased in patients with SLE and was
negatively correlated with CD4 T cell STAT1 expression, mean of aTreg
counts in follow-up samples from patients were negatively correlated
with mean follow-up STAT1 protein levels [56]. Results of these two
studies clearly indicated involvement of augmented STAT1 signaling in
perturbed aTreg homeostasis and a role of imbalanced STATS phos-
phorylation in conferring survival and proliferative advantage to Tcon
over aTreg. STATS5 signaling changes could represent a possible marker
of SLE disease severity as cumulative CD4 T-cell pSTATS5 levels during
follow-up were positively correlated with time-adjusted cumulative
disease activity [32].

3. Homeostatic STAT5 signaling as a marker of SLE disease
severity

When homeostatic STAT5 signaling was analyzed in whole blood
samples from patients with SLE, significant negative correlation was
found between lower CD4 counts and higher CD4 + T-cell pSTATS5 le-
vels (Fig. 2A), which could both confer worse prognosis in patients. It
was therefore investigated whether patients with higher pSTATS5 levels
in CD4 + T-cells or patients with lower CD4 counts would experience a
more aggressive disease course using an approach described recently
[57,58]. The SLE cohort, composed of 38 patients with no moderate/
severe disease activity at enrolment (no BILAG score A or B in any
system) was followed up to 1000 days after their CD4 count and
PSTATS levels in blood CD4+ T cells were determined. During follow
up an episode was defined as a discrete disease flare if it met all 3 of the
following prospectively-defined criteria: 1. new BILAG score A or B in
any system, 2. clinical impression of active disease by the reviewing
physician and 3. increase in immunosuppressive therapy as a result.

Receiver operator characteristic (ROC) curves were generated to
test the ability of CD4+ T cell pSTAT5 and CD4 counts to discriminate
between those with and without relapse by day +1000. The area under
the curve (AUC) for pSTAT5 MFI in CD4+ T cells was 0.91 (Fig. 2B),
and 0.78 for the CD4 count. A cut-off point of 404.5 pSTAT5 MFI in
CD4+ T cells demonstrated a test sensitivity of 82% and specificity of
90% with a likelihood ratio of 8.65.

With the use of the selected cut-off point of pSTAT5 MFI 404.5, the
cumulative incidence of flares was estimated for patients with pSTAT5
MFI > 404.5 and pSTAT5 MFI < 404.5 in CD4 + T-cells. When Kaplan
Meier log-rank test was used to compare tendency to disease relapse
between the 2 groups of patients a clear correlation between SLE group
defined by higher pSTAT5 MFI and relapsing disease was found. 69.7 %
SLE patients with pSTAT5 MFI higher than 404.5 had flared by 500
days after enrolment, compared to 8.7 % of patients with lower pSTAT5
MFI in their CD4+ T-cells (Fig. 2C).

No significant association with CD4 count (Fig. 2D), or other clin-
ical/laboratory parameters was seen (Table 1), though patients with
pre-existing disease in higher pSTAT5 MFI group had more im-
munosuppression before enrolment. In addition, mycophenolate mofetil
and rituximab were used/required as induction therapy only in this
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Fig. 2. Patients with SLE in subgroups defined based on the levels of STAT5 phosphorylation (pSTAT5) in CD4 + T-cells have significantly different disease
courses (A) Correlation between CD4 T-cell counts (cells/uL) and pSTAT5 (median fluorescence intensity MFI) in CD4 + T-cells from SLE patients (n = 38). (B) ROC
curves depict the sensitivity and specificity of pSTAT5 MFI in CD4 + T cells (AUC 0.91) and CD4 T-cell counts / uL (AUC 0.78) as a test to identify those at risk for
disease flare during follow-up. (C) Survival curve (Kaplan-Meier plot) showing shorter time to first flare in the group 1 of SLE patients with higher CD4 + T-cell
PSTATS MFI (> 404.5). (D) Survival curve (Kaplan-Meier plot) in subgroups of SLE patients defined by different CD4 T-cell counts at the start of follow- up. rs,

Spearman correlation coefficient;

group (Table 2). This would be expected in a group with an increased
tendency to disease relapse, and suggests that it is not a relative lack of
prior therapy that has resulted in the increased flare frequency in the
high pSTAT5 MFI group.

Collectively, our findings indicated that, while CD4 depletion is a
critical factor driving homeostatic proliferation of Tcon cells, associated
STATS activation may predispose individual patients to more ag-
gressive disease.

