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Abstract

Common gamma receptor—dependent cytokines and their JAK/STAT pathways play pivotal roles
in T cell immunity. Abnormal activation of this system was pervasive in diverse T cell
malignancies assessed by pSTAT3/pSTAT5 phosphorylation. Activating mutations were described
in some but not all cases. JAK1 and STAT3 were required for proliferation and survival of these T
cell lines whether or not JAKs or STATs were mutated. Activating JAK and STAT mutations were
not sufficient to initiate leukemic cell proliferation but rather only augmented signals from
upstream in the cytokine pathway. Activation required the full pathway, including cytokine
receptors acting as scaffolds and docking sites for required downstream JAK/STAT proteins. JAK
kinase inhibitors have depressed leukemic T cell line proliferation. The insight that JAK/STAT
system activation is pervasive in T cell malignancies suggests novel therapeutic approaches that
include antibodies to common gamma cytokines, inhibitors of cytokine-receptor interactions, and
JAK kinase inhibitors that may revolutionize therapy for T cell malignancies.
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INTRODUCTION

The common gamma (yc) receptor—dependent cytokines IL-2, -4, -7, -9, -15, -21 and their
receptors and signaling pathways play critical roles in T cell immune responses (1-5)
(Figure 1). The receptors for these cytokines contain yc as well as cytokine-specific a
chains. IL-2 and 1L-15 receptors share an additional subunit, IL-2/IL-15R. These receptors
have no intrinsic kinase activity; hence, they are tightly associated with Janus kinase (JAK)
cytoplasmic tyrosine kinases. There are four JAK cytoplasmic kinases: JAK1, JAK2, JAK3,
and TYK2. Cytokine binding to cytokine receptors induces conformational changes that
yield receptor dimerization, cross-JAK tyrosine phosphorylation, and phosphorylation of the
intracellular tail of the cytokine receptors. This action creates docking sites for signal
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transducer and activator of transcription (STAT), which leads to STAT phosphorylation
homodimerization and nuclear translocation where phosphorylated dimers act as
transcription factors. There are seven mammalian STAT proteins: STAT1, STAT2, STAT3,
STAT4, STAT5A and STATSB (referred to together as STATS), and STAT6 (1-5). In
addition to canonical cytokine signaling, there are noncanonical effects of JAK signaling that
are important in normal and lymphoma biology (6-10). In particular, JAK2 cooperating with
the histone demethylase JMJD2C can remodel the epigenome, augmenting
lymphomagenesis (6). Furthermore, in natural killer/T cell lymphomas (NKTCLSs) JAK3
may phosphorylate EZH2, the functional enzymatic component of the Polycomb Repression
Complex (PRC2), converting it from a transcriptional repressor, its canonical role, into a
transcriptional activator via methylation of lysine 27 in histone 3 (H3K27), thereby
augmenting expression of a series of target genes that are involved in malignant T cell
proliferation (9). In addition, the phosphorylation of STAT3 may induce its translocation to
the mitochondria, where it induces cell death (10).

Recently, disorders involving activation of the -yc/JAK/STAT system were identified in
virtually all forms of T cell leukemia/lymphomas (11-34). Migone and coworkers (12)
demonstrated activation of the JAK/STAT pathway in T cells transformed with human T cell
lymphotropic virus 1 (HTLV-1). Subsequently, activation of the yc/JAK/STAT system was
identified in large granular lymphocytic (LGL) leukemia (13-15), ALK-negative and ALK-
positive anaplastic large cell lymphoma (ALCL) (16-18), nasal-type natural killer cell
lymphoma (NKCL) (19-22), y& T cell lymphoma (23, 24), prolymphocytic leukemia (PLL)
(25-27), Sézary syndrome (28-30), early T cell precursor (ETP) acute lymphoblastic
leukemia (ALL) (31), angioimmunoblastic T cell lymphoma (AITL) (32), and HTLV-1-
associated adult T cell leukemia/lymphoma (ATLL) (33-34).

Most studies of T cell lymphomas have focused on JAK/STAT mutations. Historically, acute
leukemias were the first T cell malignancies associated with a JAK mutation. The TEL-
JAK2 fusion protein was observed as a gene product of (9;12) (p24; p13) in a patient with T
cell ALL (T-ALL) (35-37). The chimeric protein contained the oligomerization domain of
ETS protein TEL and the JH1 tyrosine domain of JAK2. STAT5 was essential for
lymphoproliferative disease in mice with TEL-JAK2. Subsequently, several similar JAK2
fusion proteins were described in ALL and ALCL (38). As noted, JAK2 may enter the
nucleus and act as an epigenetic regulator (6). Furthermore, JAK2 mutations, in particular
substitutions of valine for phenylalanine at codon 617 of JAK2 (V617F), were identified in
patients with chronic myeloproliferative disorders (39-46).

