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Abstract

Altered production of cytokines can result in pathologies ranging from autoimmune diseases to
malignancies. The Janus Kinases family is a small group of receptor-associated signaling
molecules that is essential to the signal cascade originating from type I and type II cytokine
receptors. Inhibition of tyrosine kinases enzymatic activity using small molecules has recently
become a powerful tool for treatment of several malignancies. Twenty years after the discovery of
these enzymes, two inhibitors for this class of kinases have been approved for clinical use and
others are currently in the final stage of development. Here we review the principles of cytokines
signaling, we summarize our current knowledge of the approved inhibitors, and briefly introduce
some of the inhibitors that are currently under development.

Introduction

Autoimmune diseases, allergies, and even malignancies are often the consequence of a
persistent imbalance within complex immune mechanisms. The actions of several cytokines
are the basis of these complex processes, as these soluble factors play a critical role in the
control of the immune responses and inflammatory processes (1). Furthermore, several
human genome-wide expression studies have linked various cytokines, and their receptors or
molecules involved in their signaling cascades to immune-mediated and inflammatory
diseases (2). Not surprisingly then, modulation of cytokine functions has been the focus of
intensive research and drug development. In fact, drugs targeting cytokines or their receptors
have become the main weapon in the armamentarium of physicians dealing with, for
example, autoimmune diseases.

Better knowledge of the events occurring upon cytokines binding to their specific receptors
resulted in a lot of interest in the possibility to target these intracellular signaling cascades.
The Janus Kinase (JAK)-Signal Transducers and Activator of Transcription (STAT)
pathway was discovered about 20 years ago (3) and this linear cascade mediates signaling
between surface receptors and cellular responses. The four JAKs (JAK1, 2, 3 and TYK?2)
have been shown to be critical components of cytokine-mediated effects.

Here, we summarize the biology of JAKs-mediated signals in the context of the immune
response. We will also review the drugs developed so far to inhibit JAKs. Finally we will
discuss the drugs already available to physicians, as well as those under development, and
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how this new class of small molecules could impact the treatment of immune-mediated and
other disorders.

Cytokine receptor signaling: the JAK-STAT cascade

Soluble cytokines (and some growth factors) bind to a structurally distinct class of integral
membrane receptors known as Type I and Type II cytokine receptors (1). The intracellular
portions of these receptors do not have intrinsic enzymatic activity but possess structural
features that allow the recruitment of a variety of signaling molecules. Among these, the
JAKSs are a subgroup of non-receptor tyrosine kinases that transduce signals specifically
from cytokine receptors, and whose enzymatic activity is essential for the biological activity
of cytokines. Upon ligand binding, JAKs are phosphorylated on specific tyrosine and serine
residues, and become enzymatically active. The kinase activity of JAKSs is directed towards
the JAKs themselves, the intracellular portion of the receptor, and several other substrates
including the members of the STAT family of transcription factors. STATs (STAT1 though
STAT6) have specific and distinct effects on gene transcription in numerous cell types,
including immune cells, and are critical in processes such as cell proliferation and
differentiation. Upon phosphorylation by the JAKs, STATs dimerize and translocate to the
nucleus where they bind DNA, and in turn, regulate gene expression (Figure 1).

Cytokines and growth factors act on various organs and, accordingly, JAK proteins are
expressed in all the cell types. JAK3 is the only exception, since it’s predominantly
expressed in hematopoietic cell lineages (4). The structure of the JAK has been covered
extensively before (5). Briefly, the kinase domain is located on the C-terminus of the
molecule and is preceded by a pseudokinase domain, which is structurally similar, and, in
JAK2, has been shown to phosphorylate two negative regulatory sites and therefore serving
an important regulatory role (6). The relative importance of the pseudokinase domain has
become apparent when mutations in this domain in JAK?2 have been shown to be the cause
of various hematologic disorders (7). Next to the pseudokinase domain is a Src Homology 2
(SH2) domain, which could be indicative of a capacity to recognize and bind phosphorylated
tyrosine residues (although this has not yet been proven). The N-terminus encodes a FERM
(4.1 protein, Ezrin, Radixin, Moesin) domain which allows JAKSs to interact with the
intracellular portion of the receptors and which also has a role in controlling the enzymatic
activity (8).