4. Effects of drug therapy on STATS5 signaling and CD4 counts

Effects of specific therapy on the phosphorylation status of STAT5
and CD4 counts were examined in patients with SLE. As a first screen,
patients were grouped according to whether they were receiving a
particular treatment or not, regardless of whether a patient was on
monotherapy or not. All patients, except one in the clinical trial were on
some form of drug therapy (refer to Table 2). The effects of the systemic
steroids (mehylprednisolone or prednisolone), antimalarial drugs

(hydroxychloroquine), cyclophosphamide (CYC), methotrexate (MTX),
mycophenolate mofetil (MMF) and azathioprine (AZA), were assessed.
As significantly higher levels of pSTAT5 were found only in CD4+ T-
cell subset of lymphocytes from patients with SLE [32], effects of spe-
cific therapy on increase in CD4+ T-cell pSTAT5S relative to other
lymphocytes (A CD4 pSTAT5) were examined in patients with SLE.
Significantly lower A CD4 pSTAT5 MFI values were observed only in
the samples of patients on MTX (Fig. 3A), compared to those patients
with SLE not taking this specific therapy. Significantly lower CD4 + T-
cell counts, but not pSTATS5 levels, were on the other hand observed in
samples from patients on CYC therapy, compared to those patients not
taking this specific cytotoxic therapy (Fig. 3B).

Phosphoramide mustard is believed to be the active alkylating
metabolite of CYC, which forms DNA crosslinks both between and
within DNA strands [59]. DNA damage induced foci of phosphorylated
histone pH2AX (y-H2AX) [60], which occurs at sites of DNA double-
strand breaks (DSBs), were therefore examined immediately ex vivo in
T lymphocytes of peripheral blood from patients with SLE treated with
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Table 1
SLE patient cohort demographics, clinical and laboratory data.
Groupl ¢ Group2 P adj p
Cohort size 16 22 na na
Age (years) 38.2 (2.0) 39.9 (2.7) 0.74 ns
Gender 16F / OM 19F / 3M 0.12 ns
Ethnicity 16 Slovene 23 Slovene na na
Disease duration (months) 54 (11) 116 (29) 0.07 ns
Age at diagnosis (years) 33.8 (1.7) 32.4 (2.5) 0.78 ns
No. ACR criteria 5.6 5.3 0.31 ns
Serum Cr tO (umol/L) 70 (4) 83 (8) 0.12 ns
Serum Cr final (umol/L) 77 (5) 87 (7) 0.19 ns
CRP t0 (mg/L) 8(2) 5() 0.30 ns
ESR t0 (mm/h) 39 (4) 30 (3) 0.08 ns
WBC t0 (x109/L) 5.9 (0.5) 6.4 (0.5) 0.61 ns
Neutrophils t0 (x109/L) 3.9 (0.5) 3.8 (0.4) 0.80 ns
Lymphocytes tO (x109/L) 1.40 (0.19) 1.83(0.12) 0.02 ns
CD4% t0 (%) 44.7 (2.4) 47.9 (2.2) 0.36 ns
ANA status 16/16 21/22 0.39 ns
Anti-dsDNA 12/16 12/23 0.20 ns
Anti-ENA 9/16 6/22 0.07 ns
Low C3/4 9/16 7/22 0.13 ns
aPL pos 8/16 5/22 0.08 ns
Renal involvement 10/16 15/22 0.72 ns
Pre-existing disease 15/16 22/22 0.23 ns
Current therapy tO 15/16 22/22 0.23 ns
Prednisolone dose t0 (mg/day) 9.7 (2.3) 6.9 (1.0) 0.54 ns
SLEDAI t0 2.5 (0.5) 1.7 (0.3) 0.14 ns

p value refers to the comparison of Groupl (CD4 pSTATS MFI > 404.5) versus
Group2 (CD4 pSTAT5 MFI =404.5), adj p = Bonferroni adjusted p-value,
ns = p > .05, na = not applicable, t0 = at time zero enrollment, M = male,
F = female, No. ACR criteria = mean number of ACR (American College of
Rheumatology) classification criteria met, Serum Cr = serum creatinine,
CRP = C-reactive protein, ESR = erythrocyte sedimentation rate, WBC = white
blood cell count, CD4% = percentage of CD4+ T-cells among lymphocytes,
Anti-dsDNA = Anti-double-stranded DNA antibodies, aPL pos = Anti-phos-
pholipid antibody positive, ENA = extractable nuclear antigen, ANA = anti-
nuclear antibody, Low C3/4 = hypocomplementemia at any timepoint during
follow-up, Renal involvement = biopsy-proven renal SLE involvement, Pre-ex-
isting disease = diagnosis of SLE made prior to enrollment, Current therapy
t0 = any therapy being taken at time of enrollment, Prednisolone dose
t0 = (equivalent) prednisolone dose being given at time of enrollment bleed,
SLEDAI t0 = SLEDAI-2K disease activity index at time of enrollment.