STAT and JAK mutations were shown to be prevalent in variable proportions of diverse T
cell malignancies, indicating that the mutations alone do not account for the pathogenesis of
all lymphomas. Koskela et al. (13) identified somatic STAT3 mutations in 40% of 77
patients with LGL leukemia with hotspots in the Src homology-2 (SH2) domain, which
mediates dimerization and activation of STAT. Activating mutations of STAT3 and/or
STATS5B have subsequently been demonstrated in patients with ALK-negative ALCL (16—
18), peripheral T cell lymphoma not otherwise specified(PTCL-NOS)(47),or PLL(25-27).
Uponanalysis, the mutational hotspot of STAT 5BN642H was not sufficient to initiate
leukemic cell proliferation; rather, this mutation only augmented signals from above in the
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cytokine-cytokine/receptor JAK pathway. Activating mutations of JAK1 and/or JAK3 were
identified in a major proportion both among ALK-negative ALCL patients and among PLL
patients and were found in a minority of patients with ATLL as well as among those with
ETP-ALL and in those with Sezary syndrome (16, 25, 30, 34). In general, however, even in
the presence of STAT or JAK mutations the whole functional cytokine receptor, JAK, and
STAT were required to maintain activation and malignant cell proliferation, and there are
other mechanisms by which activation of the JAK/STAT pathway can be found in nearly all
lymphomas.

This review focuses on the abnormal activation of the JAK/STAT system that is pervasive in
diverse T cell malignancies. Furthermore, it characterizes activating mutations of STAT
identified in many but not all T cell malignancies. Taken as a whole, mutations of the JAK
and STAT system in T cell malignancies have involved predominantly the SH2 domain of
STAT3 and STAT5B and the pseudokinase domain of JAKs 1 and 3. Furthermore, the
activating mutations were not sufficient on their own to drive cell proliferation but only
augmented signals from above, that is, from cytokine interaction with cytokine receptors.
The review also explores the activation of the JAK/STAT pathway in T cell malignancies in
the absence of JAK/STAT mutations.

The demonstration of activation of the JAK/STAT pathway in a major proportion of T cell
malignancies suggests JAKs as potential therapeutic targets that may help revolutionize
multiagent therapy in select patients. The JAK1/2 inhibitor, ruxolitinib, and pan-JAK
inhibitor, tofacitinib, were effective in inhibiting proliferation of a variety of T cell
malignant cell lines and ex vivo malignant cells. To translate these insights, these inhibitors
and many alternative, more specific JAK1 and JAK3 inhibitors are being evaluated in
treatment of select patients with T cell malignancies (48-51).

JAK/STAT ACTIVATION IN T CELL LYMPHOMA

JAK/STAT activation can be assessed by phospho-STAT3 and STAT5 expression and nuclear
localization, as well as by monitoring the negative effects of JAK inhibitors. Such JAK/
STAT activation was shown to be present in a proportion (ranging from rare to 86%) of
patients with virtually any form of T cell malignancy. In particular, activation of the -yc
cytokine, JAK1/3, STAT3, STAT5 pathway in malignant T cells has been a prominent
feature in NK/TCL (19-22), ALK-positive and ALK-negative ALCL (16-18), LGL
leukemia (13-15), PLL (25-27), Sézary syndrome, and mycosis fungoides (28-30), as well
as in smoldering and chronic ATLL (33, 34). Phosphorylation, nuclear translocation, and a
pattern of gene dysregulation of STAT3 were demonstrated in patients with LGL leukemia
(13). However, many of these features were found not only in patients whose leukemic cells
manifested STAT3 mutations but also in leukemias with wild-type STAT3. Treatment with a
STAT3 inhibitor induced apoptosis in an increased proportion of leukemic LGLs but had
little effect on normal lymphocytes. Again, effects of inhibitors were not specific for STAT3
mutant cells in that leukemic cells of patients without STAT3 mutations showed a similar
response. JAK3 phosphorylation was identified on tyrosine 980 in 3 of 4 nasal-type NKCL
cell lines and 20 of 23 NKCL tumor samples (20). However only in 1 cell line and 4 of 19
NKCL primary tumor samples was JAK3 activation associated with JAK/STAT mutations.
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In ALK-positive ALCL the ALK element interacted directly with STAT3 to activate it
without involving cytokine receptors or JAKs (52, 53). Therefore, JAK inhibitors were not
effective. Examination of ALCL tumors demonstrated an overall pSTAT3™705 positivity
with nuclear localization in 49 (82%) of 60 ALCL tumors, 26 (84%) of 31 ALK-positive
ALCL tumors, and 23 (47%) of 49 ALK-negative ALCL tumors (16-18). Nonetheless, the
majority—20 (74%) of 27—of pSTAT3-positive ALK-negative ALCLs displayed no
recurrent JAK/STAT3 mutations. The spontaneous ex vivo proliferation of ATLL cells that
was due to HTLV-1-Tax transactivation of yc cytokines IL-2, IL-9, and IL-15 was associated
with activation of JAK/STAT proteins, and the proliferation was inhibited by the addition of
tofacitinib (12, 33, 54, 55). STAT3 activation was demonstrated in Sézary syndrome
leukemic cells, and tyrphostin AG490, a JAK inhibitor, diminished growth of such leukemic
Sézary cells (28). These observations support the view that the activation of the yc cytokine
receptor, JAK/STAT system is common in virtually all forms of T cell malignancy with and
without mutations.

