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Abstract

Abnormal activation of the yc cytokine JAK/STAT signaling pathway assessed by STAT3 or
STAT5b phosphorylation was present in a proportion of many T-cell malignancies. Activating
mutations of STAT3/STAT5b and JAK1/3 were present in some but not in all cases with
constitutive signaling pathway activation. Using sShRNA analysis pSTAT malignant T-cell lines
were addicted to JAKS/STATSs whether they were mutated or not. Activating JAK/STAT mutations
were not sufficient to support leukemic cell proliferation but only augmented upstream pathway
signals. Functional cytokine receptors were required for pSTAT expression. Combining a JAK1/2
inhibitor with a Bcl-xL inhibitor navitoclax provided additive/synergistic activity with I1L-2
dependent ATLL cell lines and in a mouse model of human IL-2 dependent ATLL. The insight that
disorders of the yc/JAK/STAT system are pervasive suggests approaches including those that
target gamma cytokines, their receptors or that use JAK kinase inhibitors may be of value in
multicomponent therapy for T-cell malignancies.
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1. Introduction

The common gamma (yc) receptor-dependent cytokines and their signaling pathways play
critical roles in T-cell immunity (Rochman et al., 2009, Waldmann, 2006). Activation of this
pathway can be identified by the nuclear presence of pSTAT3 or pSTAT5. Recently
activation of this yc/JAK/STAT system was identified in virtually all forms of T-cell
leukemia/lymphoma (Waldmann and Chen, 2017). Most studies of T-cell lymphoma have
focused on JAK/STAT mutations; however activation of this pathway is a unifying feature
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that is more pervasive (Waldmann and Chen, 2017). The demonstration of activation of the
JAK/STAT pathway in a major proportion of T-cell malignancies suggests JAKs as potential
therapeutic targets—an approach that may revolutionize multiagent therapy of patients with
PSTAT expressing T-cell malignancies.

JAK/STAT activation in T-cell lymphoma

JAK/STAT activation was assessed by phospho-STAT3 and STATS5 expression and nuclear
localization and by monitoring the negative effects of JAK inhibitors. Such JAK/STAT
activation was shown to be present from rare to 86% of patients with most forms of T-cell
malignancy. In particular, yc cytokine, JAK1/3, STAT3/5 pathway activation was
demonstrated in NK/TCL (Bouchekioua et al., 2014, Coppo et al., 2009, Koo et al., 2012)
ALK positive and ALK- ALCL, (Crescenzo et al., 2015, Chiarle et al., 2005, Khoury et al.,
2003), large granular lymphocytic leukemia (LGL) (Koskela et al., 2012) prolymphocytic
leukemia (PLL) (Kiel et al., 2014, Bergmann et al., 2014, Bellanger et al., 2014), Sézary
Syndrome (SS) and mycosis fungoides (MF) (Eriksen et al., 2001, Zhang et al., 1996, Choi
et al., 2015), as well as in smoldering and chronic ATLL (Chen et al., 2008, Chen et al.,
2010, Ju et al., 2011, Kataoka et al., 2015, Elliott, et al., 2011).

STAT mutations in T-cell lymphoma

In light of the frequent activation of the JAK/STAT system in T-cell malignancies, these
leukemias were examined for activating mutations of STAT proteins (Odejide et al., 2014,
Koskela et al., 2012, Crescenzo et al., 2015, Coppo et al., 2009, Kiictk et al., 2015, Nicolae
et al., 2014, Choi et al., 2015, Zhang et al., 2012, Kataoka et al. 2015). Many T-cell
malignancies manifested STAT3/STAT5b mutations that were focused predominantly in
their Src homology 2-(SH2) domain — a site that is involved in docking of phosphorylated
tyrosine residues, transient binding to cytokine receptors and binding to other STAT proteins
that mediate dimerization and nuclear localization (Koskela et al., 2012).

