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Abstract

Dozens of cytokines that bind Type I and Type Il receptors use the Janus Kinases (JAK) and the Signal Transducer and Activator of Transcription
(STAT) proteins pathway for intracellular signaling, orchestrating hematopoiesis, inducing inflammation, and controlling the immune response.
Currently, oral JAK inhibitors are being used to treat many inflammatory and myeloproliferative diseases and are also under investigation in several
clinical trials for skin diseases. Thus, dermatologists should understand how the JAK-STAT pathway works as well as the mechanism of action of the
JAK inhibitors which will certainly become an important part of the dermatologist’s treatment armamentarium in the next few years.
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Introduction

Cytokines are small proteins responsible for intercellular
communication in the immune system and beyond. They are
structurally and functionally heterogeneous, binding and
signaling through ligand-specific receptors on target cells.
Receptor engagement activates intracellular signaling pathways
that elicit target cell responses [1-3,13].

Cytokine-target therapies are being employed as part of the
dermatology clinical practice for some years, targeting cytokines
outside the cells. More recently, small-molecule drugs such as
the oral Janus kinase inhibitors (JAKi), which target tyrosine
kinases involved in intracellular signaling, are being used to
treat myeloproliferative neoplasms, rheumatological, and
inflammatory bowel diseases and are also under investigation

in several clinical trials for dermatological conditions (e.g. atopic
dermatitis (AD), psoriasis, alopecia areata, vitiligo, systemic
sclerosis, actinic dermatitis, sarcoidosis, palmoplantar pustulosis,
and amyopathic dermatomyositis-associated lung disease) [1,4-
11].

In the near future, JAKi will become an important part of the
dermatologist’s treatment armamentarium [7-10,12]. Thus,
dermatologists should understand how the JAKi function. This
article not only reviews the Janus Kinase (JAK) - Signal Transducer
and Activator of Transcription (STAT) protein signaling (JAK-
STAT pathway) but also the mechanism of action of the first and
second-generation JAKi.

The Janus kinases (JAK1, JAK2, JAK3, and Tyrosine kinase 2 -
TYK2) are intracellular tyrosine kinases that catalyze the transfer
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of y-phosphate from Adenosine Triphosphate (ATP) to protein
tyrosine residues, having an essential role in the signaling of
numerous cytokines [1-3]. The STATs comprise an important class
of seven molecules (STAT1, STA2, STAT3, STAT4, STAT5A, STATSB,
and STAT®6) that transmit signals from cytokine receptors to the
cell nucleus and drive gene transcription [1,2,6,10].

The JAK-STAT pathway

The JAK-STAT pathway signaling is important for relaying
messages of multiple cytokines from outside the cell to its inside
[1-3,6,10,13].

Cytokines can be classified based on its membership in families:
the tumor necrosis factors family; the interleukins family; the
interferons family; the transforming growth factors beta family,
and the chemokines family. Cytokines of the interferons family
and most of the interleukins family (except the members of the
IL-1 and IL-17 families) bind Type I and Type II receptors which
activate JAKs to initiate the signal transduction [1-3,6,10-14].

More than 50 cytokines, hormones, and growth factors use the
JAK-STAT pathway for intracellular signaling [4-6,11,14,15].
Cytokines that signal via the JAK-STAT pathway are helical bundle
cytokines and exhibit broad pleiotropic actions, orchestrating
hematopoiesis, inducing inflammation, and controlling the
immune response [1-5,9-11,14,15].

Type I and II receptors are quite similar and consist of multiple
(usually two) protein chains which oligomerize upon binding of
the ligand in order to initiate intracellular signaling [1,2,11,14].
One chain binds the cytokine with high-affinity, and the other
chain binds a lower-affinity site on the cytokine [14]. Each
functional receptor complex has two receptor chains with long
intracellular regions where there are docking sites for the JAKs
and the STATs [1,14].

Type I cytokine receptor family contains a conserved extracellular
WSXWS (tryptophan-serine-X-tryptophan-serine, where X is
any amino acid) motif and is made up of four subfamilies: the
common gamma (yc) family (used by IL-2 family cytokines), the
common beta (Bc) family (used by IL-3 family cytokines), the
gp130 family (used by IL-6 family cytokines), and the growth
factor and hormones receptors family [1,2,11,14, 16]. Besides,
IL-4 and IL-13 (which share IL-4Ra) and IL-12 and IL-23 (which
share IL-12RB1) also utilize Type I cytokine receptors. All these
“class 1 cytokines” consist of four a-helices and employ Type I
receptors[11,14].

Type II receptors do not have the WSXWS motif and recognize
interferons and IL-10 family cytokines, i.e., “class II cytokines”,
which are five or six helices proteins [1,2,14].

In mammals, the four JAKs are constitutively yet non-covalently
associated with the intracellular domains of Type I/II receptor
chains [1,2,6,10,14].