@ Mean (Standard error of mean) or the number of patients / whole Group.

CYC. When imaging flow cytometry was used to analyze STAT5 sig-
naling in T lymphocytes showing nuclear y-gH2AX foci, they were in
contrast to SLE T-cells in general not characterized by STAT5 phos-
phorylation and nuclear localization (Fig. 3C).

In chronic HCV infection, y-H2AX+ T lymphocytes were shown to
be highly differentiated with shortened telomeres and failed to activate
JAK/STAT pathways in response to IFN-a, IL- 2 or IL-6 [61]. Lower
PSTATS5 nuclear localization, found in SLE T-cells showing nuclear y-
gH2AX foci is consistent with their failure to respond to homeostatic
cytokines by phosphorylation of STAT5, which may also be a part of a
broader defect in senescent T lymphocytes in response to exogenous
cytokine signals. As DNA damage induced by treatment with alkylating
agents, such as cyclophosphamide is also accompanied by inhibition of
telomerase and, as a consequence, a shortening of telomere lengths
[62], defining the differentiated-senescent T-cell subset affected by the
failure to respond to homeostatic cytokines could be important.

Imaging flow cytometry was therefore used to analyze STATS5 sig-
naling in CD4 + T-cell subsets from patients with SLE treated with CYC.
In Treg cells, characterized by nuclear FOXP3 expression, higher levels
of STAT5 phosphorylation and nuclear localization were seen after
stimulation with recombinant human IL-2 compared to Tcon (Fig. 3D).

Therefore, although comparably lower levels of basal homeostatic
STATS5 signaling were seen in SLE y-H2AX + T-cells, Treg subset was in
patients treated with CYC not affected by the failure to respond to
homeostatic cytokine IL-2.
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It was shown that patients rendered lymphopenic by cyclopho-
sphamide-based chemotherapy regimens for cancer do not experience
selective depletion of Tregs, but demonstrate a relative increase in the
frequency of Tregs compared to normal individuals, resulting from ef-
ficient homeostatic peripheral expansion of Treg compartment, which
appears to out-compete the non- regulatory CD4 + pool [63]. Effector —
activated regulatory T cells (aTregs) recover rapidly also after allogenic
bone marrow transplantation and aldehyde dehydrogenase expression
was shown to drive human regulatory T cell resistance to post-trans-
plantation cyclophosphamide [64].

In patients with multiple sclerosis treated with the lymphocyte-de-
pleting monoclonal antibody alemtuzumab T-cell recovery was driven
by homeostatic proliferation, leading to the generation of highly pro-
liferative (Ki67 +), oligoclonal, memory-like CD4 T cells [65]. However
increased aTregs were reported also after alemtuzumab therapy [65].

In our patients with SLE, lower CD4 counts in peripheral blood were
associated with Tcon homeostatic proliferation, which was however not
accompanied by increased frequencies of aTregs among FOXP3+
CD4+ T-cells (Fig. 1B,D).

Together with findings from the aforementioned studies this data
suggest that homeostatic proliferation may drive lymphopenia-asso-
ciated autoimmunity also in humans. However Treg/Tcon homeostasis
may be affected differently in lymphopenia associated with different
autoimmune diseases / treatments.

5. Imbalanced STATS5 signaling during follow-up of patients with
SLE

When we compared homeostatic STAT5 signaling between subsets
of CD4+ T-cells, levels of basal STATS phosphorylation and pSTAT5
nuclear localization were higher in Tcon than in FOXP3 + CD4 + T-cells
(Fig. 4A).

T cell STATS5 signaling status was examined also in samples from
patients with SLE collected at various times during the 3 years of follow
up to investigate whether imbalanced activation of STAT5, potentially
driving homeostatic proliferation of pathogenic Tcon, but not Treg
cells, was maintained over time. We found that STATS5 signaling sig-
nature was surprisingly preserved, as pSTATS5 levels remained at higher
level in Tcon compared to FOXP3+ subset of CD4+ T- cells during
entire follow up (Fig. 4B).

