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Mechanisms of Jak/STAT Signaling in Immunity and
Disease

Alejandro V. Villarino, Yuka Kanno, John R. Ferdinand, and John J. O’Shea

More than two decades ago, experiments on the antivi-
ral mechanisms of IFNs led to the discovery of JAKs and
their downstream effectors, the STAT proteins. This
pathway has since become a paradigm for membrane-
to-nucleus signaling and explains how a broad range
of soluble factors, including cytokines and hormones,
mediate their diverse functions. Jak/STAT research
has not only impacted basic science, particularly in the
context of intercellular communication and cell-extrinsic
control of gene expression, it also has become a proto-
type for transition from bench to bedside, culminating
in the development and clinical implementation of
pathway-specific therapeutics. This brief review synthe-
sizes our current understanding of Jak/STAT biology
while taking stock of the lessons learned and the chal-
lenges that lie ahead. The Journal of Immunology,
2015, 194: 21–27.

M
etazoans, and even unicellular aggregates, must
coordinate the diverse activities of cellular hordes
to achieve collective goals. This imperative underlies

two fundamental questions in biology: how do individual
cells sense external cues and, in turn, how are these external
cues interpreted to program behavior? Evolution has provided
a number of elegant solutions; among these, the Jak/STAT
pathway has emerged as a paradigm, as evidenced by its con-
servation across phylogeny from vertebrates to lower organ-
isms like Dictyostelium (1). Not surprisingly, the study of
this ancient pathway has yielded fundamental insights about
cellular communication and the role of membrane-to-
nucleus signaling in controlling gene expression. It also has
shaped our understanding of the mammalian immune sys-
tem, perhaps the most intricate of all cellular networks, and
provided both the impetus and rationale for pathway-
specific therapeutics. This brief review discusses current
theories on how Jak/STAT signaling works at the cellular,
molecular, and genomic levels, with particular emphasis
on human disease. Our aim is not to be expansive but,
rather, to highlight emerging ideas and to present a modern
view of Jak/STAT research as it strides forward into its third
decade.

Specificity and redundancy in Jak/STAT signaling

The biochemistry of Jak/STAT signaling has been studied
extensively (2). Briefly, signaling begins with extracellular
association of cytokines or growth factors with their corre-
sponding transmembrane receptors. This facilitates trans-ac-
tivation of receptor-bound Jaks by putting them in spatial
proximity and by prompting conformational changes that
distance their kinase domains from inhibitory pseudokinase
domains (3). Activated Jaks then phosphorylate latent STAT
monomers, leading to dimerization, nuclear translocation,
and DNA binding (Fig. 1). In mammals, four Jaks (JAK1,
JAK2, JAK3, TYK2) and seven STATs (STAT1, STAT2,
STAT3, STAT4, STAT5a, STAT5b, STAT6) are used by
.50 cytokines and growth factors, raising the question of
how specificity is achieved with so few building blocks. One
explanation is that specificity is lineage dependent, meaning
that cytokines that activate the same STATs may operate on
different cell types (or states), each with distinct panels of
STAT-sensitive genes. However, this does not explain why
cytokines that “look” similar in terms of STAT-signaling
cascades can have different outcomes within the same cell
type or state. A classic example of this dichotomy is the case of
IL-6 and IL-10; both are potent STAT3 activators in myeloid
cells, but the former exerts mostly proinflammatory effects,
whereas the latter is mostly anti-inflammatory. There is evi-
dence that qualitative differences in the duration and or in-
tensity of STAT3 signaling underlie the disparity, but this
may not be the whole story (4). Another point to consider is
that, although each cytokine is traditionally associated with
a particular STAT, almost all engage more than one family
member to varying degrees (i.e., heterogeneous signaling;
Fig. 1). For example, type I IFNs are prototypical STAT1
activators but also activate STAT3 and STAT4 (5). In some
instances, cytokines engage multiple STATs with comparable
potency, as with IL-27, a strong activator of both STAT1 and
STAT3 (6), whereas in others there is clear hierarchy, as with
IFN-g, which elicits a strong STAT1 response coupled to
a relatively weak STAT3 response (7). This heterogeneity is
philosophically satisfying because graded combinations of
STATs may contribute to cytokine specificity, although it is
also unlikely that such quantitative differences account for all
of it.
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It is well established that STATs can bind directly to DNA,
thus acting as classical transcription factors (TFs). Exactly where
and how they bind are matters of ongoing debate. Traditionally,
these questions have been addressed using low-throughput,
candidate-driven approaches but, with the advent of next-
generation sequencing, it is now possible to tackle them on a
genome-wide scale. Most notably, deep sequencing can be
coupled with chromatin immunoprecipitation to produce com-
prehensive, unbiased maps of STAT–DNA binding that can
be integrated with transcriptomics and loss-of-function studies
(i.e., “knockout” mice, small interfering RNA) to catalog target
genes that are subject to both STAT occupancy and STAT-
dependent transcriptional regulation (8). This methodology
was first applied to STAT1 and has since been used to inter-
rogate each family member (9). The emerging theme is that
STATs disperse throughout the genome and regulate transcrip-
tion of both protein-coding and noncoding genes (10) (Fig. 1).

