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Abstract

Drug resistance underpins poor outcomes in many malignancies including refractory and relapsed acute myeloid leukemia
(R/R AML). Glucuronidation is a common mechanism of drug inactivation impacting many AML therapies, e.g., cytarabine,
decitabine, azacytidine and venetoclax. In AML cells, the capacity for glucuronidation arises from increased production of
the UDP-glucuronosyltransferase 1A (UGT1A) enzymes. UGT1A elevation was first observed in AML patients who relapsed
after response to ribavirin, a drug used to target the eukaryotic translation initiation factor elF4E, and subsequently in
patients who relapsed on cytarabine. UGT1A elevation resulted from increased expression of the sonic-hedgehog tran-
scription factor GLI1. Vismodegib inhibited GLI1, decreased UGT1A levels, reduced glucuronidation of ribavirin and cytara-
bine, and re-sensitized cells to these drugs. Here, we examined if UGT1A protein levels, and thus glucuronidation activity,
were targetable in humans and if this corresponded to clinical response. We conducted a phase Il trial using vismodegib
with ribavirin, with or without decitabine, in largely heavily pre-treated patients with high-elF4AE AML. Pre-therapy mol-
ecular assessment of patients’ blasts indicated highly elevated UGT1A levels relative to healthy volunteers. Among patients
with partial response, blast response or prolonged stable disease, vismodegib reduced UGT1A levels, which corresponded
to effective targeting of elF4E by ribavirin. In all, our studies are the first to demonstrate that UGT1A protein, and thus
glucuronidation, are targetable in humans. These studies pave the way for the development of therapies that impair glu-
curonidation, one of the most common drug deactivation modalities. Clinicaltrials.gov: NCT02073838.

with venetoclax plus hypomethylating agents (HMA), with
a median OS of about 2.4 months.* By understanding the

Introduction

Drug resistance remains a major challenge in the treat-
ment of many malignancies and is responsible for reduced
overall survival in settings such as refractory and relapsed
(R/R) acute myeloid leukemia (AML). Clinical response fol-
lowing initial chemotherapy for most AML patients is about
one year.* After first relapse, outcomes are worse, with
overall survival (OS) lasting approximately 4-5 months and
at second relapse approximately two months with chemo-
therapy.>® The outlook is similarly dismal at first relapse

molecular bases of clinical resistance, it is possible to de-
sign new therapeutic strategies to overcome them. Drivers
of clinical resistance include impaired drug entry into the
cell, inactivation of drugs through chemical modification,
genetic re-wiring, and/or enhanced efflux of drugs from
cells.” These events can elicit multi-drug resistance even
to therapies for which there were no prior exposures,
which thereby impacts outcomes of subsequent regimens.
For example, the commonly used AML drugs cytarabine,
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azacytidine and decitabine all employ the equilibrative nu-
cleoside transporter 1 (ENT1) to enter AML cells, and re-
duced ENT1 levels elicit resistance to all these drugs®™
(Figure 1). One of the most common forms of drug resis-
tance in pharmacology is the covalent addition of glucu-
ronic acid to drugs, which results in inactivation, thereby
driving drug resistance. Glucuronidation occurs both in the
liver and extrahepatically,”"™ and AML cells can develop the
capacity to glucuronidate multiple drugs simultaneously
via elevated levels of UDP-glucuronosyltransferase 1A
(UGT1A) enzymes.?"® These events occur independently of
hepatic glucuronidation. Glucuronidation impacts approxi-
mately 50% of prescribed drugs including cytarabine,
venetoclax, decitabine and azacytidine®?2¢® (Figure 1).
These observations highlight the importance of developing
inhibitors that overcome drug resistance to produce dur-
able responses in R/R AML patients.