Inhibition of cytokine induced STAT activation was shown for glu-
cocorticoids before [66]. Although majority of our patients with SLE
were treated with corticosteroids also during follow-up (Table 2), the
daily dose of methyl (prednisolone) did not seem to influence the
constitutive activation of STAT5 in patients. Different modes of addi-
tional immunosuppressive therapy, including intravenous pulse CYC
treatment, were not associated with a change in basal pSTAT5, which
was maintained at high levels in patients CD4+ T cells for years
(Fig. 4B).

Disease severity in patients with SLE was assessed by the mean
annual steroid dose [67], which was for each patient calculated by
determining the total prednisone (or equivalent) dose, then dividing by
the time period (in years). Significant positive correlation was found
between mean levels of A CD4 pSTATS5 in samples obtained at various
times from the same patient and his mean annual steroid dose, calcu-
lated after 3 years of follow up (Fig. 4C).

It was shown in a recent study that STAT5 may also have a role in
pathogenesis of IL-2-induced glucocorticoid resistance [68]. However,
A CD4 pSTATS5 was not significantly correlated to the daily steroid dose
in treated patients (Fig. 4D) and mean pSTATS5 levels during follow-up
were associated with adjusted mean SLEDAI, which is also used as SLE
disease severity index [32,67].
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Table 2
SLE patient cohort therapy data.
Groupl a % Group2 ¢ % P adj p
Prior therapy Cyclophosphamide 8/16 50 8/22 36 0.40 ns
Rituximab 1/16 6 0/22 0 0.23 ns
Mycophenolate Mofetil 2/16 13 0/22 0 0.09 ns
Azathioprine 7/16 44 12/22 54 0.51 ns
Methotrexate 3/16 19 2/22 9 0.73 ns
(Hydroxy) chloroquine 9/16 56 6/22 27 0.07 ns
Cyclosporine 2/16 13 2/22 9 0.74 ns
(Methyl) prednisolone 15/16 94 22/22 100 0.23 ns
Current therapy tO0 (Methyl) prednisolone 14/16 88 18/22 82 0.64 ns
Rituximab 1/16 6 0/22 0 0.23 ns
Mycophenolate Mofetil 3/16 19 0/22 0 0.03 ns
Azathioprine 7/16 44 5/22 23 0.31 ns
Methotrexate 0/16 0 3/22 14 0.12 ns
Cyclophosphamide 2/16 13 1/22 5 0.78 ns
(Hydroxy)chloroquine 9/16 56 7/22 32 0.13 ns
Induction therapy Cyclophosphamide 5/16 31 2/22 9 0.08 ns
Rituximab 1/16 6 0/22 0 0.23 ns
Mycophenolate Mofetil 3/16 19 0/22 0 0.03 ns
Azathioprine 5/16 31 8/22 36 0.74 ns
Methotrexate 0/16 0 3/22 14 0.12 ns
(Hydroxy)chloroquine 7/16 44 7/22 32 0.45 ns
Cyclosporine 1/16 6 2/22 9 0.75 ns
(Methyl) prednisolone 15/16 94 22/22 100 0.23 ns
Follow-up therapy Cyclophosphamide 2/16 13 1/22 5 0.37 ns
Rituximab 1/16 6 1/22 5 0.82 ns
Mycophenolate Mofetil 3/16 19 2/22 9 0.38 ns
Azathioprine 9/16 56 7/22 32 0.13 ns
Methotrexate 1/16 6 3/22 14 0.46 ns
(Hydroxy)chloroquine 9/16 56 18/22 82 0.09 ns
Cyclosporine 1/16 6 1/22 5 0.82 ns
(Methyl) prednisolone 16/16 100 19/22 86 0.12 ns

& Number of patients / whole Group and % = percentage, p value refers for the comparison of Groupl (CD4 pSTAT5 MFI > 404.5) versus Group2 (CD4 pSTAT5
MFI <404.5), adj p. = Bonferroni adjusted p-value, ns = p > .05, tO = at time zero enrollment, Prior therapy = therapy administered prior to enrollment, Current
therapy = therapy being given at time of enrollment, Induction therapy = therapy given before enrollment to control previous disease flare, Follow-up

therapy = therapy given at any timepoint during subsequent follow-up.

