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Abstract
Purpose of Review T cell lymphoproliferative disorders represent a diverse group of hematologic malignancies with poor
prognosis underscoring the need for novel therapeutic approaches. Disruption of the JAK/STAT signaling pathway has been
described in this group of blood cancers and may represent an approach for targeted therapy. Here, we summarize the current data
describing the disruptions of JAK/STAT signaling in T cell malignancies and focus on the existing evidence for exploitation of
this pathway with targeted therapies.
Recent Findings To date, preclinical studies have demonstrated the efficacy of JAK/STAT inhibition in the treatment of several T
cell lymphoproliferative disorders. More recently, several early clinical trials have demonstrated promising results utilizing this
approach as well. The benefit of the combination of JAK/STAT-targeted therapies along with immunotherapy and other molec-
ularly targeted therapies is also discussed.
Summary There is substantial evidence that targeting the JAK/STAT pathway in Tcell lymphoproliferative disorders could be of
clinical benefit. There are several early clinical trials showing promise and many ongoing trials investigating the optimal utility of
agents that inhibit this signaling pathway. In addition, targeting this pathway may provide a platform for further rational
combination therapies.
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Introduction

The Janus kinase (JAK)/signal transducers and activators of
transcription (STAT) signaling pathway is an evolutionarily
conserved mechanism whereby extracellular signals can reg-
ulate gene expression. The JAK/STAT pathway is activated in
response to the binding of cytokines and growth factor signal-
ing molecules to cell surface receptors. The end result is
changes in gene expression that are critical for normal

development and differentiation and function of T cells in-
cluding immunogenicity and the function of stem cells [1,
2]. Disruption of JAK/STAT signaling can lead to inflamma-
tory and autoimmune diseases, immunodeficiency, and tumor-
igenesis including hematologic malignancies [3]. The proto-
typic hematologic malignancy associated with perturbation of
the JAK/STAT pathway is polycythemia vera (PV), which is
nearly ubiquitously associated with a missense mutation in the
JAK2 gene, V617F, leading to unregulated activation of the
JAK2 tyrosine kinase, resulting in panmyelosis, a neoplastic
proliferation of erythroid, megakaryocytic, and granulocytic
cell lines [4]. In addition to PV, dysregulation of the JAK/
STAT pathway has been documented in various solid and
hematologic malignancies and represents an attractive target
for therapeutic exploitation [1, 2, 5, 6]. Given the requirement
of intact JAK/STAT signaling for normal T cell function, it
seems more than plausible that dysregulation of this pathway
would be observed in T cell lymphoproliferative disorders [7].
In fact, dysregulation of JAK/STAT signaling has been de-
scribed in many T cell malignancies including thymocyte
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(T) cell acute lymphoblastic leukemia (T-ALL) and T cell
p r o l ymphocy t i c l e uk em i a (T-PLL) a s we l l a s
angioimmunoblastic T cell lymphoma (AITL), extranodal
T/NK cell lymphoma, monomorphic epitheliotrophic intesti-
nal T cell lymphoma or enteropathy-associated Tcell lympho-
ma (EATCL), hepatosplenic T cell lymphoma (HSTCL), cu-
taneous T cell lymphoma (CTCL) including mycosis
fungoides (MF) and Sézary syndrome (SS), peripheral T cell
lymphoma not otherwise specified (PTCL-NOS), anaplastic
lymphoma kinase (ALK), negative anaplastic large cell lym-
phoma (ALCL), and T/NK cell large granular lymphocytic
leukemia (LGL) [8]. This review will focus on the role of
JAK/STAT signaling in T cell lymphoproliferative disorders
with an emphasis on therapeutic exploitation of this pathway.