STAT3/STAT5B MUTATIONS IN T CELL LYMPHOMAS

In light of frequent activation of the JAK/STAT system in T cell malignancies, such
leukemias were examined for activating mutations of STAT proteins. Many T cell
malignancies manifested STAT3/STAT5B mutations that involved their SH2 domain, which
has multiple functions, including docking to phosphorylated tyrosine residues, transient
binding to cytokine receptors, and binding to another STAT protein, which mediates their
dimerization and nuclear localization (56, 57). Koskela et al. (13) first identified somatic
STAT3 mutations in 31 (40%) of 77 patients with LGL leukemia (Figure 2, Table 1).
Mutational hotspots were identified including Y640F in 11-17%, D661Y in 9-11%, and rare
mutations in N6471, D661H, D661l, S614R, and G618R in exon 21 of the SH2 domain (13,
14). STAT3 mutations were also common in various T cell malignancies, including ALK-
ALCL (N6471, D661H), D661ins and D661Y (16-18), GD-HSTCL (Y640F, D661,
YG618R) (23-25), NKTCL (S614R, D661Y) (19-22), PTCL-NOS (Q743H) (47), and
CTCL (1498V, Y640F) (30). STAT5B mutations in the SH2 domain at N642H and Y 665F
were reported in a small proportion of patients with mycosis fungoides (58) and aggressive
LGL leukemia (59-60). The mutations were activating and led to increased phosphorylation
and transcriptional activity of STAT5B. Comparable SH2 STAT5B mutations were
demonstrated in hepatosplenic y& lymphoma (N642H, E679K, 1704L), NKTCL (N642H,
Y665F) enteropathy associated T cell lymphoma (EATL) (N642H), CTCL (N642H,
Q706L), T cell PLL (T-PLL) (N642H, R659C, Y665H, Q706L), and T-ALL (T648S,
N642H, and Q706L) (16-31). Frequent STAT5B mutations were also defined in v
hepatosplenic T cell lymphomas (23, 24) with STAT3 mutation hotspots Y640F and D661Y,
whereas with STAT5B, N642H was a mutational hotspot (Figure 2). Kii¢ik et al. (23)
demonstrated that STAT5B mutations were associated with increased expression of
phosphorylated STAT5B protein and a growth advantage of transduced cell lines or normal
NK cells. Nevertheless, such activating STAT mutations were not sufficient to initiate
leukemic cell proliferation but only enhanced upstream signals from the cytokine, cytokine
receptor, JAK/STAT pathway. This group demonstrated with molecular modeling and
surface plasmon resonance measurements of N642H mutants that there was an increased
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binding affinity of phosphotyrosine-Y699 with mutant histidine. To determine if this
STAT5B-N642H mutation was associated with prolonged STAT5B activation in the presence
of upstream JAK/STAT pathway activation, Kiigiik performed Western blot analyses on
IL-2-activated YT cells in a time-course experiment where they evaluated pSTATS
expression (23). They incubated STAT5B wild type— or N642H mutant—transduced YT cells
with IL-2 for 30 min and evaluated pSTATS5 expression for up to 6 h following IL-2
withdrawal. pSTAT5 expression disappeared 1 h after transient IL-2 stimulation with
STATS5B wild type-transduced cells, whereas it persisted for more than 6 h in N642H-
transduced cells (23). These studies suggested that N642H mutations increased affinity of
the phospho-STAT5B dimer element interaction and resulted in a more persistent activation,
but only when provided with a signal from upstream in the pathway. In accordance with this
view, the growth-promoting activity of the mutant was partially inhibited by addition of the
JAK1/2 inhibitor, AZD1480.

In studies with ALK-negative T cell lines using shRNA loss-of-function analyses, our group
has demonstrated that cell lines that manifested pSTAT3 were addicted to STAT3 whether or
not STAT elements were mutated, suggesting importance of STAT3 activation in leukemic
cell survival and that there are multiple mechanisms for STAT3 activation (J. Chen & T.A.
Waldmann, unpublished observations). Nevertheless, when mutations in the SH2 domain of
STAT proteins are present in T cell malignancy, they appear to augment dimerization and
nuclear localization of the STAT proteins when there were upstream signals.

JAK MUTATIONS

Since STAT-activating mutations were not sufficient but rather only enhanced upstream
signaling, requirement for JAK activation was explored. We investigated whether upstream
signaling through JAK1 was involved in activation of STAT3 in phospho-STAT3-positive,
ALK-negative cell lines (J. Chen & T.A. Waldmann, unpublished observations). Using
shRNA loss-of-function of JAK1, we found cell death was induced in phospho-STAT3-
positive, ALK-negative cell lines, whereas it had no effect on phospho-STAT3-negative cell
lines. JAK1 shRNA treatment not only decreased expression of JAK1 protein but also
decreased STAT3 phosphorylation.