Genome-wide analyses have yielded a number of surprises
about STAT biology. First is the pervasive nature of STAT
binding. In Th cells, thousands of binding sites have been
mapped for each family member, sometimes proximal to
transcriptional start sites, as would have been predicted, but
more often distal, typically associated with enhancers or other
cis-regulatory elements (10). Many of these binding events are
not associated with consensus DNA motifs (i.e., IFN-g acti-
vation site [GAS] elements), which suggests either degeneracy
in the recognition code or alternative targeting strategies (11),
and many do not correlate with changes in gene expression
(Fig. 1) (12, 13). This latter phenomenon, sometimes referred
to as “neutral” or “opportunistic” binding, is typically under-
emphasized in genome-wide profiles. Another unexpected
finding is the high degree of overlap between different STATs
(i.e., overlapping specificities; Fig. 1) (14). It is now apparent
that many sites (and or genes) can be bound by multiple

FIGURE 1. Canonical Jak/STAT signaling begins with the association of cytokines and their corresponding transmembrane receptors. This brings Jaks in

proximity, leading to phosphorylation of both the Jaks themselves and the cytoplasmic tails of the receptors, creating requisite docking sites for latent STAT

monomers. STAT p-Tyr then proceeds as the major activating event, leading to dimerization, translocation, DNA binding, and target gene induction. Noncanonical

deviations from this model also should be considered. First, p-Tyr can occur via Jak-independent pathways and, in fact, is not required for some activities

(unphosphorylated STATs). Additional posttranslational modifications (e.g., p-Ser) also can influence STATs. Next, although each cytokine/receptor is typically

associated with a particular STAT, most engage more than one family member (heterogeneous signaling), leading to the formation of homodimers, as well as

heterodimers and higher-order tetramers. These migrate to the nucleus where they bind to DNA through consensus GAS elements, as well as through GAS-

independent mechanisms, leading to induction, repression, or neutral binding of protein-coding (mRNAs) or noncoding (miRNAs and lncRNAs) target genes,

typically as part of multimolecular complexes. Because of a shared affinity for GAS motifs, multiple STATs may bind to the same target sites (overlapping

specificities). They also can bind to and promote remodeling of gene enhancers and regulate the epigenetic status of target genes. Lastly, extranuclear functions have

increasingly been recognized, most notably in the mitochondrion.

22 BRIEF REVIEWS: MECHANISMS OF JAK/STAT SIGNALING
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family members, although it also should be noted that each
STAT has nonredundant functions, which implies that unique
targets are still highly relevant.
It has long been known that all STATs recognize the same

DNA sequence, known as the GAS motif. There is some
selectivity in the core nucleotides preferred by each family
member—and STAT6 prefers an extra spacer nucleotide—
but all STATs can engage each other’s “optimal” binding
sites, albeit with variable affinities (7, 15). This provides
a tidy explanation for the genomic overlap between individual
STATs and, in turn, for why some genes are regulated by
multiple family members. A singular consensus motif also
led to the idea that STATs may antagonize one another by
competing for access to the same genomic locales. This con-
cept was validated for STAT3 and STAT5: first in T cells,
in which STAT3-driven IL-17 transcription is blocked by
STAT5, and later in dendritic cells and cancer cell lines (16–
18). Further studies are needed to determine whether other
STATs engage in this type of head-to-head competition, and
the question of how STAT-mediated transcriptional inhibi-
tion works—whether it reflects direct regulation of the loci
themselves or induction of secondary agents (i.e., inhibitory
TFs, microRNAs [miRNAs])—is also pressing.
It is undeniable that STATs are critical determinants of cy-

tokine specificity and function. However, STAT-independent
signals emanating from cytokine receptors and/or parallel stim-
uli also contribute, in part, by influencing STAT responses.
Recent examples include ITAM-bearing receptors, which mod-
ulate STAT1 signaling, and TNFR-associated factor–activating
receptors, which modulate STAT3 signaling (19, 20).