Mechanisms of JAK/STAT Signaling

The JAK/STAT signaling pathway involves the transduction
of signals from members of the type I and type II cytokine-
receptor superfamily through JAK tyrosine kinases and STAT
transcription factors that mediate changes in gene expression
[3]. The cell surface receptors include those for multiple cy-
tokines, interferons, as well as growth factors such as erythro-
poietin, thrombopoietin, growth hormone, and prolactin [3].
Upon binding to their ligand, the receptors will either homo-
or heterodimerize, or in some cases become hetero-multimer
complexes. This process allows the previously bound JAK
molecules to be activated through transphosphorylation.
Phosphorylated JAK proteins then recruit and activate
STATs that dimerize and translocate to the nucleus where they
act as sequence-specific DNA binding transcription factors by
binding to regulatory elements of specific genes and altering
gene expression [1]. In humans, the JAK family consists of
four genes: JAK1, JAK2, JAK3, and tyrosine kinase 2
(TYK2). Each JAK protein contains four conserved domains.
The adenosine triphosphate (ATP)-dependent tyrosine kinase
domain, a non-functional pseudokinase domain, a Src homol-
ogy (SH) 2 domain responsible for binding to phosphorylated
tyrosine residues, and a four point one, ezrine, radixin, moesin
(FERM) domain which facilitates JAK protein binding to the
cytoplasmic domain of cell surface receptors [1, 3].

The STAT family is comprised of seven genes and includes
STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and
STAT6 [1]. STAT proteins contain six known conserved do-
mains. The amino terminal domain and coiled coil domain are
important for protein-protein interaction and dimerization,
while the DNA binding domain is important for binding spe-
cific regulatory sequences leading to signal transduction by
activating or repressing transcription of target genes. The con-
served SH2 domain binds phosphotyrosine and allows STAT
recruitment to phosphorylated JAK. Additional domains reg-
ulate nuclear transport and recruitment of transcriptional

machinery once STAT proteins are bound to DNA [9]. In
addition to functioning as DNA binding transcription factors,
STAT molecules have also been identified as regulators of
epigenetic modifications through binding of heterochromatin.
Additional protein regulators of JAK and STAT functions in-
clude suppressor of cytokine signaling (SOCS) molecules,
which compete with STATs for binding to receptors as well
as protein inhibitors of activated STATs (PIAS), which inter-
fere with STATs binding to regulatory DNA domains, thereby
decreasing the signal transduction through STATs. The signal
transduction pathway can be suppressed by protein tyrosine
phosphatases (PTP) that remove the activating phosphates
from phosphotyrosines on the cell surface receptors, JAK pro-
teins, and STAT proteins, thereby modifying the signaling
cascade [1, 3, 5, 9].

Activation and Targeting of the JAK/STAT
Pathway in T Cell Lymphoproliferative
Disorders

T cell lymphoproliferative disorders define a broad spectrum
of hematologic malignancies, often with an aggressive clinical
course, inadequate response to therapy, and poor prognosis
[8]. Alterations of the JAK/STAT signaling pathway have
been described extensively in most of the T cell lymphopro-
liferative disorders [1, 2, 5, 6]. Activating mutations can be
identified at all levels of the signaling cascade including the
cytokine receptors, JAKs and STATs, as well as regulatory
proteins including PTPs. In addition, in many Tcell malignan-
cies, JAK and STAT activation can be observed even in the
absence of activating mutations in the pathway and could
provide therapeutic target for molecular inhibitors [2]. The
presence of activated JAK and STAT molecules is estimated
by measuring the amount of phosphorylated JAK and STAT
proteins. It has been demonstrated in several cell lines that
JAK and STAT phosphorylation levels are much higher in T
cell malignancies than in control cells due to the activation of
the pathway [2]. The presence of this activity can predict re-
sponse to targeted inhibition by JAK inhibitors. Ruxolitinib is
the only JAK inhibitor currently FDA approved for myelopro-
liferative neoplasms; however, several other agents are under-
going testing in this disease including momelotinib,
gandotinib, pacritinib, fedratinib, and itacitinib [10].
Therapeutic targeting of an activated JAK/STAT pathway is
an attractive approach to treating T cell malignancies though
the data to support this approach is still preliminary. To date,
multiple studies have demonstrated the efficacy of inhibiting
the JAK/STAT pathway in controlling the growth of T cell
lymphoproliferative disorders both in vitro and in vivo in
mouse models. In addition, various clinical trials are ongoing,
testing these agents in various T cell malignancies.
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Natural Killer/T Cell Lymphomas