The importance of the JAKSs for many biological processes was evidenced by the generation
of animals lacking their expression. Both JAK1 and JAK2 nullizygous genotypes are
embryonically lethal in mice and cause major developmental defects including deficiencies
in lymphopoiesis and erythropoiesis (9) JAK1 mutations in humans have not been reported.
Conversely, JAK2 protein alterations have been associated with several diseases. It was
found that JAK2 could fuse to a part of the transcription factor 7EL to generate a fusion
protein responsible for Sézary syndrome, a type of cutaneous lymphoma (10). Other fusion
proteins have been reported with PCM1 and Sec31A as cause of leukemias and lymphomas
(11, 12). Moreover JAK2 mutations were found to be the cause underlying around 95% of
polycythemia vera (PV) patients and approximately 50% of essential thrombocythemia (ET)
and myelofibrosis (hereby we will collectively refer to this diseases as myeloproliferative
diseases (MPD)) (13). The most common mutation associated with these diseases is the
V617F mutation in the pseudokinase domain, which results in a constitutively active JAK2,
rendering cells capable of growing in a cytokine-independent manner.

TYK?2 deficiency only affects Type I and Type II Interferons’ (IFNs) activity, as TYK2—/—
mice showed increased susceptibility to viral and intracellular infections (14). TYK?2
deficiency has also been reported in humans, albeit only two individuals have been
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identified so far. Interestingly, whereas one patient showed susceptibility not only to viruses
and mycobacteria as expected from the mouse model, but also to fungi, and also suffered
from atopic dermatitis with elevated serum IgE (15), the second patient did not have high
levels of IgE, but instead suffered from disseminated Bacillus Calmette-Guerin (BCG)
infection, neurobrucellosis, and cutaneous herpes zoster infection, suggesting that defective
IL-12 signaling, eventually leading to impaired IFN- Oproduction, susceptibility to BCG
and Brucella (16)

As mentioned above, among the JAKs, JAK3 is predominantly expressed in hematopoietic
cells. More importantly, JAK3 only associates with the IL-2 common [Hchain receptor. This
is a receptor for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. The absence of a common [Hchain
results in X-linked severe combined immunodeficiency (X-SCID) (4). Boys affected with
this syndrome have no T or natural killer (NK) cells and have B cells with impaired
functions. Similarly, mutations in JAK3 cause autosomal recessive SCID in both boys and
girls (17). The lack of T and NK cells is due to inhibition of IL-7 and IL-15 signaling.
Interestingly, some JAK3—deficient patients have poorly functioning T cells and may
develop autoimmune pathologies (18, 19).

The specificity of JAK3 expression within the immune compartment as well the effects of
its deficiency, limited to the adaptive immune response, attracted immediate attention by the
pharmaceutical industry. Similarly, as JAK2 mutations have been recognized to cause
several hematologic malignancies, JAKs have become excellent targets for the development
of drugs which could modulate cytokines’ effects. Twenty years after the elucidation of the
pathway in which JAKSs are implicated we have now reach the goal of specifically targeting
this class of kinases.

JAK inhibitors

Thanks to the remarkable success of specific kinase inhibitors, inhibition of JAK signaling
became a reasonable goal for the treatment of autoimmune diseases and malignancies. For
example, Imatinib revolutionized the treatment of hematologic cancers and proved that
targeting kinase was indeed feasible. Anti-cytokine biologics such as anti-tumor necrosis
factor (TNF) Oand anti-IL-6 receptor antibodies are widely used for treatment of
autoimmune diseases. However, biologics have to be administered parenterally, and despite
progress which now allows for subcutaneous self-administration, their route of
administration is still less than ideal. Furthermore, these drugs are expensive and
unaffordable for a large number of patients. Finally, in some cases (mainly rheumatoid
arthritis (RA) patients), these drugs are not effective. Therefore, development of small
molecules that could be administered orally and used in patients failing treatment with
biologics and other disease modifying antirheumatic drugs (DMARDs) had long been
desired.

