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Abstract
Objective
TNF-a inhibition therapy affects the systemic immune response in rheumatoid arthritis by influencing T cell subtypes (Thl,
Th2, Treg), but its effect on the intracellular signal transduction in T cells remains largely unexplored. Here we studied the
activation of Thl-associated signalling molecule STAT4 and Th2-associated STAT6 in CD4+ T cells.

Methods
Eight rheumatoid arthritis patients were studied before and after 12 weeks of adalimumab therapy and compared to 8
healthy individuals. Peripheral blood mononuclear cells (PBMC) were analysed flow cytometrically either directly after
isolation or after 24 hours of anti-CD3/anti-CD28 stimulation, to determine spontaneous and IL-4/IL-12-induced STAT4
and STAT6 phosphorylation in CD4+ T cells. Cytokine production by stimulated PBMC was measured in the supernatant
using a cytometric bead array. Non-parametric statistical tests were applied.

Results
After adalimumab therapy, phospho-STAT6 increased, both in freshly isolated and anti-CD3/anti-CD28-stimulated CD4+ T
cells. The STAT6 response to brief IL-4 stimulation did not change. In healthy individuals and adalimumab-treated patients,
anti-CD3/anti-CD28 induced the phosphorylation of STAT4, but not in untreated patients. IFN-y production in untreated
patients was significantly lower than in healthy individuals or adalimumab-treated patients. In contrast, the production of
IL-4, IL-6 and IL-12 was not influenced.

Conclusion
Adalimumab therapy increases Th2-associated STAT6 phosphorylation and restores the activation-induced STAT4
phosphorylation to the levels in healthy individuals. This advocates against a pro-inflammatory effect of Thi-associated
STAT4 and might provide an explanation for the influence of TNF inhibition therapy on the systemic T cell response in
rheumatoid arthritis.
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Introduction

The recognition that tumour necrosis
factor alpha (TNF-a) is a key player in
the pathogenesis of rheumatoid arthri-
tis (RA) (1) has led to the development
of a class of TNF-a inhibitor mol-
ecules, which have successfully made
their way into the clinic (2). Nearly a
decade later, their mode of action is
still incompletely understood. In ad-
dition to its direct effects on synovial
inflammation and joint destruction (3-
5), TNF-a inhibition therapy reputedly
affects the systemic immune response.
In particular, it has been shown to in-
fluence cytokine production by periph-
eral blood monocytes (6-8) and T cells
(6,7,9-13).

Differential cytokine production has
provided a rationale for the categori-
sation of subsets of T helper cells into
distinct lineages. Among these, the Th1
and Th2 have been extensively charac-
terized as a pro- and anti-inflammatory
lineage and linked to auto-immune and
allergic diseases, respectively (14), but
their pathogenetical contribution has
not been fully elucidated. The differen-
tiation program in T helper cells is initi-
ated and consolidated by the activation
of signal transducers and activators of
transcription (STATs) and their interac-
tion with other signalling molecules and
transcription factors, ultimately leading
to stable epigenetic alterations (15).
Both in vitro and in vivo, interleukin
(IL)-12-induced tyrosine phosphoryla-
tion and subsequent nuclear transloca-
tion of STAT4 is indispensable for Th1
differentiation, and Th2 differentiation
is dependent on a similar activation of
STAT6 by IL-4 (16).

While STAT4 might be absolutely re-
quired for Thl differentiation, it obvi-
ously has also other functions in the
immune system. STAT4 is equally ex-
pressed in other cells from hematopoi-
etic origin, including monocytes, den-
dritic cells and other cells that poten-
tially contribute to the immune response
in RA (17, 18). Several groups have
reported an association of single nu-
cleotide polymorphisms in the STAT4
gene with RA (19-26), and animal mod-
els of arthritis have demonstrated that
elimination of STAT4 protects against
the induction of disease - in contrast to
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worsening of symptoms in the absence
of STAT6 (27, 28). However, it is not
known if T cell STAT4 and STAT6 sig-
nalling is altered in rheumatoid arthri-
tis, or if these molecules contribute to
the effect of TNF-a inhibition therapy
on the intrinsic mechanisms of T-cell
differentiation.