Mutations in JAK3, STAT3, and STAT5B have been de-
scribed at varying frequencies in NKTCLs. For instance,
STAT3 mutations are found at rates of 8–26% in various se-
quencing studies of primary NKTCLs [11–14], while NKTCL
cell lines harbor STAT3 mutations in up to 50% of cases [13,
15]. One study from Singapore [16] reported JAK3 mutations
in 35% of cases, but there were no mutations reported in 105
cases of a Chinese population of NKTCL [14]. Other studies
have reported frequencies in the range of 5.1 to 35.4% in
NKTCL [17–19]. Mutations occur primarily in the
pseudokinase domain leading to ongoing JAK3 activation in
the absence of ligand [16, 19]. In addition, receptor-type tyro-
sine-protein phosphatase kappa (PTPRK), which normally
dephosphorylates and deactivates STAT3, is expressed at
low levels in a significant proportion of NKTCL cases leading
to STAT3 activation. Decreased PTPRK expression has been
shown to correlate with advanced-stage disease and poor out-
comes [20, 21]. Another study identified SOCS1 mutations in
3.7% of cases, also leading to potential loss of SOCS1 func-
tion and subsequent disinhibition of STAT3 [22].

Successful therapeutic targeting of the JAK/STAT pathway
in NKTCL has been demonstrated with several preclinical
studies. Initial in vitro studies with the JAK3 inhibitor
tofacitinib were encouraging and demonstrated the induction
of apoptosis in NKTCL cell lines [16, 17]. However, the clin-
ical applications have been limited due to the cross-inhibition
of other JAK family members. JAK3 is the JAK family mem-
ber primarily expressed in hematopoietic cells. JAK3 is re-
sponsible for carrying the signal downstream from
interleukin-2 receptor subunit gamma upon cytokine binding,
playing a vital role in lymphoid cell development and homeo-
stasis [23, 24]. To overcome this, a more selective JAK3 in-
hibitor, PRN371, has shown to be highly effective at
inhibiting the growth of NKTCL cell lines harboring JAK3-
activating mutations [25••]. Efficacy with PRN371 was dem-
onstrated in an in vivo model of NKTCL in mice, where the
PRN371-treated tumors showed suppression of the JAK3 sig-
naling pathway. Importantly, it was noted that NKTCL cells
harboring STAT3-activating mutations were not sensitive to
the inhibitor, demonstrating their intrinsic resistance to up-
stream JAK inhibition [25••]. Since STAT3-activating muta-
tions bypass the need for upstream signaling from JAK ki-
nases, JAK inhibition is ineffective in these cases. As such,
knowledge of the mutation present predicts utility of targeted
JAK inhibition. Additionally, JAK3 targetingmay be effective
in NKTCL cases not harboring mutations in the JAK/STAT
pathway since JAK activation was seen in the absence of
mutation in 87% of tested tumors in one study [17, 21]. In
several NKTCL cell lines, mutations in the JAK/STAT path-
way were not identified; however, JAK/STAT phosphoryla-
tion and activation of the pathway were identified. The

presence of STAT phosphorylation predicted response to
JAK inhibition [17, 21]. This adds an additional layer to the
metrics available to predict response to JAK inhibition.

The potential for combinatorial therapies in NKTCL exists
as well. For instance, STAT3 activation has been correlated
with increases in expression of programmed death-ligand 1
(PD-L1) in NKTCL [21] which has been shown to promote
evasion of immune surveillance. This raises the possibility of
combining therapy with anti-programmed death 1 (PD1) or
PD-L1-targeting antibodies along with small molecule inhib-
itors of the JAK/STAT pathway. In support of this, all 7 pa-
tients in a case series of relapsed NKTCL showed response to
treatment with the PD1 antibody, pembrolizumab [26••], em-
phasizing a potential of improved responses with combination
of immunotherapy and JAK/STAT-targeted therapy in
NKTCL.