After years of basic, preclinical, and clinical research, two JAK inhibitors are now Food and
Drug Administration (FDA)-approved and several other drugs are in various stages of
development for the treatment of rheumatoid arthritis, psoriasis, inflammatory bowel disease
(IBD), and rejection of renal transplantation, as well as MPD and possibly other
malignancies (Table 1).

Ruxolitinib (also known as INCB018424) was the first FDA-approved JAK inhibitor.
Because ruxolitinib showed selectivity towards JAK1 and JAK2 (IC50 3.3nM and 2.8nM
for JAK1 and JAK?2 respectively, versus 19nM for Tyk2 and 323nM for JAK3), it was
evaluated for its therapeutic activity in patients with MPD including primary myelofibrosis
(MF), post-essential thrombocythemia MF, post-polycythemia vera MF. In various phase I,
II, and IIT clinical trials (2, 20, 21). Ruxolutinib was shown to be efficacious, reducing
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spleen size in 44% of the patients receiving 15 or 25 mg of ruxolitinib twice daily,
ameliorating debilitating myelofibrosis-related symptoms, and allowing overall clinical
improvement in over 70% of the patients for over 12 months. Pro-inflammatory cytokines
and other biomarkers were significantly decreased. The most common adverse events
observed were anemia and thrombocytopenia, which mainly occurred during first 2 to 3
months of treatment. Dose reduction, dose interruption, or in case of anemia, transfusions,
improved these dose-related, hematologic adverse events. Neutropenia, although less
common than anemia, and thrombocytopenia has been observed and also appears to be dose-
related. Interestingly, the beneficial effects of ruxolitinib seem to be independent of the
JAK?2 mutational status (22). Phase III trials have confirmed the positive results obtained
before with improvement in splenomegaly and overall survival. However, complete
molecular remission of the disease was not achieved and patients still had circulating
neoplastic cells. Nonetheless, the results were such that ruxolitinib has now become the drug
of choice and, it is current clinically approved for the treatment of MPD.

Ruxolitinib is also being used for other myeloproliferative malignancies such as multiple
myeloma (ClinicalTrials.gov number, NCT00639002, completed phase II) and leukemia
(NCTO00674479 on going phase II study). Moreover, phase II studies in non-malignant
conditions such as RA and psoriasis have also shown promising results (23) (NCT00550043
for RA, and NCT00820950 for psoriasis).

Importantly though, resistance to ruxolitinib and other JAK?2 inhibitors has been
documented (22, 24), but the mechanism of this resistance is still not completely understood.
Some have reported the appearance of new mutations in the JAK?2 protein similarly to what
observed for resistance to other kinases inhibitors like imatinib (25). Others suggested that
resistance is due to heterodimerization between JAK2 and JAK1 or TYK2 (26).

Tofacitinib (previously known as CP-690,550) was the second JAK inhibitor approved by
the FDA for use in a clinical setting. Tofacitinib inhibits JAK family members with a high
degree of kinome selectivity (27, 28), and was developed by Pfizer as a JAK3 inhibitor to be
used as immunosuppressant in organ transplantation and possibly for the treatment of
autoimmune diseases. It was soon clear that Tofacitinib inhibits not only JAK3 (IC50, 1nM)
but can also inhibit JAK1 (IC50, 112nM) as well as JAK2 (IC50, 20nM) enzymatic activity
(29).