STATs set the stage for transcription

An important application of deep sequencing coupled with
chromatin immunoprecipitation is to correlate TF binding
with epigenetics. These two phenomena are intimately linked
because, on one hand, TFs are beholden to the epigenetic
structure of their target genes, whereas on the other hand, TFs
can elicit toggling between “open” and “closed” states, which
suggests that they also can be upstream of epigenetic changes
(21, 22). Echoing work from other model systems, genome-
wide analyses in T cells showed that STATs are both regu-
lators of, and are regulated by, the epigenetic landscape
(Fig. 1). These studies affirmed that STAT signaling can drive
widespread epigenetic changes, which previously was demon-
strated for only a limited set loci (e.g., Ifng, Il4/Il13), as well as
provided an epigenetic basis for T cell lineage commitment
and plasticity (8, 10, 22). It is also notable that STATs may
differ in the way that they influence the epigenetic landscape.
For instance, although STAT4 and STAT6 each create “open”
chromatin at target loci, the former does so mainly by pro-
moting permissive marks, and the latter does so by limiting
repressive marks (12). The exact mechanism by which STATs
elicit these changes, whether by recruitment and or tran-
scriptional regulation of the epigenetic machinery, is under
investigation. However, a direct link between STATs and re-
pressive marks was described recently in B cells, where STAT5
was shown to recruit the methyltransferase, EZH2, thereby
guiding deposition of H3K27me3 at silenced loci (23).
As with epigenetic marks, STAT-binding profiles can be

integrated with those of other TFs to identify regulatory
networks. The key idea emerging from these studies is that

STATs are core elements within multimolecular complexes
that congregate at transcriptionally relevant DNA elements,
such as promoters or enhancers (Fig. 1). Recent examples
come from the field of stem cell biology, where STAT3 was
shown to be involved in a pluripotency network together with
Oct4, Sox2, and Smad1 (24), and from immunology, where
STAT3 was shown to be involved in a network together with
IRF4, BATF, and RORgt (25). Broadly speaking, STATs
participate in at least three types of networks in immune cells:
those involved in the general transcriptional or epigenetic
machinery, with members including RNA polymerase, p300,
methyltransferases and or acetyltransferases (26, 27); those
involved in general inflammatory functions, with members
including AP-1, IRF, and or NF-kB family TFs (25, 26, 28);
and those involved in lineage commitment, with members
including “master” TFs that are critical for lineage speci-
fication. This latter group (i.e., the “master” TFs) has been
studied extensively in T cells, where STATs are known to
bind near (and sometimes physically associate with) T-bet,
GATA-3, RORgt, and Foxp3, among others. An outstand-
ing question is whether STATs are the pioneers in these
multimolecular complexes or just essential components. The
answer is likely to be context dependent, varying from gene to
gene and across cell types, but one study argues that, in Th
cells, IRF4 precedes and is required for STAT3 binding to
target genes, making the former a pioneer and the latter a
secondary recruit (29).

STATs and long-distance relationships

It has long been known that cis-regulatory elements can have
a profound influence on gene expression. However, only with
the advent of next-generation sequencing technologies has
it become possible to enumerate these on a genome-wide
scale. Among the most widely studied regulatory elements are
enhancers, which are critical for expression of distally associated
genes and can be mapped using a combination of epigenetic
(e.g., K27ac) and TF-binding (e.g., p300) profiles (21). This
approach revealed that global distribution of active enhancers is
extensively remodeled during cellular differentiation, thus pre-
senting a defining characteristic, or fingerprint, of lineage com-
mitment (30). Moreover, regions with dense enhancer clusters,
termed “super” or “stretch” enhancers, tend to decorate lineage-
defining genes, thereby marking areas of the genome that de-
termine cell identity and that, therefore, must be tightly con-
trolled at the transcriptional level (31, 32). The role of STATs
in assembling T cell enhancers has now been investigated on a
genome-wide scale. These studies confirm the long-standing idea
that lineage-specific loci, including Ifng, Il4/Il13, and Il17a/Il17f,
are regulated by STAT-bound enhancers, and further demon-
strate that STAT-dependent enhancer remodeling is pervasive,
affecting thousands of sites throughout the genome (Fig. 1). In
many cases, these remodeling events were shown to be inde-
pendent of “master” TFs, thus positioning STATs as upstream
mediators of lineage commitment and cell identity (33).
Inherent to next-generation sequencing is the ability to

