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Abstract

to infections in patients treated with JAK inhibitors.

Background: Tofacitinib is a novel Janus kinase (JAK) inhibitor approved for the treatment of rheumatoid arthritis,
psoriatic arthritis, and ulcerative colitis. In clinical trials, the most common adverse events observed were
nasopharyngitis, upper respiratory tract infections, and zoster. JAKs are found downstream of the type II cytokine
receptor family used by a number of T;17 cell-associated cytokines for signal transduction. These cytokines lead to
the secretion of antiviral and antimicrobial peptides (AMPs) by keratinocytes or synoviocytes. Blocking the JAK
pathway might result in a diminished secretion of antimicrobial and antiviral peptides causing higher susceptibility

Methods: We treated primary human keratinocytes and synoviocytes with tofacitinib and subsequently added
various cytokines and bacterial surface proteins before evaluation of the response via RT-qgPCR. CD69 expression on
tofacitinib-treated PBMCs was investigated via flow cytometry.

Results: We found a markedly reduced gene expression of all tested antiviral peptides such as MX1 or ISG15 in
keratinocytes and synoviocytes in the presence of tofacitinib in vitro. Additionally, we found that JAK inhibition
reduced activation of T cells after stimulation with bacterial LPS or viral VZV gE.

Conclusions: The antiviral immunity is strongly inhibited in the presence of tofacitinib in vitro, while the
antimicrobial immunity does not seem to be affected. In T cells, the overall activation process seems to be
influenced by tofacitinib. These findings suggest that tofacitinib has an impact on antiviral immunity such as
patients treated with tofacitinib often show adverse events like herpes zoster.
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Introduction

Tofacitinib is an oral Janus kinase inhibitor used in the
treatment of severe rheumatoid arthritis (RA), psoriasis
arthritis (PsA), and ulcerative colitis [1-3]. This JAK in-
hibitor is most efficient in inhibiting JAK1 and JAK3
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signalling pathways, but a partial efficiency on JAK2
pathways is also seen [2, 4, 5].

RA is a chronic autoimmune disease characterized by
a destruction of the joint accompanied by stiffness and
inflammation as well as pain [2]. The thickness of the
synovium is increasing about 10-fold due to increased
proliferation of synoviocytes [6—8]. Synoviocytes can be
divided into type A synoviocytes and type B synovio-
cytes, which are also called human fibroblast-like syno-
viocytes (HFLS) [7, 8]. HFLS secrete a variety of proteins
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important for the extracellular matrix but also cytokines
are in their repertoire such as interleukin (IL)-6 or
tumour necrosis factor (TNF)-a [6, 7]. The efficiency of
tofacitinib in RA can partly be explained by the under-
lying high expression of JAK3 and the STATs 1, 4, and 6
in the synovium of the joints of RA patients [9]. PsA is
occurring in about 10 to 42% of patients that already
suffer from plaque psoriasis [10—12]. The whole archi-
tecture of the outer layers of skin is based on the well-
organized proliferation and differentiation of keratino-
cytes [13].

Keratinocytes protect the human body from exogen
pathogens by producing antimicrobial peptides (AMPs)
and antiviral peptides (AVPs) but also (pro-) inflamma-
tory chemokines and cytokines [14, 15]. AVPs target
various steps in the virus life cycle, e.g. inhibiting the
entry of the virus into the host cell [16]. AVPs are in-
duced by the virus itself but also by the Tyl7 cell-
derived IL-29 (also called IFN-A1) has been shown to in-
duce the production of AVPs such as MX1, OAS2,
BST2, and ISG15 in keratinocytes [17]. The main classes
of AMPs in humans are cathelidins and defensins [18,
19]. AMPs bind to bacterial components such as lipo-
polysaccharides (LPS) or lipoteichoic acids (LTA). In the
further process, these AMPs integrate themselves into
the membrane of the bacteria and form holes or prevent
the bacteria from division due to the disrupted mem-
brane [20-24]. Among other factors, Ty17-associated
cytokines induce the secretion of AVPs as well as AMPs
by both, keratinocytes and synoviocytes, respectively. A
number of cytokines that signal via type I and type II re-
ceptors are secreted by Tyy17 cells that belong to the ef-
fector T cells [25]. JAKs are found downstream of the
type I and type II cytokine receptors. Binding of the re-
spective cytokine to its receptor then leads to the activa-
tion of the JAK signalling pathway via a phosphorylation
of signal transducers and activator of transcription
(STAT) [5].