In studies with ALK- T-cell lines using shRNA loss-of-function analysis our group
demonstrated that cell lines that manifested pSTAT3 were addicted to STAT3 whether or not
the STAT elements were mutated suggesting the importance of STAT3 activation in leukemic
T-cell survival (Chen and Waldmann, unpublished results). Kiiciik and coworkers 2015
demonstrated that STAT5b mutations provided a growth advantage. Nevertheless, they
demonstrated that such activating STAT mutations were not sufficient for leukemic cell
proliferation but only enhanced upstream signals from the cytokine-cytokine receptor, JAK/
STAT pathway. Following IL-2 withdrawal pSTAT expression disappeared in 1 hour after
transient I1L-2 stimulation of wild-type STAT5b transduced cells, whereas it persisted for
more than 6 hours with STAT5b N642H mutant-transduced cells. In accord with this view
that upstream signals were required, the growth promoting activity of the mutant was
partially inhibited by the addition of the upstream JAK1/2 inhibitor AZD1480.

JAK mutations in T-cell ymphoma

Since STAT activating mutations were not sufficient but only enhanced upstream signaling,
activations of JAKs were explored using shRNA loss-of-function analysis with JAK1
shRNA. JAK1 was required in phospho-STAT3 positive ALK- cell lines whereas its loss had
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no effect on phospho-STAT3 negative cell lines (Chen and Waldmann, unpublished results).
Given the requirement for activated JAKSs, especially JAK1 and JAK3 for the activation of
the gamma cytokine JAK/STAT pathway, leukemic cells were examined for JAK mutations.
Many mutations were found especially in the pseudokinase domain that was reported to
function as a protein kinase that phosphorylates two residues that negatively regulate JAK
kinases to suppress their activity (Saharinen and Silvennoinen, 2002). It is clear from our
JAK1 knockdown studies that JAK1 was required in cells that manifest activation of the
cytokine receptor JAK/STAT system whether mutations were present or not as with STAT
mutations JAK mutations appear to be incapable of initiating but rather augment responses
initiated by upstream signals.

Activation of the JAK/STAT pathway required functional cytokine receptors

In studies by Lu 2005, and Hornakova 2009 and their coworkers even with activating JAK
and STAT mutations there was a requirement for expression of a functional cytokine
receptor that played two roles; first as a scaffold for cross-activation of JAK kinases and
second as a docking site for recruitment of STAT transcription factors. In addition to JAK/
STAT mutations, mutations were present in select cytokine receptors for example the I1L-7
receptor in childhood ALL (Shochat et al., 2011, Zenatti et al., 2011).

Disorders of cytokine expression in T-cell ymphoma

Although JAK3 FERM domain mutations were only rarely observed in patients with
smoldering and chronic HTLV-1 associated ATLL, the gamma-c JAK/STAT pathway was
usually activated (Migone et al., 1995, Chen et al., 2008). We demonstrated that the HTLV-1
encoded Tax protein transactivated two autocrine (IL-2/IL-2R alpha, IL-15/IL-15R alpha)
and one paracrine (IL-9) loop in such patients (Tendler et al., 1990, Azimi et al., 1998, Chen
et al., 2010). These cytokine-cytokine receptor loops led to activation of the JAK1/3 STAT
signaling pathway and were associated with spontaneous proliferation of ATLL cells, a
phenomenon that could be inhibited by the addition of the pan-JAK inhibitor tofacitinib (Ju
et al., 2011). In further examination of cytokine disorders there was evidence supporting a
role for the gamma-c cytokine IL-15 in cutaneous T-cell lymphoma (Débbeling et al., 1998)
and for IL-21 in patients with anaplastic T-cell lymphoma (Jain et al., 2015). In summary,
disorders of the gamma cytokine JAK/STAT signaling pathway are pervasive in T-cell
malignancy suggesting novel molecular targets and therapeutic opportunities that may be of
value in the multicomponent treatment of these tumors.

Gamma cytokine JAK/STAT system as a target in the treatment of T-cell malignancies