6. IL-7 dependent differences in levels of STAT5 activation
between subsets of CD4 + T-cells from patients with SLE

As significant differences in A CD4 pSTAT5 MFI values were ob-
served only in the samples of patients on MTX (Fig. 3A), compared to
those patients with SLE not taking this specific therapy, the effects of
MTX therapy on the phosphorylation status of STAT5 were examined
also in patients with RA. Significantly lower A CD4 pSTATS5 levels were
found also in the samples of patients with RA on MTX (Fig. 5A), com-
pared to those patients with RA not taking this specific therapy.

Whether CD4 + T-cell activation of STATS5 was disease specific was
examined by comparing the basal phosphorylation profiles of whole
blood samples from patients with SLE and RA. A CD4 pSTATS5 values
were significantly higher in patients with SLE only when compared
with patients with RA on MTX, but not compared to those patients with
RA not taking this specific therapy (Fig. 5A).

However, when pSTATS5 levels in CD4+ T-cell subsets were ana-
lyzed, the differences in pSTATS5 levels between Tcon and aTreg subset
(A Tcon/aTreg pSTAT5) were significantly higher in patients with SLE
when compared with patients with RA, both on MTX, and not taking
this specific therapy (Fig. 5B).

ROC curves were generated to test the ability of STAT1 protein le-
vels (MFI) in CD4+ T-cells, A CD4 pSTAT5 and the A Tcon/aTreg
PSTATS to discriminate between patients with SLE and disease controls
- patients with RA. The AUC for A pSTAT5 in CD4+ T cells was 0.69,
for the STAT1 protein levels in CD4 + T cells 0.58 and for the A Tcon/
aTreg pSTATS5 0.82 (Fig. 5C). Therefore, the differences in levels of
STATS activation between Tcon and aTreg subset may be more specific
for SLE than increased overall STAT1 and pSTATS5 levels in CD4+ T-
cells. Such differences in pSTATS5 levels between CD4+ T-cell subsets
were dependent on homeostatic cytokine IL-7, as incubation of whole
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blood samples from patients with SLE with neutralizing anti-IL7, but
not anti-IL-2 antibodies resulted in significant reduction of A Tcon/
aTreg pSTATS values (Fig. 5D).

7. STATS5 phosphorylation responses and kinase inhibitors

As significantly lover A CD4 pSTAT5 MFI, but not A Tcon/aTreg
PSTATS values (Fig. 5A,B) were observed in the samples of patients on
MTX, which is, as shown by recent studies, a JAK kinase inhibitor
[27,28], in vitro effects of another kinase inhibitor Imatinib mesylate
(IM) were analyzed.

Despite the relatively high specificity of IM treatment towards the
BCR-ABL fusion protein, off-target multikinase inhibitory effects occur
and it was shown recently, that IM inhibits STAT5 phosphorylation in
response to IL-7 and promotes T cell lymphopenia in chronic myelo-
genous leukemia (CML) [69].

When whole blood samples from patients with SLE were treated
with recombinant human IL-7, lover levels of pSTAT5 were indeed
found in CD4 + T-cells after preincubation with IM (Fig. 5E). However,
even after treatment with IM, stimulation with different concentrations
of IL-7 resulted in significantly lower levels of pSTAT5 in
CD25+FOXP3+ Treg population compared to other — conventional
CD4+ T-cells (Fig. 5F).

IM was shown to enhance tumor immunity by depleting function-
ally mature — aTreg cells, which are increased in patients with CML
[70]. As the difference in STAT5S activation between Tcon and Treg
subsets, seen in patients with SLE ex vivo, was found also after in vitro
treatment with IM in response to IL-7, the aTreg subset, characterized
by the lowest pSTATS levels [32] may be affected by IM treatment even
in response to physiological levels of ligand stimulation. By applying
the phosphoflow technique it was shown before that it can be used to
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Fig. 3. Differences in CD4 T-cell pSTAT5 and CD4 T-cell counts in the blood samples of patients with SLE, grouped according to specific therapy (A and B)
Scatter dot plots, which depict increase in CD4 + T-cell pSTATS5 levels (A CD4 pSTATS5, calculated as the difference in pSTAT5 MFI between CD4 + T-cells and other —
CD4 negative lymphocytes) and CD4 T-cell counts (cells/uL) are plotted to compare patients with SLE on azathioprine (AZA), mycophenolate mofetil (MMEF),
intravenous cyclophosphamide (CYC), hydroxy-chloroquine (antimal.), methotrexate (MTX), and, mehylprednisolone or prednisolone (cortic.), versus those not on
these specific therapies: only significant differences (*p < .05) are shown.