A recent evaluation of ANKL mutational landscape dem-
onstrated mutations in STAT3 in 21% as well as epigenetic
modifiers in 50% of cases [27•]. PTPs that normally down-
regulate STAT3, including PTPRK, PTPN4, and PTPN23,
were found to have inactivating mutations as well. Copy num-
ber gains in the JAK1, JAK2, STAT3, STAT5A, and STAT5B
genes were also identified. Drug sensitivity profiling demon-
strated a role for JAK/STAT signaling as well as sensitivity to
BCL2 inhibition. Interestingly, a synergy was demonstrated in
NKTCL cell lines with the combination of the small molecule
inhibitor of JAK2, ruxolitinib, and the BCL2 inhibitor,
venetoclax. This novel combination has potential clinical util-
ity in this highly aggressive malignancy [27•].

In LGL, STAT3 mutations have been identified in 30–40%
of cases, while 4% of cases carry mutations in STAT5B. These
mutations tend to occur in the SH2 domain leading to the
enhanced transcriptional activity of these proteins [28–31].
STAT3 mutations are associated with more symptomatic dis-
ease and often require multiple lines of therapy [28, 32], while
STAT5B mutations seem to be associated with an unusually
aggressive and uniformly fatal disease course [30]. Similarly,
STAT3 mutations are identified frequently in AITL, HSTCL,
ALCL, GDTCL, and PTCL [5, 13, 32–37]. HSTCL is also
reported to harbor STAT5Bmutations in 31% of cases [13, 36,
37].

Peripheral T Cell Lymphomas

Activating mutations, particularly in STAT5B, have been de-
scribed in PTCL and are seen in approximately one-third of
different PTCL subtypes, including cutaneous as well as
breast implant–associated large cell lymphoma (BIA-ALCL)
[38•]. Another study of primary PTCL samples demonstrated
mutations in STAT3 in 3.8%, JAK3 in 3.8%, and SOCS1 in
7.7% of cases [22].

Mutations in JAK/STAT signaling molecules have also
been described in cutaneous T cell lymphomas (CTCL) [39].
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NGS studies have demonstrated the presence of activating
point mutations in JAK1 in 0.9% of cases, JAK3 in 2.7%,
STAT3 in 0.9%, and STAT5B in 3.6% [40]. In addition, copy
number gains of JAK2 have been reported in 13% of cases,
STAT3 in 60% of cases, and STAT5B in 60% of cases [40].
These copy number gains have been shown to result in in-
creased expression levels of the associated proteins.
Importantly, CTCL cell lines harboring JAK3-activating mu-
tations have shown sensitivity to targeted JAK inhibition [41,
42].

The JAK/STAT-targeted therapies have been evaluated in
preclinical studies of CTCL and PTCL as well. Inhibition of
STAT5B in primary PTCL patient-derived cell lines with a
neuroleptic drug, pimozide, induced apoptotic cell death via
TRAIL/DR4-dependent extrinsic apoptotic pathway, empha-
sizing another potential [38•].

BIA-ALCL is a rare form of T cell lymphoma and the risk
of developing this disease after breast implantation is about
0.35–1 per million implants [43]. A comprehensive next-
generation sequencing, conducted onBIA-ALCL patient sam-
ple, identified sequence variants leading to JAK/STAT activa-
tion in 10 out of 11 patients, providing insight into the possible
pathologic mechanism for tumorigenesis in BIA-ALCL [44].

T Cell Acute Lymphoblastic Leukemia and Adult T Cell
Leukemia

Several studies in T-ALL have demonstrated mutations
throughout the JAK/STAT pathway as well as in associated
regulatory proteins [2]. JAK1 mutations have been identified
in 6.5–27% of cases [45–47], while JAK3mutations are found
in 7.5% [48]. JAK3 mutations are associated with an aggres-
sive early T-ALL phenotype [49]. TYK2 mutations are also
detected in 21% of cases [50]. Mutations in the interleukin 7
receptor (IL-7R) detected in 7.5–21% of cases have been
shown to result in constitutive activation of the JAK/STAT
pathway [51, 52]. Deactivating mutations in PTPN2 and
PTPRC are detected in 6% of cases and are associated with
activation of JAK1 and STAT5B signaling, respectively
[53–55]. In T-PLL, a similar distribution of mutations
throughout the JAK/STAT pathway has also been described
[2]. These include JAK1 mutations in 8–12% of cases, JAK3
in 30–42%, interleukin 2 receptor gamma (IL2RG) in 2%, and
STAT5B mutations in 36% [56–58].