The demonstration of activation of the JAK/STAT system in T-cell malignancies provided
the rationale for diverse therapeutic approaches including those that targeted the gamma-c
cytokines directly, those that blocked cytokine-receptor interactions and especially JAK
kinase inhibitors. The best biomarker suggesting JAKs would be a rational target is the
presence of pSTAT3 or pSTAT5 and their nuclear translocation rather than the less frequent
mutations affecting this system. JAK inhibitors inhibited the proliferation of cytokine
dependent cell lines and ex vivo leukemic cells from patients with smoldering and chronic
ATLL who manifest activation of the JAK system (Ju, et al., 2011). To translate these
observations a clinical trial of ruxolitinib is underway in patients with smoldering and
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chronic ATLL (Conlon and Waldmann 2017). However, therapy with ruxolitinib is clearly
not optimal. With rare exceptions T-cell leukemia/lymphomas were associated with
activation of the JAK1/JAK3 signaling but did not involve JAK2. However, ruxolitinib and
tofacitinib inhibit the off-target JAK2 kinase, therefore interfering with the cell signaling
mediated by thrombopoietin, leading to thrombocytopenia. We have demonstrated that when
used according to FDA guidelines, 20 micrograms twice a day orally ruxolitinib provided
meaningful inhibition of the JAK/STAT pathway for only a small proportion of the 12-hour
period between dosings (Dubois and Waldmann, unpublished results). In light of the
limitation of the therapy possible due to toxicities with inhibitors that target JAK2, agents
with greater specificity for JAK1 or JAK3 are being developed for use in T-cell
malignancies. Although JAK1 inhibitors have great promise, they have activities that inhibit
cytokines other than the gamma-c cytokines with consequent toxicity. JAK3 has been
proposed as an alternative attractive target since its expression is restricted to cells of the
hematopoietic lineage and JAKS3 is associated exclusively with the common gamma chain.
Inactivating mutations of JAK3 in humans or mice resulted only in severe combined
immunodeficiency without non-immunological toxicities (Leonard and O’Shea, 1998).
However, Haan and associates, 2011 reported that JAK1 has a dominant role over JAK3 and
have concluded that JAK3 predominantly plays a role as a scaffold. These authors disagree
with the proposal that selective ATP competitive JAK3 kinase inhibitors would be effective
therapeutic agents. Smith, et al., 2016 have a contrasting view and have demonstrated that a
selective inhibitor of JAK3 (JAKSi) blocks IL-2 stimulated T-cell proliferation at low
nanomolar concentrations. Smith revealed a biphasic role for JAK3 activity in CD4+ positive
T-cells. JAK3i blocked a second temporal wave of IL-2 mediated signaling. Thus Smith’s
results contradict the prior conclusions of Haan who had discounted a catalytic role for
JAK3. Studies are underway with JAK3i in murine xenograft models involving T-cell
leukemia/lymphoma xenografts with activations of the JAK/STAT pathway.

Selective targeting of JAK/STAT signaling was augmented by combination therapy with
ruxolitinib and navitoclax for Bcl-xL blockade

Although JAK-inhibitor therapy may be of benefit in T-cell leukemia/lymphoma in general
and in particular in IL-2 dependent smoldering and chronic ATLL, it will have to be used in
combination therapy to be of major benefit. To address this issue using a matrix-screening
platform we evaluated ruxolitinib within a dose response matrix experiment with > 450
approved or investigational agents (Zhang, et al., 2015). Additive/synergistic effects were
demonstrated in the I1L-2 dependent ED40515 (+) cell line with ruxolitinib when combined
with the inhibitors Bcl-2/Bcl-xL (navitoclax), HDACs (panobinostat, pracinostat),
mTORC1/2 (AZD-8055), Aurora A/B/C/kinases (AMG 900), PI3Ks (GSK2126458) and
NF-xB/IKK (Withaferin A, SPC-839, bardoxolone methyl). The following combinations
also showed additive/synergistic effects in their capacity to inhibit cell proliferation in
multiple IL-2 dependent ATLL cell lines AMG 900, GSK2126458, AZD-8055, and
bardoxolone methyl. The Bcl-2/Bcl-xL inhibitor navitoclax was identified as a strong
candidate for multicomponent therapy with ruxolitinib. The combination was noted to
strongly activate BAX (Bcl-2-associated X protein), affect mitochondrial depolarization, and
increase Caspase-3/7 activities in 1L-2 dependent ATLL cell lines. The combination led to

Mol Cell Endocrinol. Author manuscript; available in PMC 2018 August 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Waldmann

Page 5

the cleavage of PARP and Mcl-1, the latter from a 40 kDa anti-apoptotic to a 24 kDa pro-
apoptotic form (Figure 1).
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. Abnormal activation of JAK/STAT signaling is present in many T-cell
malignancies.
. Mutations of STAT3/STAT5b and JAK1/3 are common.
. JAK/STAT mutations are insufficient but augment upstream pathway signals.