The Ty17 cytokines IL-22, IL-26, and IL-29 bind to
receptors that belong to the type II cytokine receptor
family [26]. The binding of these interleukins to their re-
spective receptor heterodimer on their target cells such
as keratinocytes or synoviocytes induces a signal trans-
duction via the JAK/STAT pathway. Overall, a number
of cytokines produced by Tyl17 cells are leading to the
secretion of AVPs and AMPs by keratinocytes or syno-
viocytes. These cytokines stimulate their target cells via
the type II cytokine receptor family and these receptors
use the JAK pathway for signal transduction. Blockage of
the JAK pathway might therefore result in a diminished
secretion of AVPs and AMPs leading to a higher suscep-
tibility to infections. In fact, nasopharyngitis, upper re-
spiratory tract infections, and herpes zoster were among
the most common adverse events observed in clinical
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trials investigating the therapeutical effects of tofacitinib
[27, 28]. Interestingly, the incidence of herpes zoster
under tofacitinib treatment is dose dependent [29].

Additionally, also IL-6 and IL-23, cytokines involved in
the differentiation of Ty17 cells, do also signal via the
JAK/STAT pathway [30, 31]. T17 cells have long been
thought to be highly pathogenic but more and more
publications provide data and evidence on non-
pathogenic Ty17 cells or subtypes of Tyl7 cells with
regulatory functions [32, 33]. Lee and colleagues have
demonstrated that the pathogenicity of Ty17 cells is
dependent on the cytokines present [34]. They found
that Ty17 cells generated in the presence of only trans-
forming growth factor (TGF)-p1 and IL-6, but not IL-23,
do not induce autoimmune diseases. A blockage of the
JAK pathway might also influence the T cell differenti-
ation pattern which means that a JAK inhibition could
drive the differentiation of Tyl7 cells towards a more
regulated phenotype instead of a pathogenic phenotype
[35].

Here, we investigated in vitro the effects of tofacitinib
on epithelial cells such as keratinocytes and synoviocytes
as important players in PsA and RA, respectively. Kerati-
nocytes are furthermore target cells when reactivated
varicella zoster leads to herpes zoster. Additionally, we
aim to shed light on the role of JAK inhibition on
THu17 cell development. We report that antimicrobial
immunity does not seem to be affected by tofacitinib,
but the antiviral immunity is strongly inhibited in the
presence of tofacitinib in vitro.

Material and methods

Human subjects

Buffy Coats from healthy individuals were obtained from
the Institute of Haemostasis and Transfusion Medicine,
University Hospital Disseldorf. For experiments involv-
ing varicella antigens, blood in four BD Vacutainer Cell
Preparation Tubes (CPT™, BD Biosciences) was taken
from healthy volunteers. The guidelines of the Declar-
ation of Helsinki were deployed, and the study was au-
thorized by the local ethics committee (No: 5775R).

Normal primary human keratinocytes

Normal primary human keratinocytes were isolated from
the foreskin or skin derived from mamma reduction or
other surgeries. The keratinocytes were seeded in 12-
well plates and cultured until sub-confluence. Tofaciti-
nib (100nM or 600nM) (Sigma Aldrich, USA) was
added to the respective well and incubated for 60 min at
37°C before addition of 1pug/ml LPS or LTA (Invivo-
Gen, France) or 100 ng/ml of all the interleukins (IL-17,
IL-22, IL-29) and interferon gamma (IFN-y) (R&D Sys-
tems, USA). After 24 h of incubation, the supernatants
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were collected, and the keratinocytes were harvested and
lysed for subsequent RNA isolation.

Primary human fibroblast-like synoviocytes

Primary human fibroblast-like synoviocytes (HFLS) from
normal human healthy synovial tissue were obtained
from Cell Applications Inc. (San Diego, USA). The cells
were maintained in synoviocyte growth medium (ready-
to-use, Cell Applications) or DMEM GlutaMAX (Gibco)
supplemented with 10% foetal calf serum (FCS) and 1%
penicillin/streptomycin. Stimulation conditions were
analogous to keratinocytes in 12-well plates and the cells
as well as supernatant were harvested after 24 h.

Isolation of peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from Buffy Coats wusing standard Ficoll
centrifugation.

RNA isolation, cDNA synthesis, and qPCR

RNA isolation was performed using the RNeasy Mini Kit
(Qiagen, Netherlands) according to the manufacturer’s
instructions. Transcription into ¢cDNA and subsequent
qPCR was conducted as previously described [36].