Given the requirement for activated JAKs, especially JAK1 and JAKS, for activation of the
yc cytokine, JAK/STAT pathway, leukemic T cells were examined for JAK mutations
(Figure 3, Table 1). Again, activation of the system was observed both in the presence and in
the absence of activating JAK mutations. In contrast to JAK2-VV617F mutations found in
myelodysplastic syndromes, the majority of mutations in T cell malignancies were in JAK1
or JAK3. The majority of these mutations were in the pseudokinase domain that was
reported to function as a protein kinase inhibiter that phosphorylates two residues that
negatively regulate JAK kinases to suppress activity of tyrosine kinase (61, 62). This
regulation is required to keep JAKs inactive in the absence of ligand stimulation. In the
presence of a cytokine the pseudokinase domain has a second function: connection of
signaling events to receptor activation (61, 62). Convergent activating mutations of JAK1
and/or STAT3 genes were present in 20% of 88 ALK-negative ALCLs, and 7% of systemic
ALK-negative ALCLs displayed double lesions (16). The mutation hotspot of JAK1
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involved Y658F, and with JAK3, A572V and A573V were hotspots of mutation (16).
Ruxolitinib, an inhibitor of JAK1/JAK2, was associated with significant tumor growth
inhibition in ALK-negative ALCL-bearing mice carrying the JAK1 and STAT3 mutations,
supporting an essential role for the JAK/STAT pathway in tumor growth.

JAK3 mutations in the FERM domain were detected in 3 of 36 cases of HTLV-1-associated
ATLL (34, 64), CTCL, and extranodal nasal-type NKCL. Activating mutations,
predominantly A572V and A573V, were demonstrated by Koo et al. (22) in 23 (35.4%) of
65 NKCL cases. STAT activation with JAK3 phosphorylation on tyrosine 980 was
demonstrated in 20 (87%) of 23 NKCL tumor samples (20). In 1 (25%) of 4 cell lines and 4
(21%) of 19 NKCL primary tumor samples, JAK3 activation was related to a mutation
(A573V or V722l) in the JAK3 pseudokinase domain. In a human NKCL xenograft mouse
model, tumor growth was significantly delayed by administration of tofacitinib.

Fourteen mutations were identified in the JAK3 gene in 11 (34%) of 32 patients with T-PLL;
the most frequent mutation was M5111 (25). Missense JAK3 mutations were also described
in 19 (42%) of 45 T-PLL cases (26) and were observed affecting IL-2Ra., JAK1, JAKS3, or
STATSB in 38 (76%) of 50 patients with T-PLL (27). These mutations were known to induce
proliferation in in vitro models (64).

Many distinct JAK1 mutations were associated with ETP-ALL (31). Somatically acquired
JAK1 mutations were identified in 18% of patients with T-ALL that conferred IL-3-
independent growth in Ba/F3 cells (65). JAK1 mutations were reported in 1 (0.5%) and
JAK2 mutations in 16 of 187 cases of high-risk ALL (66). Somatic gain-of-function
mutations affecting JAK1 or JAK3 were revealed in a small proportion [2/66 (3%) each] of
patients with Sézary syndrome and a small proportion [3/36 (8%)] of those with ATLL. It is
clear from our JAK1 knockdown studies, discussed above, that JAK1 is required in cells that
manifest activation of the cytokine receptor JAK/STAT system whether mutations are
present or absent. As with the STAT mutations, JAK mutations appear to be incapable of
initiating proliferation of observed cell responses but rather only augment responses initiated
by upstream signals. In summary, upstream signaling through either JAK1 or JAK3 by
leukemic T cells appears to be necessary but not sufficient for the survival of pSTAT5-
activated malignant T cells.

FUNCTIONAL CYTOKINE RECEPTORS ARE REQUIRED IN THE pSTAT
EXPRESSION OF T CELL MALIGNANCIES

Studies by Lu and coworkers (67) and Hornakova and coworkers (68) indicate that even with
activating JAK mutations there is a requirement for expression of a functional cytokine
receptor that plays two roles, first as a scaffold for cross-activation of JAK kinases, and
second as a docking site for recruitment of STAT transcription factors (67, 68). Lu and
coworkers (67) demonstrated that expression of a functional homodimeric type 1 cytokine
receptor such as the erythropoietin receptor (EpoR) was required for transformation of
hematopoietic cells to growth factor independence (67). Furthermore, EpoR mutations that
impaired erythropoietin-mediated JAK2 or STAT5 activation also impaired transformation
mediated by the JAK2V617F kinase, indicating that this mutant JAK kinase required a
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cytokine receptor scaffold for its transforming and signaling activities (67). Supporting this
view, Hornakova and coworkers (68) examining JAK1 mutations demonstrated that either
the IL-9Ra or IL-2/15Rp receptor was required for STATS activation, whereas STAT3
activation was detected only in the presence of IL-9Ra. Thus, a cytokine receptor was
required to obtain pathway activation, even when tumors expressed activating JAK
mutations.

MOLECULAR DISORDERS OF GAMMA CYTOKINE/RECEPTORS
ASSOCIATED WITH JAK/STAT ACTIVATION

As noted above, although mutations of STAT3/STAT5B and JAK1/JAK3 were frequent,
activation of the receptor-signaling pathway was much more pervasive. A humber of other
disorders were responsible for the activation of the pathway, including mutations of the
cytokine receptors, increased expression of select gamma cytokines, and disorders of protein
phosphatases normally involved in negative regulation of the JAK/STAT system.