probe genomic regions that are ignored by predictive ap-
proaches, including “gene deserts” far from protein-coding
genes. This capacity has enabled the identification of hundreds of
cytokine-responsive miRNAs and long noncoding RNAs
(lncRNAs), many of which can be traced back to STAT-bound
loci (Fig. 1) (34, 35). In fact, recent work showed that STATs

The Journal of Immunology 23
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directly control transcription of lncRNAs (34). One high-profile
example is NEST (Tmevpg1), a STAT4-regulated lncRNA that
impacts T cell responses (36, 37). It is also noteworthy that
STATs can be the targets of miRNAs and lncRNAs. Several
miRNAs, including miR-17 and miR-145, and at least one
lncRNA, lnc-DC, are known to directly regulate STATs (38, 39).

Noncanonical aspects of Jak/STAT signaling

Although Jak/STAT signaling is typically presented as a simple
pathway, decades of research have revealed it to be full of
intricacy. For instance, although it is widely held that STATs
act only as homodimers, they are also known to form heter-
odimers and higher-order tetramers (Fig. 1). In fact, classic
studies demonstrated that a key difference between type I and
type II IFNs is that the former elicits STAT1/STAT2 hetero-
dimers (ISGF3 complex), whereas the latter elicits mostly
STAT1 homodimers (GAF complex) (2). Other examples
subsequently were reported, such as STAT1/STAT3 and
STAT1/STAT4 heterodimers, but the functional relevance
remains largely unexplored (7, 40). STAT tetramers are also
poorly understood. Unlike dimers, which are assembled in
the cytoplasm, the bulk of experimental evidence suggests
that tetramerization occurs in the nucleus subsequent to the
binding of two STAT dimers to adjacent (or tandem) DNA
elements. In terms of function, those involving STAT5 have
been studied most extensively and are thought to be critical
for optimal transcriptional activity (41). STAT1 tetrameri-
zation also has been investigated, with recent work demon-
strating that it is important for type II IFNs but dispensable
for type I IFNs (42). Another common misconception is that
the cytoplasmic pool of latent STATs is kept at saturating
density. In reality, expression of STAT proteins is tightly
regulated, and oscillating concentrations have important
consequences, as seen in NK cells, where relative levels of
STAT1 and STAT4 determine the response to type I IFNs
(Fig. 1) (43). Consistent with this latter point, STAT loci
harbor “super” or “stretch” enhancers, which suggests a high
degree of transcriptional control (31).
The canonical model of Jak/STAT signaling posits that

STATs are triggered by Jak-dependent p-Tyr. This is clearly
the dominant route downstream of cytokine receptors, but
the obligatory role of Jaks has been challenged in other
settings. Jak-independent p-Tyr was linked to the STAT
hyperactivity seen in many cancers (discussed below) and
is thought to play a role in normal physiological processes
(Fig. 1). For instance, some receptor tyrosine kinases (e.g.,
Flt3R) can elicit STAT5 activation without involving Jaks
(44). Additionally, the nucleic acid sensor STING was
shown to invoke Jak-independent p-Tyr of STAT6, thereby
eliciting host-protective antiviral responses, and the pyruvate
kinase M2 was shown to invoke Jak-independent p-Tyr of
STAT3 in response to metabolic cues (45, 46). The central
role of p-Tyr itself, whether Jak dependent or not, also has
been scrutinized, and a growing number of functions have
been ascribed to “unphosphorylated” STATs (Fig. 1) (2).
These are truly unconventional in that they do not require
p-Tyr for nuclear translocation and/or transcriptional activity
and because they form distinct antiparallel dimers (2).
Beyond p-Tyr, several posttranslational modifications can

influence STAT function (Fig. 1). The first to be recognized
was p-Ser, which regulates a variety of STAT activities, in-