JAK1, JAK2, and TYK2 are expressed indiscriminately throughout
the body, whereas JAK3 is expressed in the hematopoietic
cells. JAK1 acts by transmitting the signals of numerous
proinflammatory cytokines, JAK 2 regulates erythropoiesis,
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myelopoiesis, and inflammation and the main function of both
JAK3 and TYK2 is to regulate the immune system [2,3,14,15].

Upon cytokine binding to the extracellular portion of its specific
receptor chain, dimerization (or higher order complexes) of
receptor subunits occurs, bringing two JAKs close to one another.
Therefore, the activation of the JAK-STAT signaling pathway
initiates through the recruitment and trans-phosphorylation of
a pair of distinct JAKs associated with the intracellular receptor
chains (Figure 1) [1,3,14]. JAK2 is the exception, as it is the
only JAK which could pair with itself. JAK2 is associated with
the receptors of cytokines (IL-3, IL-5, INF-y), hormones (GH,
prolactin, leptin), and growth factors (granulocyte macrophage
colony-stimulating factor, erythropoietin) [2-4,14]. Thus, JAK2
regulates functions including erythropoiesis, myelopoiesis, and
inflammation [1-4,14].

Some Type I and II receptor subunits associate selectively with
a specific JAK, whereas others are less selective [4,14]. For
instance, gp130 chains can use JAK1, JAK2, and possibly TYK2.
JAK3 is mainly expressed in various hematopoietic tissue cells
[3,14] and specifically associates with yc chains [4,14], which pair
exclusively with JAK1-associated receptor chains. JAK1 pairs with
the other three JAKs enzyme except with itself [3] being essential
for signaling by all class II cytokine receptors, yc using cytokines,
and gp130 using cytokines [4]. TYK2 regulates phosphorylation
of STAT proteins downstream of the receptors for cytokines IL-12
and IL-23 (where it pairs with JAK2) as well as Type I interferons
and IL-10 family cytokines (where it pairs with JAK1) [3].

As mentioned, different kinds of cytokine binding triggers
receptor dimerization, which leads to JAK enzymes activation, i.e.
the two JAKs phosphorylate each other (trans-phosphorylation)
[3,4,10,11,14]. Activated JAKs then phosphorylate tyrosine
residues within the cytokine receptor intracellular domains,
creating docking sites for the recruitment of the STATs in the
phosphorylated receptor chains 1-4, 11, 14. STATs bind active,
phosphorylated receptors and are, in turn, phosphorylated by the
JAKs. Phosphorylated STAT (p-STAT) proteins form homodimers,
heterodimers or tetramers which translocate into the nucleus
where they induce the transcription of target genes (Figure 1) [1-
4,6,11,14].

Each cytokine receptor complex recruits and employs a specific
combination of JAKs, having the propensity to activate a
particular STAT (Table 1) [10,11,14]. For example, in the yc family
of cytokines, IL-4 dominantly activates STAT6. On the other hand,
IL-2, IL-7, IL-9, and IL-15 primarily activate STAT5A and STAT5B
(and to some degree activate STAT3 and STAT1) [16]. Therefore,
different cytokine receptors bind different combinations of JAKs
to activate different programs in cells [2,11,14].

The JAK-STAT signaling pathway is switched off by suppressor
proteins which act to attenuate cytokine signaling at multiple
levels [6,11,14,17,18]. One key regulatory module involves a
list of phosphatases, which hydrolyze phosphorylated tyrosine
residues on JAKs, STATs, and upstream receptors [6]. Suppressor
of Cytokine Signaling (SOCS) proteins are inhibitors of the JAK-
STAT pathways that bind to JAKs or cytokine receptors, thereby
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Figure 1: (A) Cytokine binds to its specific receptor on the cell membrane. (B) Specific cytokine receptor subunit dimerizes with another receptor
subunit which brings the JAKs associated with each receptor subunit proximal. (C) The phosphorylation (P) of JAKs occurs (activation of JAKs). (D)
Activated JAKs then phosphorylate tyrosine residues within the cytokine receptor intracellular domains, creating binging sites for the STATSs proteins.
(E) STATs proteins bind active, phosphorylated receptors and are, in turn, phosphorylated by JAKs. (F) p-STAT proteins form homo- and heteropoly-
mers which translocate into the nucleus. (G) p-STAT proteins induce transcription of target genes.

Table 1: Summary of ligands, associated Janus Kinase (JAK), Signal Transduction and Activator of transcription (STAT) molecules.