We speculated that TNF-a inhibi-
tion therapy could exert an influence
on T cell differentiation by inhibiting
STAT4 phosphorylation and promoting
the anti-inflammatory effect of STAT6.
To test this hypothesis, we flow cyto-
metrically studied the activation of
STAT4 and STAT6 in peripheral blood
CD4+ T cells as well as cytokine pro-
duction, in theumatoid arthritis patients
who were initiating TNF-o inhibition
therapy with the monoclonal antibody
adalimumab.

Patients and methods

Study population

Eight rheumatoid arthritis (RA) pa-
tients, fulfilling the 1987 American
College of Rheumatology criteria for
the classification of rheumatoid arthri-
tis, and 8 age- and sex-matched healthy
volunteers were included. For prepara-
tive and complementary experiments,
healthy individuals were recruited
among hospital and laboratory work-
ers. The decision to refer patients for
adalimumab therapy (40 mg subcuta-
neously, every other week) was made
by the treating physician, based on the
presence of 8 or more inflamed joints
and a health assessment questionnaire
(HAQ) score of at least 15/60 despite
adequate treatment with 2 or more dis-
ease-modifying anti-rheumatic drugs
(DMARDs) including methotrexate
for at least 3 months. Concomitant use
of DMARDs or oral glucocorticoster-
oids in a low and stable dose (<7.5 mg
prednisone-equivalent per day), was
allowed, but not changes in DMARD
therapy =<3 months before inclusion
or the introduction of oral/intramus-
cular glucocorticosteroids =4 weeks
before inclusion. At baseline and at
12 weeks of anti-TNF therapy, a set
of clinical parameters was recorded,
including sex, age, disease duration,
morning stiffness, health assessment
questionnaire (HAQ) and concomitant
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treatment. The disease activity score
(DAS28-CRP) (29) was calculated,
based on the number of tender/swol-
len joints, a general health assessment
and the acute phase reactant CRP. Two
patients previously receiving another
TNF-o inhibition regimen, were in-
cluded after a wash-out period of at
least 2 months. Informed consent was
obtained from all patients and healthy
volunteers prior to sample collection.
The study protocol was approved by
the ethical review board of the Univer-
sity of Antwerp.

Sample collection and

isolation and culture of PBMC
Peripheral blood samples were collect-
ed on EDTA just before the first admin-
istration of adalimumab and 12 weeks
later, immediately preceding the sev-
enth injection. Peripheral blood mono-
nuclear cells (PBMC) were isolated
by Histopaque-1077 (Sigma Aldrich,
Bornem, Belgium) density gradient
centrifugation, using calcium/magne-
sium-free Dulbecco’s phosphate-buft-
ered saline (D-PBS) (GIBCO Invitro-
gen, Merelbeke, Belgium) containing
10 mM EDTA (PBS-EDTA). PBMC
were concentrated at 20x10° cells/mL
in RPMI 1640 (GIBCO Invitrogen)
with 25 mM HEPES, L-glutamine and
penicillin/streptomycin for immediate
use or concentrated at 3x10° cells/mL in
X-VIVO 15 medium (Lonza, Verviers,
Belgium) and cultured for 24h at 37°C
and 5% pCO, in 24-well plates in the
presence of soluble anti-CD3 (HIT3a,
BD Biosciences, Erembodegem, Bel-
gium) and anti-CD28 (CD28.2, BD
Biosciences) 5 ug/mL each. TNF-a
and IL-1f (10 ng/mL each, Peprotech
EC, London, UK) were added where
indicated.

Cytokine stimulation, cell fixation/
permeabilisation and staining of
surface markers and phosphoproteins
One million freshly isolated or cultured
PBMC were incubated in RPMI alone
or stimulated with 50 uL of IL-12 (100
ng/mL) and IL-4 (10 ng/mL) (Peprotech
EC) for 15 minutes at 37°C. The cy-
tokine dose and duration of stimulation
were chosen because preparative exper-
iments showed maximal phosphoryla-