Tofacitinib efficiently blocks common [Hchain cytokines including IL-2, 1L.-4, IL-15, and
IL-21. Since both JAK1 and JAK2 are inhibited, tofacitinib also constrains signaling by
IFN- [ IL-6, and to a lesser extent IL-12, and IL.-23. As a result of this rather broader
activity, tofacitinib impairs differentiation of CD4" T helper cells (Th1 and Th2), and limits
the generation of pathogenic Th17 cells (30). Conversely, tofacitinib may enhance the
generation of conventional Th17 cells, and it has been shown that a low dose accelerates the
onset of experimental autoimmune encephalomyelitis by potentiating Th17 differentiation
(31), although these preclinical results have not yet been confirmed in humans. As expected
from the results in animals lacking JAK3 or the common [Hchain, tofacitinib also blocks NK
cell differentiation. In cynomolgus monkeys, oral administration of tofacitinib resulted in
reduced numbers of circulating NK cells as well as effector memory CD8* T cells in a dose
dependent manner, but preserved CD4" T cells (32). Notably, no changes of the major CD4*
or CD8* T cell subsets have so far been observed in clinical trials, although decreased NK
cell numbers have been reported (33). Furthermore, in a mouse Th2-dependent asthma
model, tofacitinib reduces pulmonary eosinophilia (34), suggesting a possible use of this
drug for the treatment of allergic asthma. Tofacitinib also inhibits osteoclast-mediated bone
resorption in a rat adjuvant-induced arthritis model, as well as human T lymphocyte
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RANKL production and human osteoclast differentiation and function, thereby inhibiting
osteoclast-mediated bone resorption (35).

Remarkably, tofacitinib does not only influence the adaptive immune response, it also
abrogates innate response by limiting the production of TNF and other proinflammatory
cytokines in a lipopolysaccharide-induced sepsis mouse model. These results could be
explained by the inhibition of IFN signaling as this particular animal model has been shown
to be IFN-dependent (30). Importantly, tofacitinib inhibits activation of mouse and human
macrophages and is efficacious in K/BxN serum-transfer arthritis, a model that is dependent
on macrophages, but not on lymphocytes (36). These result show that tofacitinib blocks
multiple steps of RA by inhibiting both innate and adaptive immunity. Moreover, in a recent
study, tofacitinib appeared to be efficacious in a mouse model of celiac disease (37).
Notably, the mechanism of action of tofacitinib in B cells as well as many other immune
cells has not been studied yet.

The efficacy and safety of tofacitinib has been studied in multiple Phase II and Phase 111
clinical trials, not only for the treatment of RA but also for inflammatory bowel disease
(NCT00615199) and psoriasis (NCT01186744, NCT01241591, NCT01276639), and as a
potential immunosuppressant to prevent transplant rejection. The data in support of its FDA
approval have recently been reported. Two Phase III trials were completed assessing the
efficacy of tofacitinib in patients with RA who had failed treatment with other DMARDs.
Fleischmann and colleagues enrolled patients for who failed treatment with other DMARDs
(38), (NCT00814307). At month 3, ACR20 responses in the Smg and 10mg tofacitinib-
treated groups were better than those observed in the placebo group (59.8% in the 5 mg
tofacitinib treated group and 65.7% in the 10 mg treated group versus 26.7% in the placebo
group).

In another trial, Van Vollenhoven and his colleagues compared tofacitinib, adalimumab (an
anti-TNF antibody), or placebo in patients with active disease receiving weekly
methotrexate (MTX) therapy (39) (NCT00853385). At 6 months, using the American
College of Rheumatology 20% improvement criteria (ACR 20), responses in patients who
received Smg and 10mg of tofacitinib were superior to those observed in the adalimumab
treated group or in the placebo treated group, (51.5% in the Smg of tofacitinib group, 52.6%
in the 10mg of tofacitinib group, 47.2% in the adalimumab group, 28.3% in the placebo
group, respectively).