In addition to the requirement for a cytokine receptor as a scaffold and docking site, Shochat
et al. (69) and Zenatti et al. (70) demonstrated gain-of-function mutations of the IL-7
receptor, IL-7Ra, exon 6, in patients with childhood ALL. These mutations involved either a
serine-to-cysteine substitution at amino acid 185 in the extracellular domain or in-frame
insertions and deletions in the transmembrane domain. Impaired cysteine receptors
promoted formation of intermolecular disulfide bonds between IL-7Ra subunits (69). These
mutations were associated with aberrant expression of cytokine receptor like—factor 2
(CRLF2). Mutant IL-7R proteins formed a functional receptor with CRLF2 for thymic
stromal lymphopoietin (TSLP) (69). Thus, molecular abnormalities of the IL-7 receptor are
responsible for some of the activation of the receptor-signaling pathway.

DISORDERS IN ADDITION TO yc RECEPTOR JAK/STAT MUTATIONS THAT
YIELD ACTIVATION OF THE yc/JAK/STAT SYSTEM

In addition to activating mutations of the receptor, JAK/STAT system, certain T cell
malignancies were shown to have an increased expression of select yc cytokines that led to
augmented JAK/STAT signaling. Such increases in -yc cytokine production were observed in
HTLV-1-associated ATLL.

In particular, although JAK3 FERM domain mutations were only rarely observed in adult
HTLV-1-associated ATLL, the -yc cytokine, JAK/STAT pathway was usually activated in
patients with smoldering and chronic forms of ATLL (12, 33, 54, 55). We demonstrated that
the HTLV-1-encoded Tax protein transactivated two autocrine loops (IL-2/IL-2Ra., IL-15/
IL-15Ra)and one paracrine loop (IL-9/IL-9Ra) in such patients (55, 71, 72). These
cytokine/cytokine receptor loops led to activation of the JAK1/3 and STATS5 signaling
pathway and were associated with ex vivo spontaneous proliferation of ATLL cells that was
inhibited by tofacitinib (49).

There is evidence supporting a role for the yc uptake for IL-15 in CTCL, including IL-15
expression in CTCL tumor tissues (73-76). Furthermore, 1L-15 was stimulatory for CTCL
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cells in vitro and was a growth factor for Sézary cell lines (29). Analysis of ex vivo patient
Sézary cells and three CTCL lines by RT-PCR indicated that these cells expressed IL-15
MRNA. In CTCL cells there was a downregulation of ZEB1, a candidate tumor suppressor,
that normally inhibits 1L-2 and IL-15 expression (75, 76). On the basis of these studies,
Dobbeling et al.(74)concluded that IL-15 is a growth viability factor for CTCL-derived cell
lines and plays an important role in CTCL biology. The T cell malignancy AITL has been
associated with an increase in 1L-21 expression (77). Both ATLL and CTCL are
characterized by increased -yc cytokine expression: 1L-2, -9, and -15 in ATLL and probably
IL-15in CTCL.

These observations taken as a whole support the view that persistent activation of the JAK/
STAT pathway in T cell malignancy requires that all elements of the pathway be present, and
disorders of each of these elements have been reported to play a role in select patients with a
T cell malignancy.

DEFECTS IN THE NEGATIVE REGULATION OF THE JAK/STAT SYSTEM

Enhanced signal trafficking through the JAK/STAT system can arise from either upregulated
cytokine, tyrosine kinase, STAT function, as discussed above, or loss of negative regulation.
Protein tyrosine phosphatases are involved in negative regulation of the JAK/STAT system.
Loss-of-function mutations in protein tyrosine phosphatase nonreceptor type 2 (PTPN2)
have been identified in 6% of T-ALL cases (78, 79). Knockdown of PTPN2 increased the
duration of JAK1 and STAT1 phosphorylation, cellular proliferation, and sensitivity of T-
ALL cell lines or primary mouse T-ALL cells when stimulated with IL-2 or IL-7. Loss-of-
function mutations of receptor tyrosine phosphatase PTPRC (CD45) were identified in T-
ALL. Furthermore, downregulation of phosphatase CD45 was associated with increased
signaling downstream of phosphatase (80).

Suppressors of cytokine signaling (SOCS) are a family of intracellular proteins that
negatively regulate JAK/STAT signal transduction by combining direct inhibitory
interactions with cytokine receptors and signaling proteins with a mechanism of targeting
proteins for degradation (81). SOCS proteins are silenced in many tumors by
hypermethylation of CpG islands in their promoters, including that of SOCS3 in NKCL
(81). SOCS3 binds and directly inhibits the catalytic domains of JAK1 and JAK2 proteins.
Furthermore, aberrant hypermethylation of SOCS3 was identified in the promoter in 3 of 16
T cell lymphoblastic lymphoma samples (82). This observation suggests that epigenetic
alterations in activation of SOCS3 might be a modulatory event in T cell lymphoblastic
lymphoma development. Thus, activation of the JAK/STAT system may arise from either
upregulation of the function of any of the elements of the gamma cytokine, JAK/STAT
pathway or loss of normal negative regulation of this pathway.

