Hsp90 inhibition disrupts JAK-STAT signaling and
leads to reductions in splenomegaly in patients
with myeloproliferative neoplasms

The introduction of JAK inhibitors into clinical practice
has improved outcomes for patients with myeloprolifera-
tive neoplasms (MPNs). Ruxolitinib, the only approved JAK
inhibitor for MPN patients, has demonstrated an ability to
decrease splenomegaly and relieve constitutional symp-
toms."* However, the effects of JAK inhibitors on disease
biology and disease progression are limited. Further, the
majority of patients treated with JAK inhibitors demon-
strate stability in mutant allele burden,” demonstrating that
JAK inhibitors cannot eradicate or markedly attenuate the
MPN clone at clinically utilized doses. Examination of the
mechanisms that allow MPN cells to persist despite treat-
ment with JAK inhibitors has revealed that exposure to JAK
inhibitors initially results in inhibition of the JAK-STAT
pathway. However, resistance can occur leading to re-acti-
vation of the JAK-STAT pathway, which is mediated by the
ability of JAK?2 to heterodimerize and be activated in trans
by TYK2 and JAK1.! Thus, the continued presence of
mutant JAK?2 itself allows for re-activation of the JAK-STAT
pathway in the setting of ruxolitinib therapy, a finding that
suggests that strategies that directly impact JAK2 protein

Table 1. Patients' characteristics and outcomes.

levels may be therapeutically useful. Heat shock protein 90
(Hsp90) is an ATP-dependent protein chaperone involved
in regulating the stability of a broad range of proteins,
many of which are important in oncogenesis, including
JAK2? Previous work from our group and others has
demonstrated that JAK2 associates with Hsp90, and that
inhibition of Hsp90 leads to degradation of JAK2 and abro-
gation of JAK-STAT signaling in vitro and in vivo.” Further, in
vivo treatment of a murine model of myelofibrosis (MF)
with an Hsp90 inhibitor resulted in significant reductions in
organomegaly, blood count normalization, and a signifi-
cant survival benefit, when compared to mice treated with
placebo.’

Based on these pre-clinical observations, we undertook a
phase II study of the Hsp90 inhibitor AUY922 (Novartis,
transferred to Vernalis), in patients with MPNs, in order to
assess the safety, efficacy, and pharmacodynamics of treat-
ment. We conducted an open-label, investigator-initiated
single-center phase II trial of AUY922 in patients with:
International Prognostic Scoring System (IPSS)’score of 2 or
higher primary myelofibrosis (PMF), post-polycythemia
vera (PPV-MF) and post-essential thrombocythemia (PET-
MF) myelofibrosis, polycythemia vera (PV), and essential
thrombocythemia (ET). Patients who were refractory to,
intolerant of, or ineligible for conventional therapy (includ-
ing ruxolitinib) were eligible for this study (registered at
clinicaltrials.gov identifier: 01668173). From 2012 to 2014,

Diagnosis Prior Baseline Duration Reason Grade 3-4 Modified %
therapies  mutations  of therapy for toxicity IWG decrease
(months) discontinuation response in palpable
splenomegaly
ET-1 54 ET Anagrelide, None 24 Trial Nausea Stable N/A
hydrea detected discontinuation vomiting, disease
CPK increase
PV-1 57 PV Hydrea JAK2V61TF 5.5 Investigator Blurred No 33%
decision vision, response
night blindness,
GI bleeding
MF-1 56 Post-ET MF  Hydrea, JAKIVGI1TE, 4 Allogeneic N/A Stable disease 65%
anagrelide, ASXLIPT722fs stem cell transplant
pomalidomide,
azacitidine
MEF-2 53 Post-ET MF  Anagrelide,  JAK2V617F 3.5 Trial Night Clinical 42%
hydrea discontinuation blindness improvement,
anemia response
MF-3 72 PMF Darbepoetin  JAK2V617F 6 Investigator Gl Stable 100%
FLT3RTT3G decision bleeding disease
CEBPAP204S
MF-4 54 PMF/ N/A DNMT3AR882P 4 Investigator Anemia, Stable NA
MPN-AP SRSF2P95H decision Gl bleeding disease
MF-5 63 Post-PVMF  Hydrea, JAKNG1TF 0.75 Trial Anemia, N/A N/A
interferon discontinuation  thrombocytopenia,
fatigue