cluding DNA binding and interaction with accessory pro-
teins. All STATs are phosphorylated on at least one serine
residue, often without concurrent p-Tyr, and numerous ex-
ternal signals can induce p-Ser. These, in turn, dictate the
identity of the upstream kinases, which include MAPKs,
cyclin-dependent kinases, and IKK, among others (2, 47, 48).
In vitro studies established that p-Ser is important for tran-
scriptional responses, as seen with STAT4-driven IFN-g in
T cells (49), whereas in vivo models showed its impact on
immune function and hematopoietic transformation (50–52).
Additional chemical modifications of STATs include acety-

lation, methylation, and sumoylation (Fig. 1) (2). These can be
broadly divided into two categories: those that promote STAT
function and those that limit STAT function. Lysine acetylation
and arginine methylation can be placed in the first category; the
former was shown to promote STAT function through effects
on dimerization and transcriptional activity, and the latter was
shown to block association with PIAS proteins, a well-known
class of STAT inhibitors. However, it also should be noted that
the mechanistic basis and biological significance of these find-
ings have been disputed (53, 54). It is generally agreed that
lysine methylation plays an important role in STAT function,
although there is some discord about whether it is a positive- or
negative-regulatory event (55, 56). Sumoylation has been ex-
clusively regarded as a negative regulator, because it was shown
to limit the function of STAT1 and STAT5 (57, 58).
Another dogma that has been challenged is that STATs are

active only in the nucleus. Recent studies showed that STAT3
can localize to the mitochondrion, where it promotes oxidative
phosphorylation and membrane permeability (Fig. 1). This
effect is dependent on serine, but not tyrosine, phosphoryla-
tion and is thought to be relevant in settings in which cellular
respiration is altered, such as cellular stress and cancer (59).
All other STATs (with the exception of STAT4) have been
detected in the mitochondrion, but their function within this
organelle has not been rigorously assessed (59). Another in-
triguing “geographical” deviation involves JAK2, which was
shown to mediate p-Tyr of nuclear histones (60).

Jaks and STATs in immunity and disease

The Jak/STAT pathway is critical for meeting the diverse
challenges faced by the immune system, from resisting in-
fection to maintaining immune tolerance, enforcing barrier
functions, and guarding against cancer. However, this capacity
comes at a steep price. Errant immune responses can inflict
great bodily harm and, not surprisingly, exaggerated or pro-
tracted Jak/STAT signaling has been implicated in just about
every type of autoimmune disease. Therefore, a delicate bal-
ance must be reached to allow for both efficient induction of
the Jak/STAT pathway when the immune system is called to
action and proper diminution when the instigating threat
subsides. The following is a brief overview of how Jak/STAT
dysfunction impacts human disease. For a more extensive
discussion of this topic, along with tables summarizing the role
of each Jak/STAT component, we refer the reader to our
previous reviews (8, 61).
The broad in vivo relevance of the Jak/STAT pathway first

became apparent with the identification of monogenic dis-
eases resulting from germline mutations of Jak/STAT-signaling
components and associated cytokines/receptors. These rare
“experiments of nature” typically exhibit Mendelian inheritance

24 BRIEF REVIEWS: MECHANISMS OF JAK/STAT SIGNALING
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patterns and dramatic phenotypes, including immunodefi-
ciency, susceptibility to infection, and autoimmunity, thus
bringing them to the attention of geneticists and immunol-
ogists alike (62).
A striking example of monogenic disease is the “bubble boy”

syndrome (X-linked SCID). These patients suffer from ex-
treme pathogen susceptibility due to a lack of T and NK cells
caused by loss-of-function variants of the common g-chain
(63). Based on in vitro studies demonstrating a selective role
for JAK3 in common g-chain signal transduction, it was
discovered that a subset of SCID patients harbor mutations
in this kinase, thus providing the first demonstration of non-
redundant in vivo functions for any Jak/STAT component
(64, 65). Analogous phenotypes in IL-7/IL-7R–deficient hu-
mans and STAT5-deficient mice have since confirmed the
involvement of the JAK3/STAT5 axis, although it also bears
noting that humans with mutations of STAT5B are not im-
munodeficient; instead, they develop autoimmunity that is
due, in large part, to a defect in T regulatory cells (62).
Following the discovery of JAK3-SCID, a number of ad-