THE yc CYTOKINE, JAK/STAT SYSTEM AS A TARGET IN THE TREATMENT
OF T CELL MALIGNANCIES

Disorders of the gamma cytokine and JAK/STAT signaling pathways are pervasive in T cell
malignancies, suggesting new molecular targets and novel therapeutic opportunities that may
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revolutionize the treatment of these tumors, which are usually associated with a very poor
prognosis. The insight that disorders of the yc cytokine, JAK/STAT system are pervasive in
T cell malignancies provides the rationale for new therapeutic approaches, including those
that target the -yc cytokine directly, those that block cytokine-receptor interactions, and
especially JAK kinase inhibitors that may revolutionize the therapy of T cell malignancies.
Such diverse approaches include the use of neutralizing antibodies to yc receptor—dependent
cytokines (IL-2, IL-15, IL-21), blocking antibodies to their receptors (anti-1L-2Ra.,
daclizumab, basiliximab, anti-1L-2/1L-15Rp,Hu-Mik-B-1), small-molecule inhibitors
interdicting cytokine-cytokine receptor interactions (BNZ-1, H9-RETR), JAK kinase
inhibitors (ruxolitinib, tofacitinib) as well as JAK1-and JAK3 (JAK3i)-specific agents, and
finally inhibitors of STAT action (Figure 4). Anti-cytokine antibodies to IL-15 have been
evaluated in rheumatoid arthritis and may be of value in the treatment of CTCL where
disorders of this cytokine have been identified (83).

The studies discussed above suggest that, in select T cell malignancies where abnormal
cytokine/cytokine-receptor interactions are involved (e.g., ATLL, CTCL), agents that inhibit
the interaction of cytokines with their receptors might be of value. Monoclonal antibodies
directed toward yc cytokine receptors including the I1L-2 receptor subunit, IL-2Ra., have
been used in immunotherapy (84, 85). The rationale for this target was that IL-2Ra is not
expressed by most normal resting cells with the exception of regulatory T cells but is
expressed by various T cell leukemias. Daclizumab (anti-Tac, Zenapax) was shown to be of
value in the treatment of patients with smoldering and chronic ATLL (84, 85).

Recently two modifications of IL-2 have been generated that block binding of normal IL-2
and IL-15 to IL-2/IL-15Rp and yc receptors, thereby simultaneously inhibiting the actions
of both IL-2 and IL-15. BNZ-1 binds only to the yc chain, not IL-2/ IL-15Rp, whereas H9-
RETR binds tightly to 1L-2/1L-158 but not to yc. Both agents prevent the heterodimerization
of IL-2/1L-15Rp with -yc chains that is required for signaling (86, 87). These agents are
being evaluated in murine xenograft models of ATLL.

Although there are diverse mechanisms for activation of the JAK/STAT pathway in T cell
malignancies, essentially all require the activation of JAK for malignant cell proliferation,
thus providing the scientific basis for the use of JAK inhibitors for the treatment of patients
with T cell malignancy (46, 88, 89). JAK inhibitors depress proliferation of T cell lymphoma
lines or that of ex vivo cells transfected with activating JAK or STAT mutations that were
observed with T cell leukemias, also supporting use of such inhibitors as an element in the
therapy of T cell malignancies (20-22, 49). The best biomarker suggesting that JAKs would
be a rational target was the presence of activation (e.g., pSTAT3 or pSTAT5 and their nuclear
translocation) rather than less frequent JAK/STAT mutations affecting this system. HTLV-1
Tax transactivates IL-2, IL-15, and IL-9 that signal through JAK1/JAK3 STAT5, suggesting
use of a JAK1/3 inhibitor. The JAK1/2 inhibitor, ruxolitinib, and pan-JAK1/2/3 inhibitor,
tofacitinib, inhibited ex vivo proliferation and phospho-STAT expression of ATLL cells (49).
To translate these observations, a clinical trial of ruxolitinib is underway in patients with
smoldering and chronic ATLL (51). In addition, tofacitinib, an inhibitor approved by the
FDA for treatment of patients with rheumatoid arthritis, was proposed as a novel salvage
therapeutic agent for refractory LGL leukemia (90). Among 9 patients with LGL leukemia
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and rheumatoid arthritis treated with tofacitinib, there was a hematologic response in 6, with
8 manifesting an improvement of arthritis symptoms and improvement in neutropenia in 5 of
7 evaluable patients.

With rare exceptions, T cell malignancies are associated with activation of yc cytokine,
JAK1/JAK3, STAT3/STATS signaling but not activation of JAK2. However, both ruxolitinib
and tofacitinib inhibit the off-target JAK2 kinase in addition to the desired JAK1 and JAKS3.
JAK?2 inhibition interferes with signaling mediated by thrombopoietin, erythropoietin, I1L-3,
IL-5, and GM-CSF, leading to thrombocytopenia, anemia, and neutropenia. This cytopenia
was associated with an increased incidence of infections including herpes zoster and
tuberculosis (46). In light of toxicities, due to JAK?2 inhibition, agents with greater
specificity for JAK1 or JAK3 are being developed and are in the clinic. An example is
filgotinib, which preferentially inhibits JAK1. Nevertheless, as a JAK1 inhibitor, it has
activities that inhibit cytokines other than the -yc cytokines.