IWG: International Working Group; MPN: myeloproliferative neoplasms; ET: essential thrombocythemia; PV: polycythemia vera; MF: myelofibrosis; PMF: primary myelofibro-
sis; MPN-AP: MPN accelerated phase; Gl: gastrointestinal; CPK: creatine phosphokinase; N/A: not available.
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patients were enrolled on therapy after obtaining approval
from Memorial Sloan Kettering Cancer Center’s
Institutional Review Board. MF, PV and ET were diag-
nosed according to World Health Organization 2008 diag-
nostic criteria. The primary objective of the study was to
determine the efficacy of AUY922 in this patient popula-
tion. Response was assessed using the Revised
International Working Group for Myeloproliferative

Neoplasms Research and Treatment (IWG-MRT) and
European LeukemiaNet (ELN) response criteria’ for MF, and
the European LeukemiaNet (ELN) consensus criteria’ for
PV and ET. Response was assessed after six months of ther-
apy or earlier if treatment was discontinued. Spleen
response assessment was catried out by palpation below
the costal margin in the midclavicular line. Patients were
examined by the same physician-investigator at all
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response time points to ensure measurement precision.
Secondary objectives included confirmation of safety and
tolerability along with exploration of pharmacodynamic
response. AUY922 was administered via intravenous infu-
sion at a dose of 70 mg/m’ once weekly. Dose reduction to
55 mg/m’was permitted for patients experiencing a grade
3 or higher non-hematologic toxicity or grade 4 hematolog-
ic toxicity. Western blot analysis on peripheral blood
derived granulocytes was carried out as previously
described to assess JAK-STAT signaling.” Mutational profil-
ing was carried out using a next-generation sequencing
panel as previously described." Peripheral blood cytokine
analysis was carried out using multiplex bead assay
(HCYTMAG-60K-PX38, Millipore) as previously
described.”

Twenty-five patients were considered for enrollment on
study. However, due to unanticipated toxicity, only 7
patients were accrued prior to study termination. The 7
patients treated on study included: 5 with MF (including
one patient with accelerated phase disease; >10% circulat-
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ing blasts), and one patient each with PV and ET (Table 1).

Patients were treated for a median of four months (range
0.75-24 months). Three patients with MF experienced sta-
ble disease by IWG criteria; this includes one patient with
accelerated phase disease (Table 1). One MF patient met
criteria for Clinical Improvement due to anemia response (2
g/dL increase in hemoglobin from baseline to end of study
without transfusion support) (Figure 1A). One MF patient
did not undergo response assessment as treatment was dis-
continued prior to completion of cycle 1 of therapy (due to
study discontinuation). Patient ET-1 experienced stable dis-
ease by ELN criteria.’ A patient with PV did not meet crite-
ria for a response by ELN criteria.

Five of 7 patients enrolled on study had palpable
splenomegaly at baseline. All patients with palpable
splenomegaly experienced a reduction in palpable sple-
nomegaly on treatment (median reduction 54%, range 33-
100%) (Figure 1C). These responses were not characterized
by IWG criteria as imaging studies were not used to assess
spleen size. All subjects, except for MF-3, were immediate-
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ly transitioned to alternative therapies at the end of study.
Notably, spleen again became palpable (1-2 cm) in MF-3
approximately two months after discontinuing therapy
with AUY922.

Adverse events (grade 2 and higher) included diarrhea,
night blindness, alkaline phosphatase elevation, nausea,
emesis, blurred vision, and creatine phosphokinase eleva-
tion. Serious Adverse Events (SAEs) included nausea, vom-
iting, diarrhea, and altered mental status. Grade 3
decreased visual acuity and night blindness was observed
in 2 patients, requiring dose reduction (Table 1). Three
patients experienced gastrointestinal bleeding as an SAE
(grade 3). Colonoscopic evaluation revealed the presence of
an ileocecal ulcer in 2 of the 3 patients with gastrointestinal
bleeding. Two events were deemed possibly related to
exposure to the study drug. The trial was terminated for
this reason.