QPCR primers

Used qPCR primers were the following: SI00A7 (reverse:
5" TGT CCT TTT TCT CAA AGA CGT C 3, forward:
5" AGA CGT GAT GAC AAG ATT GAC 3'), MX1 (re-
verse: 5° TTC TTC CAG CTC CTT CTC TCT G 3/,
forward: 5° AGA GAA GGT GAG AAG CTG ATC C
3"), ISG15 (reverse: 5° CCA GCA TCT TCA CCG TCA
G 3’, forward: 5 GCG AAC TCA TCT TTG CCA GTA
3"), OAS2 (reverse: 5" TTC CTG GTG TCT GCA TTG
TC 3’, forward: 5° CTG GCA AAA GAA GCA AAG
GA 3’), IENG (reverse: 5° GTT CCA TTA TCC GCT
ACA TCT GAA 3/, forward: 5° ACG TCT GCA TCG
TTT TGG GTT 3'), TBET (reverse: 5° TGG TCT ATT
TTT AGC TGG GTG ATG TCT G 3’, forward: 5’
GGT GGT AAC ATG CCA GGG AAC AGG A 3'),
RORC (reverse: 5° CGG AAG AAG CCC TTG CAC
CCC 3/, forward: 5 GAC AGC ACC GAG CCT CAC
GG 3'), and GATA3 (reverse: 5° GGG GCC GGT TCT
GTC CGT TC 3’, forward: 5° CCG GTC CAG CAC
AGA AGG CA 3’). Additionally, TagMan Gene Expres-
sion Assays (ThermoFisher Scientific, Waltham, USA)
such as CAMP (Hs01011708_m1), GMCSF
(Hs00171266_m1), IL17A (Hs99999082_m1l), and IL22
(Hs00220924._m1) were performed. As endogenous con-
trol, the 18S rRNA primer-probe set from ThermoFisher
Scientific was used.
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T cell generation and stimulation

Naive T cells were isolated from the PBMCs using the
Naive CD4" T Cell Isolation Kit II (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) according to the manufac-
turer’s instructions. Subsequently, the naive T cells were
activated with anti-CD2/anti-CD3/anti-CD28 beads to
mimic antigen-presenting cells by using the Human T
Cell Activation/Expansion Kit (Miltenyi Biotec). Acti-
vated T cells were then seeded at a concentration of
2.5 x 10° cells per ml into a 24-well plate. Then, tofaciti-
nib was added at concentrations of 100 nM or 600 nM
for 30 min before TGF-f1 (20 ng/ml), IL-6 (20 ng/ml),
IL-23 (10 ng/ml), and anti-IL4 (1 pg/ml) were added and
incubated for 3 days. At day 3, the cell clumps were ho-
mogenized, and the cell suspension was split and supple-
mented with 5ng/ml IL-2. Cell analysis was done after
another 4 days of incubation.

Flow cytometry of polarized T cells

T cells polarized towards Ty17 subtype in the presence
or absence of tofacitinib were analyzed via flow cytome-
try. In order to investigate intracellular cytokines such as
IL-17 or IL-26, Brefeldin A (Biolegend, San Diego, USA)
and GolgiStop (BD Biosciences, Franklin Lakes, USA)
were added to the cells 4 h prior to the incubation end.
The T cells were then suspended and centrifuged for 5
min at 1500 rpm. The cell pellet was suspended in 500 pl
flow cytometry (FACS) buffer (PBS with 4% FCS and 1
mM EDTA). Then, 25% human AB serum was added to
the samples and incubated for 15 min on ice before an-
other 500 pl FACS buffer was added and the samples
centrifuged at 1500 rpm for 5 min. The cells were then
stained with antibodies against surface molecules such
as CD8 (PE, clone: RPA-TS8, BD Pharmingen), CD4 (PE-
Cy7, clone: OKT4, BioLegend), and Zombie NIR (APC-
Cy7; life/dead marker, BioLegend) in a volume of 50 pl
for 30 min on ice. After the incubation, 500 ul FACS
Buffer was appended and the samples centrifuged as de-
scribed before. The cells were suspended in 100 pl of a
4% paraformaldehyde (PFA) solution and incubated at
4°C for 15min. The cell pellet was then suspended in
200 pl FACS buffer before intracellular cytokine staining
was implemented. The cells were permeabilized by using
1000 pul of Perm/Wash solution (BD Biosciences) per
sample and incubated for 15min at RT. Antibodies
against IL-17 (PerCP, clone: 41802, Biotechne) and IL-
26 (APC, clone: 11C31, US Biological, Salem, USA) were
then diluted in Perm/Wash solution, added to the cells
at a final volume of 50 pl, and incubated for 30 min on
ice. Thereafter, 500 ul Perm/Wash solution was added
and the samples were centrifuged. Finally, the cells were
suspended in 200 pl FACS buffer and analysed on a Cyto-
Flex S flow cytometer (Beckman Coulter, Brea, USA) to-
gether with CytExpert software.
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Flow cytometry of varicella-antigen stimulated PBMCs
Four CPT blood tubes were taken from healthy volun-
teers and centrifuged for 20 min at 2500 rpm at RT.
After centrifugation, the PBMCs are transferred into a
Falcon tube. The PBMCs were then washed with PBS
and red blood cells were lysed in 10 ml ACK lysis buffer
for 10 min at 4 °C. The lysis reaction was stopped by an
excess amount of PBS after the cells were then pelleted
again via centrifugation for 10 min at 1250 rpm. The
cells were then counted and adjusted to a concentration
of 5x10° cells/ml in RPMI1640 medium (Gibco) sup-
plemented with 5% human AB serum. Then, 200 pl (1 x
10° cells) was transferred into a 1.5-ml Eppendorf tube
per condition. Tofacitinib at final concentrations of 100
or 600 nM was added to the respective tube and incu-
bated for 45 min at 37 °C. Now varicella zoster virus en-
velope glycoprotein E (VZV gE) (PepMix, JPT solutions,
Berlin, Germany) was added at a final concentration of
10 ug/ml to respective tubes. Furthermore, lipopolysac-
charide (LPS, 100 ng/ml), DMSO, and anti-CD2/anti-
CD2R antibodies (BD Fastimmune™, BD Biosciences)
were added to the respective tubes and served as con-
trols. The tubes were incubated for 20h at 37°C
followed by flow staining. The cells were proceeded as
described above and stained with antibodies against the
surface markers CD3 (APC, clone: UCHT1, BioLegend)
and CD69 (PE, clone: FN50, BioLegend) together with
the life/dead marker Zombie NIR (APC-Cy7). Isotype
controls (IgG1) were included as well.