JAK3 is an alternative, attractive target for specific inhibition. JAK3 expression is restricted
to cells of hematopoietic lineage and is exclusively associated with the -yc chain (2).
Mutations of JAK3 in humans or mice result in abnormalities restricted to severe combined
immunodeficiency (2). However, Haan and coworkers (91) have reported that JAK1 has a
dominant role over JAKS3 in signal transduction through yc-containing cytokine receptors.
These authors concluded that JAK3 predominantly plays a role as a scaffold, and they
disagree with the proposal that selective ATP-competitive JAK3 kinase inhibitors would be
effective therapeutic agents. In contrast, Smith et al. (92) demonstrated that a selective
covalent inhibitor of JAK3 (JAK3i) blocked IL-2-stimulated T cell proliferation at low-
nanomolar concentrations with great selectivity. This observation reflected temporal
dissection of IL-2 signaling wherein they revealed a biphasic role for JAK3 catalytic activity
in CD4™ T cells. JAK3i blocked a second temporal wave of IL-2-mediated signaling. Smith
et al.”s (92) results contradict the prior conclusions of Haan et al. (91) that discounted the
catalytic role of JAK3 and revealed a preferential requirement for JAK3 kinase activity in a
second wave of IL-2-mediated signaling.

As an alternative focus, STATs would appear to be logical targets for therapeutic agents (43,
46, 89, 93). However, despite considerable efforts, development of effective STAT inhibitors
has been challenging. Nevertheless, STAT3 decoys to block STAT binding are being
evaluated, and efforts are being made to block phosphorylation of STATSs to disrupt SH2
domains to interfere with dimerization or with STAT DNA binding. In addition, a number of
drugs have been repurposed as nonspecific STAT inhibitors; these include lisofylline,
fludarabine, pimozide, sulforaphane, pyrimethamine, and curcumin (43, 46).

If they are to be of major value in the treatment of T cell malignancies, JAK/STAT inhibitors
will probably have to be used in combination therapy. To develop such a combination, we
evaluated ruxolitinib in a high-throughput matrix screen combined with other potential
therapeutic agents (94). The Bcl-2/Bcl-xL inhibitor, navitoclax, was identified as a strong
candidate for multicomponent therapy with ruxolitinib. Ruxolitinib and navitoclax
independently demonstrated modest antitumor efficacy, whereas the combination
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dramatically lowered tumor burden and prolonged survival in an ATLL tumor xenograft
murine model (94).

CONCLUSIONS

The discovery of the JAK/STAT signaling pathway and the demonstration of pervasive
activation of this pathway in most forms of T cell malignancies represent one of the most
exciting developments in T cell biology and in defining the pathogenesis of T cell
malignancy. Activating mutations of STATs and JAKs were identified in many but not all
cases. These mutations were not sufficient to support leukemic cell proliferation but only
augmented the action of upstream signals in the cytokine receptor, JAK/STAT pathway. Each
participant in the yc cytokine, cytokine receptor JAK/STAT pathway was required to
maintain pathway activation. This insight that disorders of the yc/JAK/STAT system are
pervasive in T cell malignancies suggests that novel pathway therapeutic directed
approaches, including those that involve antibodies to yc cytokines, agents that block
cytokine-receptor interaction, and especially JAK kinase inhibitors, may revolutionize
therapy for T cell malignancies.
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SUMMARY POINTS

Activation of the yc cytokine, JAK/STAT system is pervasive in T cell
malignancies, supporting JAK kinase inhibitor therapy.

Activating mutations in STAT3/STAT5B, JAK1, JAK3 were frequent but not
sufficient to initiate proliferation and only augmented signals from upstream
in the cytokine-cytokine receptor, JAK/STAT pathway.

pSTAT malignant T cell lines were addicted to JAK1 and STAT3 whether or
not they were mutated.

Even with activating JAK mutants 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.

The fundamental insight that disorders of the yc/JAK/STAT system are
pervasive in T cell malignancies suggests novel therapeutic approaches,
especially the use of JAK kinase inhibitors, that may revolutionize therapy for
T cell malignancies.
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Figurel.
Receptors for -yc family cytokines. Shown are the receptors for IL-2, -15, -4, -7, -9, and -21.