T-ALL harboring IL7R mutations shows significant sensi-
tivity to JAK1/2 inhibition by ruxolitinib. Interestingly, the
combination of ruxolitinib with the BCL2 inhibitor,
venetoclax, showed synergistic effects of inhibiting leukemic
growth in a murine model [59••]. In addition, the JAK2 small
molecule inhibitor TG101209 showed efficacy in vitro against
several T-ALL cell lines [60]. Ruxolitinib was also able to
overcome glucocorticoid resistance in a subset of T-ALL sam-
ples harboring JAK/STAT activation in response to IL7 [61].

In HTLV-associated adult T cell leukemia (ATL), JAK/
STAT pathway activation involving phosphorylation of
JAK1/3 and STAT3/STAT5B was identified in the presence
and absence of JAK/STAT-activating mutations [62]. The
combination of the Bcl-xL inhibitor navitoclax with the
JAK1/2 inhibitor ruxolitinib showed synergistic efficacy in
studies using mouse models of human ATL [62, 63].
Cerdulatinib showed efficacy in a murine model of ATL as
well [64].

Clinical Application of JAK/STAT-Targeted
Therapies in T Cell Lymphoproliferative
Disorders

Clinical evaluation of the efficacy of JAK/STAT-targeted ther-
apies in T cell malignancies is lacking. To date, only a few
studies have demonstrated positive results. For instance, in a
phase 2 study of the dual spleen tyrosine kinase (SYK)/JAK1/
3/TYK2 inhibitor, cerdulatinib, 43% of patients with relapsed
and refractory PTCL showed response to treatment and two-
thirds of responders had a complete response. In CTCL, the
retinoic acid derivative ECPIRM was shown to have efficacy
in inducing apoptosis and cell cycle arrest in CTCL cell lines
through inhibition of JAK/STAT signaling [65]. In another
phase 2 study, the small molecule inhibitor of JAK, ruxolitinib
led to a 38% and 40% overall response rate (ORR) in patients
with activating JAK/STAT mutations or evidence of JAK/
STAT pathway activation, respectively [66••].

There are also several ongoing clinical trials targeting the
JAK/STAT pathway in T cell malignancies, which include
NCT03613428, a phase I/II study combining ruxolitinib with
the combination of vincristine, prednisone, and asparaginase
in relapsed and refractory T-ALL. NCT01712659 is a phase II
study investigating the response rates of ATL to ruxolitinib.
NCT01431209 is another phase II study investigating the ef-
ficacy of ruxolitinib in relapsed lymphomas, including
NKTCL, as is NCT02974647. Tofacitinib is being evaluated
in NKTCL in the phase I/II study NCT0359899 in combina-
tion with Chidamide in patients with relapsed refractory
NKTCL as well. NCT03601819 in a phase Ib study evaluat-
ing the efficacy of the JAK inhibitor pacritinib in PTCL and
CTCL.

Conclusion

T cell malignancies represent a complex and variable set of
hematologic diseases with treatment challenges and poor
prognosis. As such, the need for novel therapeutic approaches
cannot be overstated. As delineated above, the JAK/STAT
pathway is activated in a majority of T cell malignancies,
either through the presence of activating mutation, increased
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protein expression, or loss of expression of negative regula-
tors. The importance of the JAK/STAT pathway in T cell lym-
phoproliferative disorders is underscored by the significant
pre-clinical and early clinical data, indicating the efficacy of
JAK and STAT-targeted therapies [67]. Ongoing clinical trials
may yield further evidence of the clinical utility of this ap-
proach. Overcoming the inherent resistance to JAK inhibition
in the presence of activating STAT mutations will also be
necessary to optimize the efficacy of this targeted treatment
approach. Overall, the most promising therapies may lie in
combinatorial strategies employing immunotherapy and mod-
ulators of apoptosis and epigenetic changes along with JAK/
STAT-targeted therapies [21, 26••, 27, 62, 63]. Further clinical
validation of these approaches may elucidate novel treatment
paradigms in this complex set of diseases.
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