MicroArray

RNA from untreated keratinocytes or keratinocytes
treated with 600 nM tofacitinib were subjected to a
DNA MicroArray (Affymetrix human PrimeView 2.0).
Prior to the MicroArray, the RNA quality was evaluated
at the Biomedical Research Centre (Biomedizinisches
Forschungszentrum (BMFZ)) at the Heinrich-Heine-
University, Diisseldorf.

Cell viability assays
Cell viability of keratinocytes was evaluated using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay. Keratinocytes were seeded into a flat-
bottom 96-well plate and grown until sub-confluence.
Then, the cells were stimulated with a serial dilution of
tofacitinib (10 to 0.05 uM) and DMSO as diluent control
for 24 h at 37°C. To the untreated control, cell culture
media were added and the negative control was 5%
DMSO. After the addition of 5mg/ml MTT and an in-
cubation for 2 h, the reaction was stopped, and the OD
was measured at 540 nm. The OD values were converted
into percentages with the untreated control set to 100%.
For the cell viability of both synoviocytes and T cells,
the CellTiter-Glo® Luminescent Cell Viability Assay
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(Promega) was used according to the manufacturer’s in-
structions. T cells and synoviocytes were stimulated
analogously to keratinocytes for 24 h at 37 °C. For both
those cell types, 1% Triton served as the negative con-
trol. After the incubation time, CellTiter-Glo® Buffer was
added CellTiter-Glo® Substrate to generate CellTiter-
Glo® Reagent. One hundred microliters of CellTiter-Glo®
Reagent was then added to each well, and the lumines-
cence was measured immediately on a TECAN infinite
M200 Pro plate reader.

Statistical analysis

All analyses were done using GraphPad Prism version
5.03 (GraphPad Software, Inc.). The Mann-Whitney U
test or Wilcoxon matched pairs signed rank test was
used to calculate statistical significances which were then
depicted as follows: “*” equals P<0.05, “**” equals P<
0.01, and “***” equals P < 0.001.

Results

Tofacitinib affects predominantly the expression of
antiviral peptides while antimicrobial peptides are largely
unaffected

Initially, we tested the cell viability of keratinocytes,
synoviocytes, and T cells in the presence of tofacitinib in
a range of concentrations (Supplemental Fig. 1). After
confirming that cell viability is not affected by tofaciti-
nib, we subjected RNA from keratinocytes treated with
600 nM tofacitinib or untreated to DNA MicroArray. To
display a broad overview of differentially regulated genes,
a heatmap is shown in Fig. 1a. The presence of tofaciti-
nib quite drastically changes the overall gene expression
pattern. Blue depicts upregulated genes, while red shows
downregulated genes. A number of antiviral genes are
downregulated (such as MX1, MX2, OAS1), while anti-
microbial genes such as SI00A8 and S100A9 (lower end
of heat map) seem to only be minimally affected by JAK
inhibition (Fig. 1a). Focusing only on antimicrobial and
antiviral gene expression, a network graphic was gener-
ated based on the GO term annotations (Fig. 1b).