Ligand/cytokine Associated JAK Associated STAT
Type I cytokine receptors IL-2 JAK1, JAK3 STATS
IL-3 JAK2 STATS
IL-4 JAK1, JAK3 STAT6
IL-5 JAK2 STATS
IL-6 JAK1, JAK2, TYK2 STAT1, STAT3, STAT5
IL-7 JAK1, JAK3 STAT5
IL-9 JAK1, JAK3 STAT3, STAT5S
IL-11 JAK1, JAK2, TYK2 STAT1, STAT3
IL-12 JAK2, TYK2 STAT4
IL-13 JAK1, JAK2, TYK2 STAT6
IL-15 JAK1, JAK3 STAT3, STATS
IL-21 JAK1, JAK2, TYK2 STAT3, STATS
IL-23 JAK2, TYK2 STAT3, STAT4, STAT5
IL-27 JAKZ, TYK2 STAT3, STAT4, STAT5
IL-35 JAK2, TYK2 STAT3, STAT4, STAT5
EPO JAK2 STATS
TPO JAK2 STAT5
GH JAK2 STAT5
G-CSF JAK2 STAT3
GM-CSF JAK1, JAK2 STATS
TSLP JAK1, JAK2 STAT3
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Type II cytokine receptors INF-y
INF-a/B
IL-10
IL-19
IL-20
IL-22
IL-24
IL-26
IL-28
IL-29
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JAK1, TYK2 STAT1

JAK1, TYK2 STAT1, STAT2, STAT4
JAK1, JAK2, TYK2 STAT1, STAT3, STAT5
JAK1, JAK2, TYK2 STAT3
JAK1, JAK2, TYK2 STAT3
JAK1, JAK2, TYK2 STAT1, STAT3, STAT5
JAK1, JAK2, TYK2 STAT1
JAK1, JAK2, TYK2 STAT1
JAK1, JAK2, TYK2 STAT1
JAK1, JAK2, TYK2 STAT1

EPO, Erythropoietin; G-CSF, Granulocyte Colony-Stimulating Factor; GH, Growth Hormone; GM-CSF, Granulocyte-Macrophage Colony-Stimulating

Factor; IFN, Interferon; IL, Interleukin; TPO, Thrombopoietin; TSLP, Thymic Stromal Lymphopoietin.

suppressing further signaling events [6,11,14,17]. Another
regulatory module involves proteins of the PIAS (‘Protein
Inhibitor of Activated STAT’) family which suppress STAT-driven
gene transcription [6,18].

The JAK inhibitors (JAKi)

Many cytokines that use the JAK-STAT signaling pathway are
critical regulators of immune-mediated diseases. Therefore,
pharmacological inhibition of this signal transduction pathway
through JAKi may benefit a variety of inflammatory and
autoimmune disorders [3,5,6,9-12,15].

Differently than biologics, which target cytokines by intravenous
or subcutaneous injection, JAKi target cytokine signaling by either
oral or topical administration. Besides,JAKi have short half-lives
[3,5,9,11,12,15]. As activation of JAK-STAT pathway is through
recruitment and phosphorylation of a pair of JAKs, inhibition of
one of the JAKs enzymes is able to suppress the whole JAK-STAT
signaling pathway|[3].

The four JAKs have a very similar chemical structure with seven
distinct homologous regions which can be divided into four
structural domains (Figure 2) [1,3,6,10,15]:

. FERM-domain (JH5, JH6, JH7): interacts directly with
the intracellular domain of the cytokine receptor.

. SH2 domain (JH3, JH4): also interacts directly with the
intracellular domain of the cytokine receptor and is supposed to
play a structural role.

. Pseudo kinase domain (JH2): not functional catalytically
and may have a regulatory role; the region most affected by
oncogenic mutations

D Kinase domain where the Adenosine

Triphosphate (ATP) binds.

(H1):

JAKi act by competitively blocking the ATP binding sites in the
JH1 domains through non-covalent interactions (Figure 2)
[1,3,14,15]. Because the JH1 domains of the four JAKs exhibit
a high degree of homology, the development of selective JAKi
has been challenging even under the direction of JAKs crystal
structures [1,3,9,10,14,15]. Until now, it has not been possible to
design a JAKi that specifically inhibits only one JAK [1,9,10,14,15].

First-generation or classic JAKi (e.g. tofacitinib, ruxolitinib,
baricitinib) selectively block two or more JAKs [4,9,11,15] and
can affect the patient’s hematopoiesis and immune status [3,9-
11,15]. In general, the studies have shown an acceptable safety
profile, with infection and cytopenia being the major adverse
events of the JAKi [3,9,10].

In relation to infections, increased risk of minor infections
(nasopharyngitis, gastroenteritis, viral upper respiratory tract
infections) as well as some serious infections (e.g. tuberculosis,
cellulitis, panniculitis) is observed in patients treated with JAKi
[9-11,15,17]. The risk of infection has been shown to be similar
to that observed with disease-modifying antirheumatic drugs
(DMARDs) and biologics, but the risk of reactivation of varicella
zoster virus seems to be greater with JAKi[10,11,15]. The risk of
this complication is increased by the associated use of JAKi with
steroids and MTX [11] so, previous vaccination is recommended
[4,11]. Considering all the cytokines that are blocked by inhibiting
JAKs, it is quite surprising that the rate of infections is not greater
than the observed with other immunosuppressors [10,11,15].
One explanation for this may be that many cytokines like TNF, IL-
1,1L-8, and IL-17 are not dependent upon JAKs [1,11,14].