Pre-clinical studies indicate that Hsp90 inhibition leads to
decreased JAK2 protein levels and disruption of JAK-STAT
signaling. In order to assess these pharmacodynamic
parameters, Western blot analysis was carried out on
peripheral blood granulocyte lysates collected at baseline
(prior to infusion) and for two consecutive days post infu-
sion. Analysis of JAK-STAT pathway activation by Western
blot using granulocyte lysate demonstrated a marked
reduction in levels of total-JAK2 and phosphorylated-JAK2
on cycle 1 day 2 and day 3, when compared with pre-infu-
sion levels. Concomitant reductions in phosphorylated-
STAT3 and phosphorylated-STAT5 were also observed,
indicating that treatment with AUY922 was successfully
able to disrupt JAK-STAT signaling (Figure 2A). Similarly,
evaluation of JAK-STAT signaling in 4 patients (MF-1, MF-
2, MF-4 and PV-1) demonstrated reduction in levels of
phosphorylated-STAT3 and reductions in total-JAK2 and
phosphorylated-STATS in 4 out of 5 patients evaluated
(Figure 2B).

Assessment of the impact of treatment with AUY922 on
peripheral blood cytokine production was carried out prior
to first infusion of AUY922 (cycle 1 day 1) and on day 1 of
cycle 4. Dynamic changes were observed in several
patients with elevated levels of cytokines at baseline, as
well as increases in several cytokines (Figure 2C). No con-
sistent pattern of cytokine alteration was observed, either
at baseline or as a result of treatment, in this cohort of
patients.

Molecular genetic profiling of patients at baseline and the
end of treatment largely revealed modest changes in
JAK2V617F allele burden, with increases (MF-1, PV-1) and
decreases (MF-2) in allele burden noted. Variants in FLT3
and CEBPA identified in MF-3 at baseline were no longer
detectable at the end of treatment (Figure 2D). Changes in
allele burden did not correlate with the observed changes
in spleen size. However, a decrease in the JAK2V617F allele
burden was observed in a patient with an anemia response
and reduction in spleen size (MF-2).

Our pilot clinical trial of AUY922 in patients with MPNs
demonstrated clinical responses, including reductions in
spleen size in all patients with baseline palpable
splenomegaly, and an anemia response in one MF patient.
Most patients treated had stable disease, including a patient
with accelerated phase disease. Importantly, pharmacody-
namic analysis demonstrated a decrease in JAK2 protein
levels as well as inhibition of the JAK-STAT signaling path-
way, as predicted by pre-clinical studies. It is not clear if
JAK-STAT signaling remains disrupted for the entire period
between doses, which might mitigate the extent of
response and potential for consistent JAK2 allele burden
decreases. Further, most patients received less than six
months of therapy, which may have attenuated potential

efficacy. Many toxicities observed in this study are likegy
specific to AUY922 (based on prior clinical experience™")
and not specific to Hsp90 inhibition, as data from a phase I
study of the Hsp90 inhibitor PU-H71 did not demonstrate
gastrointestinal bleeding or night blindness."” Collectively,
our pre-clinical and clinical data indicate that Hsp90 inhibi-
tion has activity in MPNs. Optimal dosing of Hsp90 in-
hibitors will require detailed analysis of pharmacodynamic
response over time following drug exposure to ensure con-
sistently stable disruption of JAK-STAT signaling. In addi-
tion, combination therapy with JAK inhibitors and Hsp90
inhibitors may represent a viable therapeutic strategy given
the complementary mechanisms of action of these
inhibitors, particularly in patients resistant to JAK inhibitor
monotherapy.*’Further therapeutic efforts targeting Hsp90
watrant investigation in this patient population.
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