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In the treatment of autoimmune diseases, therapy targeting inflammatory cytokines such as
tumor necrosis factor and interleukin -6 has shown dramatic effect. In addition to these biologi-
cal agents, several small molecules are currently in clinical development for the treatment of
autoimmune diseases. Due to the important role of Janus kinase (JAK) in multiple cytokine
signaling pathways, JAKs are essential not only for the development of the immune system but
also in inflammatory responses and in the pathogenesis of autoimmune diseases such as rheu-
matoid arthritis (RA). Tofacitinib, a novel selective JAK inhibitor, has shown high efficacy in
clinical trials for RA and is known to be selective against JAK1 and JAK3. In addition to its
therapeutic potential, tofacitinib is a favorable reagent to study the roles of JAKs in vivo. Den-
dritic cells are antigen-presenting cells that regulate T-cell responses and have been implicated
in RA pathogenesis. Meanwhile, macrophages are resident phagocytic cells in lymphoid and
non-lymphoid tissues and are believed to be involved in steady-state tissue homeostasis via the
clearance of apoptotic cells and the production of growth factors. Macrophages also play an
important role in synovial inflammation and tissue destruction in RA. Although the biological
roles of JAKs in lymphocytes are well known, its function in monocyte-lineage cells remains
elusive. This review describes the role of JAKs in myeloid cells and autoimmune disease.
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Introduction leading to a paradigm shift of treatment strategy. However,
In the treatment of autoimmune diseases, therapy tar- parenteral administration and cost might limit their avail-
geting inflammatory cytokines such as tumor necrosis fac- ability to vast numbers of patients. In addition to these

tor (TNF) and interleukin (IL)-6 has shown dramatic effect, biological agents, several small molecules are currently
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Table 1 in vivo immunological functions of JAK-STAT signaling components

Gene Phenotype of null mice

Jak

Jak1 Perinatal lethality, defects in lymphoid development

Jak2 Embryonic lethality, failure of erythropoiesis

Jak3 SCID caused by cytokine-signaling defects from yc containing receptors
Tyk2 Hypersensitivity to pathogens due to interferon- and IL-12-signalling defects
Stat

Stat1 Impaired interferon signaling, susceptibility to viral infections

Stat2 Impaired interferon signaling

Stat3 Embryonic lethality, impaired responses to pathogens, cell-survival defects
Stat4 Defects in Th1 cell differentiation, impaired IL-12 pathway

Statba Defects in mammary-gland development, impaired prolactin signaling
Stat5b Growth-hormone pathway defects, defective NK-cell-mediated proliferation and cytolytic activity.
Stat5a/5b  |No NK cells, impaired IL-2-induced T-cell proliferation

Stat6 Defects in Th2 cell differentiation, impaired IL-4/IL-13 pathway

in clinical development for the treatment of autoimmune
diseases. Due to the important role of Janus kinase (JAK)
in multiple cytokine signaling pathways, JAKs are essen-
tial not only for the development of the immune system
but also in inflammatory responses" and in the pathogen-
esis of autoimmune diseases such as rheumatoid arthri-
tis (RA)%4. Indeed, a number of kinase inhibitors targeting
JAKs have been developed, although most of the previous
compounds were low in potency and selectivity. Among
the compounds currently under development, tofacitinib, a
novel selective JAK inhibitor, has shown high efficacy in
clinical trials for RA®® and is known to be selective against
JAK1 and JAK3”-®. In addition to its therapeutic potential,
tofacitinib is a favorable reagent to study the roles of JAKs
in vivo. Although previous studies confirmed the specific
action of tofacitinib on CD4+ T cells, other immune cells
expressing JAKs, such as monocyte-lineage cells could
be targeted. Here, we describe the role of JAKs on anti-
gen-presenting cells (APCs) in autoimmune disease.