. JAK kinase inhibitors may be of value in therapy of T-cell malignancies.
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Figure 1. The Combination of Ruxolitinib and Navitoclax Induced Caspase 3/7 Activation Which
Resulted in Cleavage of PARP and Mcl-1 in IL-2-dependent ATL Ceils

Western blot analysis of the cleavage of PARP and Mcl-1 proteins at 24 or 48 hours after
different treatments as indicated. The concentrations of ruxolitinib and navitoclax using the
studies shown in this Figure were 200 nM and 100 nM respectively. Reproduced with
modification from Figure 3D from the Proceedings of the National Academy of Sciences.
Zhang M, Mathews Griner LA, Ju W, Duveau DY, Guha R, et al., 2015. Selective targeting
of JAK/STAT signaling is potentiated by Bcl-xL blockade in IL-2-dependent adult T-cell
leukemia. Proc Natl Acad Sci USA, volume 112 (40), pp. 12480-12485.

The combination of ruxolitinib and navitoclax also was shown to significantly inhibit tumor
growth and its administration resulted in prolonged survival of mice bearing the ED(+)/IL-2
transgenic tumor (Figure 2).
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Figure 2. The Combination of Ruxolitinib and Navitoclax Significantly Inhibited Tumor Growth
and Resulted in Prolonged Survival of Tumor-bearing Mice

Combination therapy of ruxolitinib with navitoclax significantly inhibited ED(+)/IL-2 tumor
growth /n7 vivo. Female NSG mice were injected s.c. with 1 x 107 ED(+)/1L-2 cells. When
the average tumor volume reached approximately 100 mm3, the tumor-bearing mice were
divided into 4 groups (N = 8-9) with comparable average tumor volumes when the therapy
was started. Ruxolitinib was continuously administered by a s.c. infusion pump at a dose of
50 mcg/kg/day for 14 days, and navitoclax was given orally at a dose of 40 mg/kg/day for 6
days. Average tumor volumes during the therapeutic course for reach group. Kaplan-Meier
survival plot of the mice in the therapeutic study. Reproduced with modification from Figure
4B from the Proceedings of the National Academy of Sciences. Zhang M, Mathews Griner
LA, Ju W, Duveau DY, Guha R, et al., 2015. Selective targeting of JAK/STAT signaling is
potentiated by Bcl-xL blockade in IL-2-dependent adult T-cell leukemia. Proc Natl Acad Sci
USA, volume 112 (40), pp. 12483.

Analysis of drug responses using in vitro culture in murine models were of value but may
not reflect a facsimile of human disease states. Spontaneous proliferations of ex vivo
PBMCs from patients with smoldering/chronic ATLL represented a model to assess the
therapeutic potential of drug combinations in a human system. Proliferation of ATLLS in 6-
day PBMC cultures assessed by 3H-thymidine uptake were determined from 5 patients with
smoldering/chronic ATLL who were in the autocrine IL-2 dependent phase of their
leukemia. Spontaneous proliferations of these PBMCs were partially inhibited by the
addition of individual antibodies to IL-2 and to a lesser extent to IL-9 or IL-15. Profound
inhibition of ex vivo proliferation was achieved by the simultaneous addition of antibodies
against all 3 cytokines. Furthermore, addition of either ruxolitinib or navitoclax inhibited 6-
day ex vivo proliferations of PBMCs from these patients. The combination of ruxolitinib
with navitoclax provided enhanced inhibition (to 90%) of ex vivo proliferation of PBMCs
from the 5 patients that was significantly greater than either drug alone (p < 0.01). Thus, the
combination of ruxolitinib with navitoclax provided additive/synergistic activity with I1L-2
dependent ATLL cell lines and in a mouse model of human IL-2 dependent ATLL as well as
on ex vivo 6-day cultures of PBMCs from ATLL patients. These findings provide support
for a therapeutic trial in patients with smoldering and chronic ATLL using a combination
regimen that inhibits JAK1 and Bcl-xL. With further study it should be possible to provide
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effective multicomponent therapies for many T-cell malignancies that utilize as one of their
elements an inhibitor of JAK1 or JAK3 kinase.
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