tion of cytokine-induced STAT4/6 after
15 minutes. Subsequently, cells were
fixed in 500 uL of paraformaldehyde
4% in D-PBS for 20 minutes at room
temperature. After washing in D-PBS,
500 uL of ice-cold methanol-based
BD Perm III buffer (BD Biosciences)
was added slowly while vortexing at
4°C and cells were incubated for 30
minutes at 4°C, before washing in D-
PBS, supplemented with 1% fetal bo-
vine serum and 0.09% of sodium azide.
Cells were stained with anti-CD4-PE,
anti-CD3-PerCP, anti-phospho-STAT4-
AF488 (pY693) and -STAT6-AF647
(pY641) (all from BD Biosciences) for
30 minutes at room temperature in the
dark, before being washed and re-sus-
pended in D-PBS with 0.09% sodium
azide. Alternatively, cultured PBMC
were stained with anti-CD4-FITC, anti-
CD3-PerCP and anti-CD212-PE (BD
Biosciences) for 15 minutes at 4°C in
the dark, preceding fixation in 1 mL of
FACS Lysis solution (BD Biosciences)
for 20 minutes at room temperature,
washing and re-suspension in D-PBS
with 0.09% sodium azide.

Flow cytometric analysis

A total of 50.000 PBMC was counted
per tube. Lymphocytes were gated mor-
phologically and on CD3 and CD4 pos-
itivity. Phosphoprotein or membrane
receptor positivity were expressed as
the percentage of CD4+ T cells with a
fluorescence intensity above the level of
the 99" percentile of a fluorescence-mi-
nus-one (FMO)-sample (30). Alterna-
tively, the mean fluorescence intensity
of the gated population was standard-
ized by the use of Dako Fluorospheres
(Dako, Heverlee, Belgium). Data were
collected on a FACSCalibur flow cy-
tometer (BD Biosciences) and analysed
using WinMDI software version 2.8.

Measurement of extracellular

cytokine production

Supernatant of stimulated PBMC was
stored at -20°C. All undiluted samples
were measured simultaneously using
Cytometric Bead Array Flex Sets (BD
Biosciences) and analysed for IL-12,
IL-1p, IFNy, TNF-a. and IL-4, ac-
cording to the manufacturer’s instruc-
tions. Data were analysed using FCAP
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Array software version 1.0.1 and are
expressed as pg/10° PBMC.

Statistics

Data are expressed as percentages
and did not follow a normal distribu-
tion. They are reported as medians
and range. The Friedman test, Mann-
Whitney U-test, the Wilcoxon Signed
Rank test and the Kruskal-Wallis test
were used where appropriate, for a
significance level of 0.05. Correlations
are expressed as Spearman’s rank co-
efficient. Statistical analysis was done
with SPSS software version 14.0.

Results

Patient characteristics and

effect of adalimumab therapy

on disease activity

We included 6 male and 2 female pa-
tients, with a median age of 58 years
(range 32-70) and a median disease
duration of 78 months (14-204). The
median HAQ decreased from 36/60
points (range 28-60) to 16/60 (0-29),
and the DAS28 decreased from 5.2
(range 4.6-6.7) to 2.4 (1.6-5.1) after
12 weeks of adalimumab therapy. Six
of eight patients were good respond-
ers according to the EULAR criteria
(31) and achieved disease remission
(DAS28<2.6). The two other patients,
including one that had previously re-
ceived another anti-TNF treatment,
showed a moderate response.

Phosphorylation of STAT4 in

freshly isolated and cultured

CD4+ T cells and production of
Thl-cytokines IL-12 and IFNy
Spontaneous phosphorylation of STAT4
in CD4+ T cells was negligible in most
patients and healthy individuals, and
hardly increased after brief incubation
of the freshly isolated cells with IL-12
(Fig. 1). Consequently, we did not find
statistically significant differences in
freshly isolated cells between the con-
trol and untreated/treated patient group
(Fig. 2). As no IL-12Rp2 (CD212)
was detectable flow cytometrically
on the membrane of these freshly iso-
lated cells, we incubated PBMC for
24 hours with anti-CD3/CD28, which
significantly up-regulated IL-12Rp2
expression in a small fraction (<2%) of