Image flow cytometry analysis of whole blood leukocytes from patient with SLE treated with pulsed intravenous CYC: representative histograms of 7-AAD/pSTAT5
Similarity scores, correlating 7-AAD nuclear stain with the pSTATS5 signal in the gated pH2AX + population (blue) compared to all CD3 + T-cells (orange), is shown
left. The example images are shown right: pSTATS5 (blue) staining is of low intensity and is not localized to the nucleus stained with 7-AAD (red) in gated CD3 + T-
cells showing nuclear pH2AX foci (green).

Image flow cytometry analysis of whole blood leukocytes from patient with SLE treated with pulsed intravenous CYC after stimulation with recombinant human IL-2
for 15 min: representative histograms of 7-AAD/pSTATS5 Similarity scores of the FOXP3 + population (blue) compared to FOXP3- Tcon (orange), gated among CD4 +
T-cells. The higher the Similarity score, the more nuclear localization is visualized in the example images of cells shown right: pSTAT5 (blue) is localized to the
nucleus stained with 7-AAD (red) in gated CD4+ T-cells showing nuclear FOXP3 expression (green).

analyze the difference in drug susceptibilities between CD4+ T-cell need more tofacitinib to inhibit all molecules [71].
subsets. A significant difference in drug sensitivity between effector T

cells and Tregs [71] was found. At a clinically relevant concentration of

50 ng/mL tofacitinib, IL-2-induced STAT5 phosphorylation was sig-
nificantly inhibited in effector CD4 + CD25-FoxP3- T cells, while only
partially blocked in the CD4+ CD25high + FoxP3+ regulatory T cells.
The IC50 was 2 times higher for Tregs than for effector T cells. As
discussed by the authors, these differences in sensitivity for tofacitinib
can be explained by a different distribution of the IL-2 receptor a,  and
y-¢ chains or a variation in the recruitment of JAK1 and JAK3 mole-
cules. Tregs might also have more JAK3 and/or JAK1 molecules and

8. Conclusion

Phosphospecific flow cytometry is a valuable tool to monitor the
JAK-STAT signaling pathway in patients with SLE. Decreased CD4 T-
cell counts in patients with SLE were associated with homeostatic
proliferation of Tcon subset and increased pSTATS5 levels. Observations
of the longitudinal studies implicate basal activation of STAT5 in CD4 +
T-cells as a possible marker of severe disease course in SLE.

Correction of IL-7-dependent Tcon/aTreg STAT5 signaling
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to FOXP3- Tcon (orange), gated among CD4 + T-cells. The example images are shown right: pSTAT5 (green) staining is of low intensity and is not localized to the
nucleus stained with 7-AAD (red) in CD4+ T-cells with nuclear FOXP3 expression (blue). (B) CD4+ T-cell pSTATS5 levels (MFI, black line), examined on indicated
days during follow-up of SLE patient, treated with indicated doses of methylprednisolone (grey line) and additional immunosuppressive therapy (red triangles on x-
axis): intravenous cyclophosphamide, mycophenolate mofetil (start of therapy is shown) and rituximab therapy. Representative histograms of pSTATS5 levels in
FOXP3- Tcon (black) and in FOXP3 + CD4+ T-cells (red) are shown above. (C) Correlation between index of disease severity Mean annual steroid dose (mg) and
mean follow-up A CD4 pSTATS5 from patients with SLE (n = 38). (D) Correlation between A CD4 pSTAT5 and daily (equivalent) prednisolone dose (mg) for patients

with SLE (n = 38). rs, Spearman correlation coefficient.

imbalances could restore homeostasis between Tcon and suppressive-
effector aTreg by selectively affecting proliferation of pathogenic Tcon
subsets, and may represent a promising therapeutic approach in SLE.
Further work is needed to examine the role of other STAT signaling
changes in perturbed SLE Treg/Tcon homeostasis and in disease pro-
gression to identify potential therapeutic targets. We speculate that
through the use of phosphospecific flow cytometry the effects of im-
munosuppressive therapy, including JAKinibs, on Tcon/Treg subsets

can be assessed in different autoimmune diseases, possibly enabling
optimization of the therapy for individual patients.
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