Interestingly, the side effects of tofacitinib were similar to what had been observed in
patients treated with anti-TNF antibodies such as adalimumab. Overall, the most common
adverse events observed include headaches, upper respiratory infections, diarrhea,
nasopharyngeal inflammation, elevation in low-density lipoprotein and cholesterol levels,
and reduction of neutrophil numbers. In particular, it was pointed out that patients should be
tested for latent tuberculosis before starting and during tofacitinib therapy. Other serious
infections that have been reported during tofacitinib treatment include pneumonia, cellulitis,
and urinary tract infections, as well as opportunistic infections such as esophageal
candidiasis, pneumocystis, cytomegalovirus. The risk of incidence of herpes zoster was
increased in tofacitinib-treated patients compared to the placebo treated patients and other
DMARD:s treated patients. Increasing the risk of malignancies and lymphomas is a common
concern for RA patients with TNF inhibitors and other DMARD:s. In a long-term trial, the
rate of lymphomas and other lymphoproliferative disorders in tofacitinib-treated patients
was 0.07 per 100 patient/years. This rate is consistent with the rate reported for RA patients
treated with other DMARD:s.
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As mentioned above, tofacitinib is being considered as a treatment option for other
autoimmune diseases. Recently, it was reported that patients with moderate to severe active
ulcerative colitis treated with tofacitinib were more likely to have improved clinical
response than those receiving placebo (40) (NCT00787202). Several phase III trials are also
ongoing for the treatment of psoriasis patients (see Table-1). Notably, another JAK1 and
JAK?2 inhibitor related to ruxolitinib, baricitinib has also been found to be efficacious in
patients with active RA, refractory to other DMARDs and biologics (NCT00902486).

All the inhibitors mentioned so far clearly are capable of blocking more than one JAK, albeit
at different concentrations. Specific inhibitors are also being developed and appear to be
quite effective. A selective JAK1 inhibitor, GLPG0634, showed effectiveness in a Phase II
trial of RA patients (NCT01668641, NCT01384422). CEP-33779 is a selective JAK2
inhibitor, which has demonstrated efficacy in two preclinical models of RA. It also
improved nephritis in a mouse lupus model by depleting auto-reactive plasma cells (41).
Furthermore, VX-509, a JAK3 specific inhibitor with 100-fold selectivity towards JAK3
over other JAK family members, has been shown to be efficacious in a Phase II study in RA
patients (NCT01052194). The efficacy, shown so far by these second-generation more
specific inhibitors may indicate that the evolution of this class of drugs is still far from
complete. The challenges in the future will include carefully assessing which disease will
benefit more from specific JAK inhibition compared to a more broadly active drug, as well
as investigating in greater detail their mechanism of action, as the possibility of resistance to
kinases inhibitors has proved to be a concern.

4. Conclusions

After more than 20 years of active research by academic laboratories and the pharmaceutical
industry, JAK inhibition has finally arrived. FDA approval of ruxolitinib for MPD and of
tofacitinib for treatment of RA is just the beginning for this class of drugs. Targeting JAKs
has been validated, and many other JAK inhibitors are rapidly moving ahead in clinical trials
for other autoimmune diseases and hematologic malignancies. Despite this success, several
questions remain unaddressed. How important is specificity? Inhibiting more than one JAK
works well for RA and other autoimmune diseases in which multiple cytokines play a
critical role. Would very specific inhibitors work better for diseases with a more specific
underlying cause?

Is the kinase domain of the JAKs the only part of the molecule that could be targeted?
Despite the lack of a crystal structure of a complete JAK, functional studies have shown that
both the pseudokinase domain and the FERM domain are very important in controlling the
enzymatic activity. How feasible would it be to target these domains, and would the
mechanism of action of such compounds be different to that of current drugs?

Importantly, resistance to JAK2 enzymatic inhibition has been observed in patients treated
with ruxolitinib. This has not been seen in tofacitinib-treated patients, but it is still too early
to say that this will not happen. Should the use of tofacitinib be limited to patients who are
unresponsive to biologics or other DMARDs? Would it be possible to switch to other JAK
inhibitors and achieve remission as was done with imatinib-resistant malignancies?
Ultimately all these considerations will need to be take into account in determining
appropriate use of the available small molecules and those currently being developed.
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Figure 1. JAK inhibitors prevent JAK activation

The signaling cascade that originates upon binding of the cytokines to their specific
receptors is blunted by the action of specific JAK inhibitors. JAKSs are no longer capable to
phosphorylate substrates like STATSs and, therefore, cytokine-dependent gene regulation is
prevented.
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