ditional Mendelian disorders involving Jak/Stat components
were reported. These findings emphasize the central role of
Jak/STAT signaling in resistance to infection and, in fact, heri-
table susceptibility was key in identifying these mutant alleles.
All of the known STAT loss-of-function mutations can be asso-
ciated with particular types of pathogens. Patients with STAT1
mutations are prone to mycobacterial and viral infections,
those with STAT2 mutations are prone to viral infections,
and those with STAT3mutations are prone to fungal infections
(61). Patients with gain-of-function STAT1 mutations are also
prone to fungal infections; however, in this case, hyperactive
STAT1 appears to limit STAT3-driven antifungal responses
(62). In general, STAT-deficiency phenotypes are mirrored in
patients with mutations of upstream/downstream mediators,
although at least one exception should be considered; those
harboring loss-of-function alleles of IL-10/IL-10R, which is
upstream of STAT3, are not susceptible to fungi but, instead,
present with inflammatory bowel disease (62). They also do not
develop many of the clinical symptoms seen in patients with
hypomorphic STAT3 mutations, such as hyper-IgE syndrome
and developmental abnormalities (i.e., Job’s syndrome). A
similar dichotomy is evident in mice; IL-10– and IL-10R–
deficient animals develop colitis, whereas those bearing a hy-
pomorphic STAT3 allele common in hyper-IgE syndrome
patients do not (66). Adding further complexity, the recent
identification of patients with gain-of-function STAT3 muta-
tions highlights the central role of this pathway in promoting
autoimmune disease. These individuals develop a spectrum
of clinical symptoms, most notably type 1 diabetes, which is
consistent with numerous studies demonstrating that STAT3
can drive pathological inflammation in mice (67).
Next-generation sequencing has led to an explosion of

genome-wide association studies (GWASs) in which disease
phenotypes are linked to single nucleotide polymorphisms
(SNPs) in affected populations (68). Not surprisingly, GWASs
have implicated SNPs within STAT genes in numerous
common diseases. Salient examples of this growing list in-
clude STAT3 SNPs associated with Crohn’s disease, psoriasis,
and ankylosing spondylitis; STAT4 SNPs associated with
rheumatoid arthritis, Crohn’s disease, systemic lupus erythem-
atosus, and Sjögren’s syndrome; and STAT6 SNPs associated

with asthma (8, 69). As with monogenic diseases, SNPs found
in Jaks and upstream cytokines/receptors support the central
role of STATs in many of these disorders.
Over the past 20 y, the link between Jak/STAT signaling

and oncogenesis has become a major thread in cancer biology.
It has long been known that STAT hyperactivity can drive
cellular transformation downstream of classic oncogenic sig-
nals like BCR-ABL, Ras, and Src (70, 71). This hyperactivity,
which typically involves STAT3 and/or STAT5, is now
considered a defining characteristic of most solid and blood
cancers (70). In addition, somatic mutations of the Jak kinases
themselves have increasingly been recognized as primary on-
cogenic lesions. One landmark discovery was the finding that
gain-of-function JAK2 mutations underlie myeloproliferative
malignancies (72). This work has been informative for disease
etiology, as well as in the context of Jak structure; many of
the mutations are found in the pseudo-kinase domain, which
recently was shown to have catalytic activity and to limit
“autoactivation” of Jaks prior to receptor oligomerization
(73). JAK2 fusion proteins also have been implicated in he-
matological malignancies, as have JAK3 mutations (61, 72).
Despite notable exceptions, few mutant STAT alleles are as-
sociated with carcinogenesis, which suggests that their onco-
genic potential is largely secondary to upstream events.
In addition to cell-intrinsic effects, Jak/STAT signals can

influence the tumor microenvironment via extrinsic pathways.
Again, STAT3 appear to be a principal culprit, with numerous
studies showing that it can limit antitumor immunity. Among its
subversive activities are the ability to promote myeloid-derived
suppressor cells and the ability to mediate the signaling of IL-
23, a cytokine that recently was established as an important
procancer agent. On the other end of the spectrum is STAT1,
which is both a critical cell-intrinsic anticancer signal and an
important cell-extrinsic mediator of immunosurveillance (71).

Therapeutic targeting of STAT signaling – that’s a fact Jak!