We next investigated the impact of JAK inhibition on
the production of antimicrobial peptides psoriasin
(S100A7), and the cathelicidin antimicrobial peptide
(CAMP, also called LL37) by keratinocytes and synovio-
cytes after stimulation with bacterial components and
cytokines in a larger cohort (Supplemental Fig. 2 and 3).
We stimulated the cells with LPS or LTA (Supplemental
Fig. 2b, f). Additionally, the following cytokines were
used: IL-17, IL-22 (Supplemental Fig. 2c, g), and IL-29,
as well as the antiviral interferon (IFN)-y (Supplemental
Fig. 2d, h). As expected, the expression of CAMP in ker-
atinocytes is slightly induced by LTA and IL-29 and po-
tently enhanced by IL-17. Tofacitinib alone does not
affect CAMP expression negatively (Supplemental Fig. 2).
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Synoviocytes responded to treatment with LPS with sig-
nificant increased CAMP expression (Supplemental
Fig. 2f). This increase was efficiently reduced by tofaciti-
nib (600 nM) (Supplemental Fig. 2f).

All bacterial components or cytokines, except IFN-y,
induced S100A7 expression in keratinocytes (Supple-
mental Fig. 3). We found that the JAK inhibition using
tofacitinib minimally affects the gene expression of psor-
iasin (S100A7) in keratinocytes (Supplemental Fig. 3a).
Looking at the keratinocytes treated with IL-22 and tofa-
citinib, we see a trend towards downregulation of
S100A7 expression in the presence of tofacitinib com-
pared to keratinocytes treated with IL-22 alone (Supple-
mental Fig. 3c). Investigating other S100 proteins such
as S100A8 and S100A9, we found a similar gene expres-
sion pattern as for S100A7 keratinocytes (data not
shown). An effect of JAK inhibition on the synovial ex-
pression of psoriasin (SI00A7) could not be detected
(Supplemental Fig. 3e-h).

After AMPs, we focused on AVPs starting with MX1
and interferon-stimulated gene 15 (ISG15). Interestingly,
MX1 is induced in keratinocytes by all added bacterial
components and cytokines (Fig. 2a—d). The highest in-
duction of MX1 is seen when 100 ng/ml IL-29 is added
to keratinocytes (Fig. 2d). Tofacitinib alone drastically

downregulates MX1 expression at 600 nM (Fig. 2a). In
synoviocytes, we found that MX1 is significantly down-
regulated in the presence of tofacitinib (600 nM) alone
(Supplemental Fig. 4a). Of note, LPS (1 pg/ml) induced a
significant increase of MX1 gene expression (Supple-
mental Fig. 4b). This increase is again reduced when the
cells were treated with tofacitinib (600 nM). As expected
also, IFN-y and IL-29 enhance MX1 gene expression in
synoviocytes (Supplemental Fig. 4d). Again, tofacitinib
inhibits this upregulation. When comparing the IL-29
induced MX1 expression to the expression after treat-
ment with both tofacitinib and IL-29, a significant re-
duction was observed (Supplemental Fig. 4d).

For ISG15, there is also an induction with all bacterial
components and cytokines in keratinocytes (Fig. 3).
Similar to MX1, tofacitinib is pronouncedly inhibiting
ISG15 expressions (Fig. 3a to d). Also, in synoviocytes,
the pattern of ISG15 gene expression is very similar to
the one of MX1 (Supplemental Fig. 5a to d). In contrast,
here, the downregulation of ISG15 gene as the baseline
level did not reach significance (Fig. 3a). For ISG15, we
further found that tofacitinib even at the low concentra-
tion of 100nM significantly inhibited IL-29 induced
ISG15 expression in synoviocytes (Supplemental
Fig. 5d).
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We then investigated the gene expression of 2'-5"-oli-
goadenylate synthetase 2 (OAS2) and found that OAS2
is induced by all co-stimulatory agents added, and even
highly induced in the presence of IFN-y or IL-29 (Fig. 4).
The inhibition of the JAK pathway markedly reduced
OAS2 gene expression (Fig. 4a and Supplemental Fig. 6a).
Interestingly, synoviocytes responded to LPS treatment
with significantly increased expression of the antiviral
peptide OAS2 (Supplemental Fig. 6b). The pre-
treatment with tofacitinib before the addition of LPS led
to a strong trend in the reduction of OAS2 expression
(Supplemental Fig. 6b). Similar to ISG15, also OAS2 ex-
pression was induced by IFN-y and IL-29. Additionally,
the OAS2 expression was reduced when tofacitinib was
co-incubated with IL-29 (Supplemental Fig. 6d). In the
presence of IEN-y, the OAS2 expression is not modified
by JAK inhibition (Supplemental Fig. 6d).