CD4+ T cells (data not shown). Anti-
CD3/CD28 stimulation of PBMC led
to clearly significant STAT4 phospho-
rylation in healthy individuals (Fig. 1
and 2). In contrast, it had no effect in
untreated RA patients. After adalimu-
mab treatment however, STAT4 was
activated in a small but significant
proportion of cells by anti-CD3/CD28.
The presence of TNF-o/IL-1f during
the 24 hour culture had no influence
on STAT4 phosphorylation over anti-
CD3/CD28 alone (Fig. 2). Probably,
this was because anti-CD3 and anti-
CD28 alone already induced similar
levels of TNF-a and IL-1f production
by the PBMC (data not shown). On top
of the effect of CD3/CD28, brief re-
stimulation with IL-12 for 15 minutes
clearly activated STAT4 in healthy in-
dividuals and treated RA patients (Fig.
2). Before adalimumab treatment, the
IL-12-induced activation of STAT4 was
also significant, but it tended to be less
pronounced (median net IL-12 effect in
untreated patients: 1.1% [0.3-4.5] ver-
sus healthy individuals: 5.4% [range
0-9.4], p=0.08). The level of IFNy pro-
duction in the supernatant was lower in
untreated patients than in healthy indi-
viduals, and increased in patients under
adalimumab therapy (Fig. 3). In con-
trast, IL-12 production was very low
and not statistically different between
the groups (data not shown). The influ-
ence of adalimumab on CD3/CD28-in-
duced STAT4 phosphorylation was not
significantly correlated with a change
in disease activity in the individual
patient. STAT4 phosphorylation and
IFNy production were not correlated in
individual samples.

Phosphorylation of STATG6 in

freshly isolated and cultured CD4+

T cells and production of IL-4

Unlike STAT4, STAT6 displayed a low
but significant spontaneous phosphor-
ylation level in most samples after the
cell separation. It was not different be-
tween healthy individuals and untreat-
ed patients, but increased significantly
after adalimumab therapy (Fig. 4).
IL-4 stimulation additionally activated
STAT6 within 15 minutes in a large pro-
portion of the CD4+ T cells in healthy
individuals, untreated and adalimumab-

STAT signalling in rheumatoid arthritis / N.E. Aerts et al

© + 2 2
< 1A | B L
Q[ = : IL-4

3 2 IL-12

10 10° 10° 10¢

10!
10!

c 2 IL-4
. 2 IL-12

10° 10° 10¢

>

pSTAT4

Fig. 1. Phosphorylation of STAT4 and STAT6 in flow cytometrically gated CD3+CD4+ lymphocytes
from freshly isolated PBMC (A, B) and PBMC stimulated for 24h with anti-CD3/CD28 (C, D). Den-
sity plots from one representative sample depict phosphorylation after 15 minutes of incubation at
37°C in medium (A, C) or stimulation with IL-4 (10 ng/mL) and IL-12 (50 ng/mL) (B, D).
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Fig. 2. Phosphorylation of STAT4 in freshly isolated and cultured CD4+ T cells from healthy indi-
viduals (controls) and rheumatoid arthritis patients before (RA) or during (RA treated) treatment with
adalimumab. Phospho-STAT4 was determined in flow cytometrically gated CD3+CD4+ lymphocytes
after 15 minutes of incubation of freshly isolated PBMC at 37°C in medium (Oh, medium), or after
24 hours of stimulation with anti-CD3/anti-CD28 (1 ug/mL each) with or without TNF-a/IL-1 (10
ng/mL each), followed by incubation for 15 minutes in medium (24h, medium) or stimulation with
IL-12 (50 ng/mL) (24h, IL-12). Phosphorylation was expressed as the percentage of phospho-STAT4-
positive CD4+ T cells, based on an FMO-sample. Bars represent the median.
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treated patients (Fig. 1 and 4), but quite
similarly in the three groups. After 24
hours of anti-CD3/CD28-stimulation,
STAT6 phosphorylation had increased
significantly compared to freshly iso-
lated cells (Fig. 4). There was no differ-
ence between healthy individuals and
untreated patients, but this CD3/CD28-
induced STAT6 phosphorylation in-
creased significantly after adalimumab
therapy. In individual patients, there
was no significant correlation with
disease activity parameters DAS28 or
CRP. Short re-stimulation with IL-4
additionally activated STAT6, but did
not discriminate between the control
and untreated/treated patient group
(data not shown). Again, the presence
of TNF/IL-1 in the culture medium had
no significant effect on STAT6 phos-
phorylation (Fig. 4). The production of
IL-4 in the supernatant was similar in
healthy individuals and patients before
or after adalimumab (order of magni-
tude 10 pg/10° PBMC).