Other JAKi side effects include anemia, leukopenia,
thrombocytopenia, hyperlipidemia (increase in LDL and
HDL cholesterol values as well as triglycerides), headache,
nausea, diarrhea, increased creatine phosphokinase level
(without causing muscle disease), and sporadic elevations of
transaminases and creatinine [4,9,11,15]. It is worth mentioning
that venous thrombosis, lymphoma, and other malignancies are
rare adverse events reported in patients treated with JAKi [4,11].
No increased risk for malignancy has been reported in patients
with rheumatoid arthritis treated with JAKi. Accumulation of
cases with these rare serious adverse events are needed to
evaluate their real risks [17].

Classics JAKi target multiple cytokines simultaneously which is
not necessarily a disadvantage regarding efficacy, but of course,
may bear a higher risk for toxicities. On the other hand, the
second-generation or new generation JAKi possess much larger
affinity for one JAK enzyme [1,3,9,11,15]. So, selective JAKi have
the potential to limit the activity of a smaller subset of ligands and
thereby enable signaling via other JAK-dependent pathways to be
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Figure 2: Upon the cytokine binding to its receptors, JAKs acts by transferring y-phosphate from Adenosine Triphosphate (ATP) to tyrosine residues
on other proteins, including JAKs themselves, cytokine receptors, and the STATs, leading to STATs dimerization and subsequent nuclear transloca-
tion for gene regulation. The four JAKs have a very similar chemical structure with seven distinct homologous regions which can be divided into four
structural domains: FERM-domain (JHS5, JH6, JH7), SH2 domain (JH3, JH4), Pseudo kinase domain (JH2), and Kinase domain (JH1). JAKi are ATP-
competitive target the JH1 tyrosine kinase domain and block cytokine signaling by inhibiting kinase activity.

maintained which, potentially, reduce the incidence of adverse
effects [1,3,4,9,10,11,16]. For example, JAK1 can pair with the
other three JAKs and the JAK1-selective inhibitors target the
broadest cytokine profile among JAKs. However, selective JAK1
inhibitors still spare JAK2-dependent Erythropoietin (EPO) and
Thrombopoietin (TPO) pathways responsible for adverse effects
arising from JAK2 inhibition such as anemia, neutropenia, and
thrombocytopenia [3,9,10,11]. Thus, JAK1-selective inhibitors
have a more favorable hematologic adverse effect profile than a
pan-JAKi [3,9-11]. However, hematologic abnormalities are still
reported with JAK1 inhibitors, possibly due to the inhibition of
IL-6 signaling or by a residual presence of a JAK2 inhibitory effect
[9,11].

In summary, JAKi can have overlapping but distinct mechanisms
of action, efficacy, and safety profiles [4,9,11,15]. The selectivity of
the]JAKi, as well as the doses employed, the intrinsic characteristics
of the diseases and of the patients under treatment are factors
related to the overall safety profile[4,9,11]. For instance, in
AD patients, adverse events reported with oral JAK1-selective
inhibitors in clinical trials have been mild, including headache,
nausea, minor infections, and acne. This more favorable safety
profile can be partially attributed to a younger, healthier patient
cohortin AD [9].

Conclusion

Advanced understanding of the JAK-STAT pathway has led to the
development of the first generation JAKi (which can block more
than one JAK) and nowadays of selective JAKi (which have more
affinity for one JAK, yet being able to block others JAKs, especially
at higher doses) [1,3,4,9,12]. JAKi effectively treat a multitude of

hematologic and inflammatory diseases [1,4,6,12,15]. Currently,
multiple oral and topical JAKi are being investigated for many
inflammatory dermatoses [4,9,11,12], emerging as new and
promising treatments.

Inrheumatology, approved oral JAKi regimens are currently based
on single doses both for induction and remission [3,5,9,11,15].
On the other hand, the possibility of dose optimization is very
interesting and probably will be employed in the future alternative
regimes. For instance, alternative regimens could include starting
with a higher dose to induce remission and thenceforth maintain
a lower dose or starting with the higher dose and reducing it just
after remission is achieved.

In conclusion, due to the large number of clinical trials that are
currently being carried out in several skin diseases [5,9,12],
dermatologists should understand the mechanism of action of
JAKi as well as wait for the ongoing clinical trials results which
will decide about the real-world efficacy and safety profiles of
this new encouraging class of immunomodulators.
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