Immunologic function of JAK

JAK is a tyrosine kinase that plays crucial roles in cytokine
receptor binding-triggered signal transduction activating
the transcription factor signal transducers and activator of
transcription (STAT). The JAK family consists of four
members: JAK1, JAK2, JAKS, and Tyk2. More than 40 dif-
ferent cytokines and growth factors have been shown to
activate specific combinations of JAKs and STATs. Ge-
netic knockout studies have shown that JAKs and STATs
have highly specific functions in the control of various im-
mune responses (Table 1)%. Since JAKs selectively asso-
ciate with different cytokine receptors, they are highly as-

sociated with functions that can be attributed to these vari-
ous cytokines. JAK1~ cells are unresponsive to three dis-
tinct families of cytokine receptors; all class Il cytokine re-
ceptors (interferon and IL-10 related cytokines), common
gamma chain (yc)-cytokines, as well as IL-6 and other
gp130-cytokines. Jak2” cells fail to respond to erythropoi-
etin, thrombopoietin, IFN-vy , IL-3, or granulocyte/macroph-
age colony-stimulating factor (GM-CSF) and deficiency of
JAK1 or JAK2 results in a lethal phenotype. On the other
hand, JAK3 associates with only one cytokine receptor the
yc, a shared receptor subunit that pairs with other ligand-
specific subunits to form the receptors for IL-2, IL-4, IL-7,
IL-9, IL-15 and IL-21. Due to the important role of JAKs in
multiple cytokine signaling pathways, JAKs are essential
not only for development of the immune system but also in
inflammatory immune response and in pathogenesis of au-
toimmune diseases such as RA. As a matter of fact, JAKs
and STATSs have been reported to have expression in the
synovium of RA patients'®. At the present day, there are
multiple JAK inhibitors in clinical trials at different phases
with promising outcomes, proving its important role in RA.

Antigen-presenting cells in autoimmune
disease

Three major types of APCs are known; dendritic cells
(DCs), macrophages and B cells. APCs detect pathogens
via pattern recognition receptors that interact with different
types of pathogen-derived molecules or pathogen-associ-
ated molecular patterns and play a key role in the immune
response, linking innate and adaptive responses.

DCs are APCs that regulate T-cell responses and have
been implicated in RA pathogenesis. Myeloid DCs with high
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T-cell stimulatory capacity are enriched in the synovial tis-
sue of RA patients'". These DCs are considered to present
arthritogenic antigens to T cells and perpetuate the inflam-
matory autoimmune responses. Meanwhile, DCs are im-
portant for the balance between immunity and tolerance.
Immature DCs induce T-cell tolerance whereas mature DCs
activate T cells and induce immunity. Accordingly, enhance-
ment of DC survival can break immune tolerance, result-
ing in autoimmune disease'® whereas the ablation of DCs
abrogates T-cell priming to antigens and inhibits autoim-
munity in mice'.

Macrophages are resident phagocytic cells in lymphoid
and non-lymphoid tissues and are believed to be involved
in steady-state tissue homeostasis via the clearance of
apoptotic cells and the production of growth factors. Mac-
rophages are equipped with a broad range of pathogen
recognition receptors that make them efficient at phagocy-
tosis and induce production of inflammatory cytokines in-
cluding TNF-«, IL-1, IL-6 and IL-12, and chemokine such
as IL-8 and CXCL10. Macrophages also play an important
role in synovial inflammation and tissue destruction in
RA™.

Regulation of APC by JAK inhibitors

Tofacitinib, a novel selective JAK inhibitor has shown
high efficacy in clinical trials for RA and is known to be
selective against JAK1 and JAKS. The safety and effec-
tiveness of tofacitinib have been established in multiple
clinical studies®®. Phase lll studies demonstrated that, in
patients with RA receiving background methotrexate,
tofacitinib was significantly superior to placebo and was
numerically similar to adalimumab (TNF inhibitor) in
efficacy®. Although the biological roles of JAKs in lympho-
cytes are well known, knowledge of its function in APCs is
limited.