Discussion

Despite ample evidence for the impor-
tance of STAT4 and STAT6 in the Th1/
Th2 lineage decision of naive CD4+ T
cells (16), STAT4 and STAT6 have not
been studied before in T cells in rheu-
matoid arthritis. We evaluated these
signalling molecules on a single-cell
level in rheumatoid arthritis patients
and followed their activation status
during adalimumab therapy.

We found that the normal phosphor-
ylation of STAT4 during T cell recep-
tor-mediated activation, as well as its
subsequent response to IL-12, were
absent or diminished in RA patients.
However, treatment with adalimumab
for 3 months seemed to restore the
STAT4 response. This was fully in line
with the level of extracellular IFNy
production, which is known to depend
on STAT4 activation (16). We could
not demonstrate a similar effect for
IL-12. In parallel, adalimumab caused
a substantial increase in spontaneous
as well as activation-induced STAT6
phosphorylation in RA patients, unac-
companied by a rise in IL-4 produc-
tion. Of note, IL-4 is both a powerful
stimulus and a consequence of STAT6
phosphorylation (16).
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Fig. 4. Phosphorylation of STAT6 in freshly isolated and cultured CD4+ T cells from healthy indi-
viduals (controls) and rheumatoid arthritis patients before (RA) or during (RA treated) treatment with
adalimumab. Phospho-STAT6 was determined in flow cytometrically gated CD3+CD4+ lymphocytes
after 15 minutes of incubation of freshly isolated PBMC at 37°C in medium (Oh, medium) or stimula-
tion with IL-4 (10 ng/mL) (Oh, IL-4), or after 24 hours of stimulation with anti-CD3/anti-CD28 (1
ug/mL each) with or without TNF-o/IL-1f (10 ng/mL each) (24h, medium). Phosphorylation was
expressed as the percentage of phospho-STAT6-positive CD4+ T cells, based on an FMO-sample. Bars

represent the median.

The increase in activated STAT6 after
adalimumab therapy fits with the gener-
ally accepted view that Th2 cells have
anti-inflammatory effects in rheumatoid
arthritis, and that successful therapy is
often associated with a shift in the Th1/
Th2 balance towards Th2 (for review:
(32)). In contrast, the low STAT4 acti-
vation in active RA and the increase af-
ter TNF inhibition therapy are most in-
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triguing and seemingly contradictory in
light of the alleged Thl predominance
in RA. There are two major potential
explanations for this. Firstly, most evi-
dence for Th1 involvement in RA patho-
genesis has been derived from synovial
tissue studies, while the consequences
of T cells homing to the joints on the cy-
tokine profile of peripheral blood T cells
are still the matter of intensive debate
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(6,7,9, 10, 33-35). Secondly, the caus-
ative association of Thl with RA has
been challenged by slightly favourable
effects of trials with recombinant IFNy
therapy in RA (36, 37) and more recent-
ly also by animal studies showing that
arthritis is exacerbated in the absence of
IL-12 or IFNy signalling (38-40). Since
the description of IL-17-producing T
helper cells as a separate Th17 lineage
(41), this has led to a new hypothesis
that implies Th17 in the pathogenesis of
RA and puts forward a mutual compe-
tition between the Th1l, Th2 and Th17
lineages (42). Until now, evidence for
Thl-independent, Thl7-mediated in-
flammation in RA has mostly been de-
rived from animal studies (43-46), but
currently numerous studies are being
conducted to further clarify the role of
Th17 in human disease.

While the association of RA with a
polymorphism in the STAT4 gene has
received a lot of attention recently (19-
26), it has never been demonstrated
that inappropriate activation of STAT4
in T cells drives the inflammation in
arthritis models or in RA. Indeed, our
findings seem to indicate that T cell
STAT4 is unlikely to contribute to RA
disease activity, at least in patients from
our cohort, who often had longstand-
ing disease and were on concomitant
DMARD treatment.

Conclusions

We demonstrate that adalimumab ther-
apy modulates T-cell signalling in rheu-
matoid arthritis: it increases STAT6
phosphorylation and restores the acti-
vation-induced STAT4 phosphorylation
to levels in healthy individuals. Given
the crucial role of these signalling mol-
ecules in the T-cell differentiation pro-
gram, this might provide an explanation
for the influence of TNF inhibition on
the systemic T cell response in rheuma-
toid arthritis.
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