Overall, AMPs from keratinocytes and synoviocytes
are barely affected by the presence of tofacitinib. This is
in great contrast to AVPs which are efficiently

downregulated or completely inhibited by JAK inhibition
in those two cell types.

Effect of JAK inhibition of T cell differentiation

We aimed to elucidate if the presence of tofacitinib
drives the Ty17 cell differentiation to a more classical or
a more pathogenic phenotype. Naive CD4" T cells were
differentiated towards Tyl7 cells using IL-6, IL-23,
TGE-B, anti-IL-4, and anti-IFN-y in the presence or ab-
sence of tofacitinib. Both gene expressions and proteins
were analysed at day 7 of culture. We found that tofaci-
tinib at both tested concentrations of 600 nM and 100
nM slightly upregulates RORC, a transcription factor
mainly for classical Ty17 cells (Supplemental Fig. 7a).
The expression of TBET, which is more characteristic
for pathogenic Ty17 cells, is only slightly affected by the
presence of 600 nM tofacitinib (Supplemental Fig. 7d).
As a control gene, the expression of GATA3 was ana-
lysed, which is a transcription factor important for T2
cells and which was not affected by the presence of
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Fig. 3 Antiviral ISG15 gene expression is downregulated by tofacitinib at the baseline level. Keratinocytes (n = 5-8) were stimulated for 60 min with
tofacitinib before addition of the respective cytokine (IL-17, IL-22, IFN-y, or IL-29) or bacterial component (LPS or LTA). The cell lysates were analysed via
gPCR. Statistical calculation was done using the Mann-Whitney U test. Significances that were compared to the untreated control are depicted directly
above the stimulatory agent or the compared conditions are indicated by lines and depicted as follows: *P < 0.05, **P < 001, and ***P < 0.001

tofacitinib (data not shown). Considering the gene ex-
pression of relevant cytokines, we saw a slightly in-
creased expression of IL17A in the presence of
tofacitinib (Supplemental Fig. 7b). IFNG gene expression
seems only to be increased by 100 nM tofacitinib (Sup-
plemental Fig. 7e). Considering IL22 gene expression, no
change with tofacitinib was observed (Supplemental
Fig. 7b). A similar finding is seen for GMSCF (Supple-
mental Fig. 7e). The following protein expression ana-
lysis revealed a trend towards upregulated IL-17 in
CD4" T cells under JAK inhibition (Supplemental
Fig. 7c). Additionally, we investigated the Tyl7 cell-
derived IL-26, an interleukin with antimicrobial proper-
ties, and saw a significant downregulation of IL-26 in T
cells treated with both 100 nM and 600 nM tofacitinib
(Supplemental Fig. 7c).

Tofacitinib inhibits T cell activation response to varicella
zoster virus and LPS

Increased varicella zoster infections are a main adverse
event in the treatment of patients with tofacitinib. To

investigate if tofacitinib directly affects cellular response
to antigens from varicella zoster virus (VZV), we pre-
treated PBMCs from healthy donors with tofacitinib
(100 and 600 nM) before the addition of LPS or VZV en-
velope glycoprotein (VZV gE). The response was then
measured via flow cytometry where the expression of
the surface activation marker CD69 was investigated.
We found that CD69 expression is not altered at the
baseline level by the presence of tofacitinib (Fig. 5a). The
anti-CD2/CD2R antibody (positive control) significantly
induced CD69 expression on CD3" T cells as expected
(Fig. 5b). The presence of tofacitinib at the high concen-
tration of 600 nM significantly downregulates the anti-
CD2/CD2R-induced CD69 expression (Fig. 5b). Both
LPS and VZV gE alone induced a significant increase in
CD69 surface expression, which was completely blocked
by the presence of tofacitinib (Fig. 5c¢, d).

In summary, T cell activation is inhibited by a block-
ade of the JAK pathway using tofacitinib. This inhibition
appears to be independent of any specific activation sig-
nalling cascade.
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Discussion

Treatment with tofacitinib goes along with increased in-
cidences of infections. Against this background, we in-
vestigated the effects of this agent on the expression of
AVP and AMP as well on T cell differentiation and
activation.