We have recently reported that tofacitinib inhibited both
human IL-6 and IL-8 derived from implanted synovium tis-
sue from RA patients in SCID (SCID-HuRAg) mice'. How-
ever, we observed that tofacitinib did not directly affect
IL-6 and IL-8 production from synovial fibroblasts (RASF)
and CD14* monocytes. Instead, tofacitinib directly affected
CD4+ T cells and reduced IL-17 and IFN-y production in
vitro. When RASFs and CD14+* monocytes were cultured
with supernatant from tofacitinib treated CD4+ T cells, pro-
duction of IL-6 from RASFs and IL-8 from monocytes were
reduced in a tofacitinib concentration-dependent manner,
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suggesting an indirect mechanism. Accordingly, IL-6 and
IL-8 positive cells were significantly reduced with decreased
cartilage destruction of the implanted specimen in SCID-
HuRAg mice treated with tofacitinib. Therefore, our results
suggest that inhibition of IL-17 and IFN- -y -production from
CD4+ T cells (presumably Th1 and Th17 cells) by tofacitinib
leads to suppression of IL-6 and IL-8 production and de-
creases cartilage-destruction in SCID-HuRAg mice.

Recent reports have shown additional effects of tofacitinib
on monocyte lineage cells. Pattison M.J. et al. showed that
the inhibition of JAKs using tofacitinib results in pro-inflam-
matory effects in isolated LPS-stimulated macrophages
due to the inhibition of IL-10 signaling, resulting in an in-
crease in proinflammatory cytokine production'®. However,
tofacitinib was also found to inhibit IFN-y signaling in mac-
rophages more potently than IL-10 signaling. This is pre-
sumably why its final biological effect results in anti-inflam-
mation. Although IFN-y and IL-10 both signal via JAK1
and Tyk2, the underlying mechanism potently inhibiting
IFN-+y rather than IL-10 is unknown.

Yarilina A. et al. also demonstrated that tofacitinib effec-
tively suppressed activation of blood-derived and RA syn-
ovial macrophages, including a subset of inflammatory re-
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Fig.1 Effects of tofacitinib on human antigen-presenting cells
Tofacitinib effectively suppresses activation of peripheral and synovial
macrophages in patients with RA. IFN-mediated STAT1 activation and
subsequent production of inflammatory cytokines are inhibited by
tofacitinib. Tofacitinib also suppresses the NF-«B activation at the
late phase. Treatment of dendritic cells with tofacitinib decreased in-
flammatory cytokine production and co-stimulatory molecule expres-
sion, resulting in reduction of allogeneic T cell stimulation.



Mini Review Role of JAKs in APC

Inflammation and Regeneration

sponses induced by the pathogenic cytokine TNF'. Stimu-
lation with TNF induced autocrine IFN-mediated STAT1
activation that promoted inflammatory chemokine produc-
tion. This was efficiently inhibited by tofacitinib. In addition,
tofacitinib suppressed the late phases NF-«B activation
and of inflammatory cytokine production, while augment-
ing TNF-mediated induction of c-Jun and NFATc1. Corre-
spondingly, tofacitinib effectively suppressed K/BxN serum
transfer arthritis, which is an arthritis model entirely de-
pendent on innate immune cells'.

Among the monocyte lineage cells, the role of JAKs in
DCs is still unknown. Previously, we have reported that
DCs from JAK3” mice produce increased IL-10, but not
IL-6 or TNF-«, compared to wild-type DCs, in response to
Toll-like receptor ligands'®. In order to evaluate the direct
effect of tofacitinib on human DCs, monocyte derived DCs
were matured with lipopolysaccharide in the presence of
tofacitinib. Treatment with tofacitinib decreased inflamma-
tory cytokine production and co-stimulatory molecule ex-
pression resulting in reduced allogeneic T cell stimulation
(submitted). These results suggest that tofacitinib directly
affects not only the adaptive immunity, but also innate im-
munity, which possibly results in greater immunosuppres-
sion than expected (Fig.1).

Conclusions

We have focused on the role of APCs in autoimmune
disease and tofacitinib is likely to regulate the disease ac-
tivity of RA by acting on DCs. Affecting the innate immu-
nity is an important strategy in aiming for cure in autoim-
mune disease, although, at the same time, it can result in
over suppression of the immune system. Improved knowl-
edge of the underlying mechanisms of tofacitinib would
contribute to better understanding of the pathogenesis of
RA and also to further application of the drug to other dis-
eases.
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