The receptors share the -yc chain and express a cytokine-specific a chain. Furthermore, 1L-2
and IL-15 use a third receptor chain, the IL-2/IL-15R B chain. The receptors for each yc
family cytokine activate JAK1 and JAK3. The STAT activated by the cytokine receptors is
shown, with STATS5 referring to both STAT5A and STAT5B. Abbreviations: DC, dendritic
cell; NK cell, natural killer cell; NKT cell, natural killer T cell. Modified from Figure 1 in
Reference 1, with permission.
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Figure 2.
STAT mutations discovered in T cell malignancies. Color-coded representation of the

location of each mutant residue within the domain structure of each STAT protein. The
majority of mutations in STAT proteins were found within the SH2 domain with mutational
hotspots at STAT3 Y640F and D661Y, and for STAT5B at N642H and Y665F.
Abbreviations: AITL, angioimmunoblastic T cell lymphoma; ALCL, anaplastic large cell
lymphoma; ATLL, adult T cell leukemia/lymphoma; CTCL, cutaneous T cell lymphoma;
EATL, enteropathy-associated T cell lymphoma; y8TCL, hepatocellular -y peripheral T cell
lymphoma; NKTCL, extranodal natural killer T cell lymphoma; PTCL-NOS, peripheral T
cell lymphoma not otherwise specified; T-ALL, early T cell precursor acute lymphoblastic
leukemia; T-LGL, T cell large granular lymphocytic leukemia; T-PLL, T cell
prolymphocytic leukemia.
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ATLL yOTCL ALCLALK- EATL PTCL-NOS  T-LGL AITL

JAK mutations discovered in T cell malignancies. Color-coded representation of the location
in each mutant residue within the domain structure of each JAK protein. The majority of
mutations in the JAK proteins were found within the pseudokinase with mutational hotspots
at JAK1 Y658F and at JAK3 A572V, A573V. Abbreviations: AITL, angioimmunoblastic T
cell lymphoma; ALCL, anaplastic large cell lymphoma; ATLL, adult T cell leukemia/
lymphoma; CTCL, cutaneous T cell lymphoma; EATL, enteropathy-associated T cell
lymphoma; -y8TCL, hepatocellular y& peripheral T cell lymphoma; NKTCL, extranodal
natural killer T cell lymphoma; PTCL-NOS, peripheral T cell lymphoma not otherwise
specified; T-ALL, early T cell precursor acute lymphoblastic leukemia; T-LGL, T cell large
granular lymphocytic leukemia; T-PLL, T cell prolymphocytic leukemia.
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Examples of therapeutic agents that are of value in the treatment of T cell malignancies with

associated disorders of the -yc cytokine, JAK/STAT signaling pathway.
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Table 1
JAK and STAT mutations in T cell lymphoma
T cell disease JAK mutation STAT mutation Other mutations/ Reference(s)
fusions
Extranodal NKTCL JAK1: Y652D JAK3: C565DEL, STAT3: S614R, D661Y, 20, 22,23
A572V, A573V, V7221 AT03T, STAT5B:
N642H, Y665F
Hepatosplenic y8TCL STAT3: Y640F, D661Y 23
STAT5B: N642H,
Y665F, E679K
CTCL, including JAK1: Y654F, L710VJAKS: Y123H, STAT3: 1498Y, Y640F 26, 30, 58
Sézary syndrome A573V, S989I STAT5B: N642H,
Q706L
HTLV-1 ATLL JAKS3: L156P, R172Q, E183G 34,64
PTCL-NOS JAK3: L1073F STATS5B: Q743H IL-7RQ445* 95
ETP-ALL JAK1: S512L, A634D, V658F, IL-7R, TEL-JAK2 31,35,37, 65, 69, 70
R724H/Q, V782M, L783F, R879S/C/H
JAK2: R683S/G/Q, 1682F, R867Q,
D873N, P933R JAK3: V715ITYK2:
V15A, G36D, S47N, R274H, R425H,
V731l, E957D, R1027H
AITL JAK2: V617F, G511S 614,661 32
NK, LGL leukemia JAK1: Y652DJAK3: C365del, A572V, STAT3: S614R, G618R, 13-15, 59

A573V, V7221, L1073F

Y640F, N6471, D661Y/
VHI, STAT5B: N642H,
Y665F

ALK-negative ALCL JAK1: G1097D/S/V, Y640F, L910P STAT3: S614R, G618R, NFB2-ROS1, 16-18, Chen etal.
Y640F, N6471, NFB2-TYK2, 20162
D661H/Y, lins, A662V PABPC4-TYK2,
lead to constitutive
pSTAT3 activation
T-PLL JAK1: L653F, Y658FJAK3: Q503H, STAT5B: N642H, IL-2RG: M270 del, | 25-27
Q507P/H, M5111, A572V, A573V, R659C, Y665H, Q706L K315E
R629D, 630del, L653F, R657Q/W,
V658F, V674F/A, V678L, V7221,
Y824D, L857P
EATL STAT5B: N642H 23

aJ. Chen, Y. Zhang, M. Petrus, W. Xiao, A. Nicolae, et al., submitted manuscript.

Abbreviations: AITL, angioimmunoblastic T cell lymphoma; ALCL, anaplastic large cell lymphoma; ALL, acute lymphoblastic leukemia; ATLL,
adult T cell leukemia/lymphoma; CTCL, cutaneous T cell lymphoma; EATL, enteropathy-associated T cell lymphoma; ETP, acute lymphoblastic
leukemia; y8TCL, 6 T cell lymphoma; HTLV-1, human T cell lymphotropic virus 1; LGL, large granulocytic leukemia; NKTCL, natural killer

cell lymphoma; PTCL-NOS, peripheral T cell lymphoma not otherwise specified; T-PLL, T cell prolymphocytic leukemia.
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