AVPs are not only induced by the virus itself. The
Tyl7 cell-derived IL-29 (also called IFN-A1) has been
shown to induce the production of AVPs such as MX1,
OAS2, BST2, and ISG15 in keratinocytes [17]. For RA,
an overexpression of IL-29 was shown and furthermore
the IL-29 induced expression of proinflammatory cyto-
kines such as IL-6, but also IL-8 in RA fibroblast-like
synoviocytes [37, 38]. In fact, gene expression of all
tested AVPs such as MX1 is markedly reduced in a
dose-dependent manner even without any co-
stimulatory cytokine or bacterial component added. The
induction of AVPs, e.g. by IEN-y or IL-29, is strongly
inhibited by the presence of tofacitinib in keratinocytes.

As both IFN-y and IL-29 [39] use the JAK-STAT path-
way for signal transduction, tofacitinib most likely does
not only inhibit gene expression but the signal is not
even transmitted into the cell. Our data on MX1 and
ISGs are in line with the literature where splenocytes
from lupus-prone mice treated with tofacitinib (10 mg/
kg daily) showed also decreased expression of MX1 and
ISGs in comparison to untreated control animals [40].
Our results indicate an important direct effect of tofaci-
tinib on keratinocytes and thus should be considered in
the systemic treatment of psoriasis arthritis. Considering
synoviocytes, we found a similar gene expression pattern
and response to tofacitinib treatment as reported for
keratinocytes. Hence, the tofacitinib-induced downregu-
lation of AVP expression is not a cell-specific
phenomenon. Also here, the most dramatic effect is seen
for AVPs such as MX1, OAS, and ISG15. We report
here that IL-29 significantly increased MX1, OAS2, and
ISG15 gene expression in synoviocytes (in the absence
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of tofacitinib). A role of IL-29 in rheumatoid arthritis
[41] and synovial fibroblasts [42] has been reported
earlier.

The main classes of AMPs in humans are cathelidins
and defensins [18, 19]. AMPs bind to bacterial compo-
nents such as LPS or LTA. In the further process, these
AMPs integrate themselves into the membrane of the
bacteria and form holes or prevent the bacteria from
division due to the disrupted membrane. AMPs are only
secreted in low concentrations in healthy skin as well as
healthy synovial membranes but the production is highly
upregulated in inflammatory conditions such as psoria-
sis, rosacea, osteoarthritis, and rheumatoid arthritis [20—
24]. In contrast to the expression of AVPs, we found
that gene expression of AMPs is only minimally affected

by JAK pathway inhibition using tofacitinib. It has been
reported by Srivastava et al. that tofacitinib significantly
downregulates S100A7, S100A8, and S100A9 in human
primary keratinocytes at a concentration as low as 100
nM [43]. This finding is not reproduced in our cohort,
but we do see a trend towards downregulation of
S100A7 in the presence of both concentrations (100 nM
and 600 nM) of tofacitinib. To sum this part up, the
antiviral immunity is pronouncedly inhibited by tofaciti-
nib in vitro, while the antimicrobial immunity does not
seem to be affected.

There is conflicting data on how JAK inhibition is in-
fluencing the development and differentiation of Ty17
cells. Some researchers believe that JAK inhibition pro-
motes the general differentiation towards Tyl7 cells
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[44], but others provide data concluding that JAK inhib-
ition prevents differentiation into the pathogenic type of
Ty17 cells [45, 46]. Non-classical or pathogenic human
Tyl7 cells have been associated with autoimmune dis-
ease [35]. Classical CCR4+CXCR3- Ty17 cells produce
high levels of IL-17 but low levels of IFN-y. In contrast,
non-classical CCR4-CXCR3+ Tyl7 cells express low
levels of IL-17 and large amounts of IFN-y [47]. The
presence of more regulated Ti;17 cells may explain the
improvements seen under JAK inhibition in different
autoimmune diseases. Against this background, we next
investigated if the presence of tofacitinib drives naive
CD4" cells rather towards a classical Ty17 cell pheno-
type or towards a more pathogenic Ty17 cell phenotype.
Tofacitinib was added at concentrations of 100 nM and
600 nM before the polarizing cytokines TGF-p1, IL-6,
and IL-23 as well as the antibody anti-IL4 was added.
Looking at the gene expression, we found a slight trend
towards RORC gene expression, which is associated with
classical (less pathogenic) Ty17 cells [35]. A similar re-
sult can be observed in gene expression of interleukins
where the classical Ty17 cell cytokine IL17A seems to
be slightly favoured over IFNG and GMCSF (both more
characteristic for pathogenic Ty17 cells) in the presence
of tofacitinib. We furthermore report that IL-17 protein
expression is slightly increased in tofacitinib-treated
Ty17 cell cultures, while IL-26, an interleukin with anti-
microbial effects, is downregulated. In a study by Ghor-
eschi et al. [46], it was reported that pathogenic Ty17
cells differentiated using IL-6 and IL-23 did show less
IL-17 and IL-22 secretion under JAK inhibition, while
classical Ty17 cells (differentiated using TGF-f) showed
an increased IL-17 secretion. Basically, tofacitinib sup-
pressed pathogenic Ty17 cells in this study [46]. This is
then in line with our data, except that our experimental
setup allowed differentiation towards both Tyl7 cell
phenotypes at the same time. In contrast, a study in
rheumatoid arthritis patients showed that tofacitinib in-
hibits the secretion of both IL-17 and IFN-y in anti-
CD3/anti-CD28 stimulated CD4" T cells [48].