Given the data implicating Jak/STAT in autoimmune disease and
malignancy, it is not surprising that this pathway has become an
attractive target for pharmaceuticals. Ruxolitinib, a JAK1 and
JAK2 inhibitor with efficacy for the treatment of polycythemia
vera and myelofibrosis, was the first U.S. Food and Drug Ad-
ministration–approved Jak inhibitor. The second was tofacitinib,
which blocks JAK3 and, to a lesser extent, JAK1 and JAK2 (74).
First approved for rheumatoid arthritis, it is now in clinical
trials for a range of maladies, including psoriasis, inflammatory
bowel disease, transplant rejection, juvenile arthritis, and spondy-
loarthropathy, among others (61) (https://www.clinicaltrials.gov/
ct2/results?term=Tofacitinib&Search=Search). A third Jak in-
hibitor, oclacitinib, is now approved for dermatitis in dogs (75),
and a number of additional Jak inhibitors, including “second-
generation” versions with improved potency and selectivity, are
under development.
Unlike Jaks, whose kinase domains are a clear pharmaco-

logical target, STATs do not have catalytic activity and, thus,
present a more challenging objective. Oligonucleotide-based
STAT inhibitors, which presumably sequester STATs away
from “dangerous” loci, are the most well-developed approach
and are undergoing human testing for a number of malignan-
cies (76). Alternative strategies include small molecule inhib-
itors, which are also in clinical trials (https://clinicaltrials.gov/
ct2/results?term=STAT3&Search=Search), and STAT-binding
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“intrabodies,” which have been investigated only in animal
models (77). STATs also can be impacted by drugs that are
not pathway specific, such as pyrimethamine, curcumin, and
platinum-based drugs, although it should be noted that their
effects are likely to be indirect, perhaps reflecting reductions in
the availability of STAT stimuli rather than biochemical effects
on the STATs themselves.

Note added in proof. While this manuscript was in press,
there were two additional publications describing STAT3 gain-
of-function patients and their diverse autoimmune phenotypes
(78, 79).

Conclusions
The Jak/STAT pathway is a fascinating case study of how basic
science can be parlayed into clinical gains, first by strength-
ening our understanding of human disease and then by
informing the development of targeted therapeutics. Beyond
these pragmatic ends, the study of Jak/STAT signaling con-
tinues to yield transformative insights about the nature of
cellular communication and the regulation of gene expression.
Befitting its ascendant status, the impact of Jak/STAT is now
felt beyond immunology in a number of emerging fields,
including stem cell biology and metabolomics, thus setting the
stage for the next phase of research to meet the lofty standard
set in the past two decades.
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60. Dawson, M. A., A. J. Bannister, B. Göttgens, S. D. Foster, T. Bartke, A. R. Green,
and T. Kouzarides. 2009. JAK2 phosphorylates histone H3Y41 and excludes
HP1alpha from chromatin. Nature 461: 819–822.

61. O’Shea, J. J., S. M. Holland, and L. M. Staudt. 2013. JAKs and STATs in im-
munity, immunodeficiency, and cancer. N. Engl. J. Med. 368: 161–170.

62. Casanova, J. L., S. M. Holland, and L. D. Notarangelo. 2012. Inborn errors of
human JAKs and STATs. Immunity 36: 515–528.

63. Noguchi, M., H. Yi, H. M. Rosenblatt, A. H. Filipovich, S. Adelstein, W. S. Modi,
O. W. McBride, and W. J. Leonard. 1993. Interleukin-2 receptor gamma chain
mutation results in X-linked severe combined immunodeficiency in humans. Cell
73: 147–157.

64. Macchi, P., A. Villa, S. Giliani, M. G. Sacco, A. Frattini, F. Porta, A. G. Ugazio,
J. A. Johnston, F. Candotti, J. J. O’Shea, et al. 1995. Mutations of Jak-3 gene in
patients with autosomal severe combined immune deficiency (SCID). Nature 377:
65–68.

65. Russell, S. M., N. Tayebi, H. Nakajima, M. C. Riedy, J. L. Roberts, M. J. Aman,
T.-S. Migone, M. Noguchi, M. L. Markert, R. H. Buckley, et al. 1995. Mutation of
Jak3 in a patient with SCID: essential role of Jak3 in lymphoid development. Science
270: 797–800.

66. Steward-Tharp, S. M., A. Laurence, Y. Kanno, A. Kotlyar, A. V. Villarino,
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