To investigate the effects of tofacitinib on T cell acti-
vation, we stimulated PBMCs with anti-CD2/CD2R anti-
body or varicella zoster envelope glycoprotein (VZV gE)
and analysed the surface expression of CD69 on CD3* T
cells via flow cytometry. The surface molecule CD69 is
an early activation marker found mainly on lymphocytes
and signals via the JAK/STAT pathway [49]. Only re-
cently, the role of CD69 besides being an early activation
marker has been started to be investigated. It seems as if
CD69 also plays an important role in different immune
responses and also T cell differentiation [49]. We show
here that CD69 is downregulated in the presence of tofa-
citinib. The induction of CD69, whether it was by an
anti-CD2/CD2R antibody or VZV gE, did not modify the
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effects of tofacitinib. A downregulation of CD69 in the
presence of tofacitinib might negatively impact the im-
mune tolerance as it has been shown that CD69 is re-
quired for regulatory T cells [50]. Additionally, the
downregulation of CD69 in the presence of VZV gE could
possibly explain the increased zoster infections reported in
tofacitinib-treated patients [27]. On the other hand, it was
shown that CD69 expression is associated with T17 cell
differentiation as the lack of CD69 significantly increases
IL-17 secretion in CD4" T cells [51]. This is in line with
our findings showing an increased gene and protein ex-
pression of IL-17 when naive T cells are polarized towards
Tyul7 cells and treated with tofacitinib. We thus
hypothesize that the downregulation of CD69 by tofaciti-
nib might be beneficial for differentiation into classical
Tyl7 cells. Furthermore, as there is simultaneously a de-
crease in IFN-y, it points towards a differentiation of clas-
sical Tiy17 cells [51]. This would then be in line with our
data suggesting tofacitinib drives naive CD4" T cells to-
wards a classical T1;17 cell phenotype rather than a patho-
genic phenotype. This favourable development of classical
Tyxl7 in the presence of tofacitinib partly explains the
beneficial effects of the drug in patients [1].

Primary VZV infection induces both, specific anti-
bodies as well as specific T cell-dependent immune re-
sponses, respectively [52]. The latter one is necessary to
control latent VZV in a subclinical state [52]. In general,
type I and II IFNs are important T-cell-derived media-
tors for antiviral responses. In the case of VZV, T-cell-
derived IFN-y has been shown to be more potent in
inhibiting VZV replication when compared to IFN-a
[53]. Therefore, we speculate that on the one hand
tofacitinib-induced ~ differentiation towards classical
Ty17 cells is followed by a reduction of IFN-y secretion
that is beneficial for patients with autoimmune diseases
but on the other hand it facilitates VZV reactivation.

The findings of this study have to be seen in light of
some limitations. The presented data and resulting con-
clusions are based on in vitro experiments. These data
correlate with clinical observations but future studies
will have to prove if antiviral responses are also nega-
tively affected in patients treated with tofacitinib. Pre-
suming that VZV initiates an infection by invading
mucosal epithelia, further analyses of the innate re-
sponse to VZV antigens by these epithelia (under treat-
ment with tofacitinib) are needed to complete our
knowledge about the impact of JAK inhibition in the
context of viral, in particular, of VZV infections. More-
over, it remains elusive if other JAK inhibitors impact
the antiviral response in the same way as tofacitinib.

Conclusion
To conclude, we report a strong inhibition of the gene
expression of antiviral peptides in both keratinocytes
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and synoviocytes under tofacitinib treatment in vitro.
This observation partially explains the side effects seen
under JAK blockade in patients. Furthermore, we report
that a JAK inhibition leads to a diminished T cell activa-
tion regardless of the activation pathway. These observa-
tions shed light onto the antiviral immune mechanisms
involved in JAK signalling and partially explain the side
effects seen under tofacitinib treatment in patients.
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