This ability of AML blasts to glucuronidate drugs was first
revealed during clinical studies targeting the eukaryotic
translation initiation factor elF4E with ribavirin.821617 g|FAE
is elevated in a subset of de novo and R/R AML patients,
and its elevation alone is correlated with worse out-
comes.” High-elFAE AML specimens are typically char-
acterized by highly elevated and often nuclear-enriched
elF4E.?°22 Here, elF4E drives the production of factors that
support malignancy through its impacts on several nuclear
RNA metabolism steps, including capping, splicing, and
RNA export, as well as on translation in the cytoplasm
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through association with their m’G RNA cap.’®?°23-2% |n this
way, elF4E serves as an exemplar for targeting RNA me-
tabolism in malignancies. Ribavirin acts as a m’G RNA cap
competitor, and thereby represses the biochemical and
oncogenic activities of elF4E.23%*2 |In a phase Il ribavirin
monotherapy and subsequent ribavirin plus low-dose cy-
tarbine (LDAC) phase I/l trial, treatments reduced high-
elF4E AML cell numbers and re-localized elF4E from the
nucleus to the cytoplasm, corresponding to repressed on-
cogenic capacity and objective clinical responses, includ-
ing complete remissions.??243 Ribavirin also targeted elF4E
in other cancers, including those of the prostate and head
and neck.***

Despite robust responses, all patients relapsed on these
trials. We noted at relapse the emergence of populations
of high-UGT1A cells.®' This correlated with increased glu-
curonidation and subsequent deactivation of ribavirin and
cytarabine in cells.®’® Some specimens additionally had re-
duced ENT1 levels, and thus impaired uptake of ribavirin
and cytarabine, indicative of the development of multiple
forms of resistance simultaneously.2*?? High-UGT1A cell
populations also emerged at relapse in patients treated
with standard of care (cytarabine with an anthracycline),
indicating that glucuronidation-driven resistance is not re-
stricted to ribavirin-based therapies.? This glucuronidation
led to drug resistance to several AML drugs, including cy-
tarabine, venetoclax, azacytidine and decitabine.?"® In-
creased UGT1A protein levels arose due to elevation of the
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Figure 1. Schematic of forms of drug resistance relevant to this trial. Glucuronidation of ribavirin (Rib) and decitabine (Dec) is in-
dicated by red boxes; the ENT1 transporter is depicted as the purple channel. While not shown, drug resistance can also occur
via the simultaneous loss of ENT1 and elevated UGT1A (and thus increased glucuronidation). Model created using Biorender.
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hedgehog transcription factor GLI1, but can likely occur by
other means as well.8® GLI1-inducible glucuronidation was
repressed by vismodegib which indirectly targets GLI1 via
the Smoothened extracellular receptor (SMO).8"® Vismodegib
reduced UGT1A levels, decreased glucuronidation, and re-
sensitized cell lines to these drugs.8™®

We sought to examine the capacity of vismodegib to lower
UGT1A levels, and thereby reduce drug glucuronidation, in
largely heavily pre-treated high-elFAE AML patients in a
phase Il clinical trial. Given that vismodegib binds an extra-
cellular receptor, it escapes cellular glucuronidation, pro-
viding an additional rationale for its use here. We also
included decitabine in our combination, as ribavirin com-
bined with HMA provided better inhibition of high-elF4E
AML patient specimen growth ex vivo than either agent
alone.?? Finally, both ribavirin and decitabine employ the
ENT1 drug transporter,®™ 46 and thus we ensured patients
entered the trial with active ENT1. This also enabled us to
study flux in ENT1 levels as a predictor of relapse in these
patients in parallel with monitoring UGT1A levels. In all, we
sought to develop strategies to target heavily pre-treated
AML patients focusing on UGT1A. Our studies demonstrated
for the first time that glucuronidation can be targeted in
humans and that this is associated with clinical benefit.

Methods

Study design

This was a multi-center, open-label, randomized phase Il
study of ribavirin and vismodegib with or without decitabine
in AML. The primary objective was to determine the efficacy
of ribavirin, vismodegib with or without decitabine using
overall response rate defined as the rate of complete re-
mission (CR), complete remission with incomplete blood
count recovery (CRi), partial remission (PR), morphologic
leukemia-free state (MLFS) or blast response (BR). Cor-
relative studies were included to assess relevant molecular
targets.

Patients randomized to the VRD arm (vismodegib/ribavi-
rin/decitabine) were administered decitabine at 20 mg/m?
intravenously daily on days -7 to -3 for cycle 1 and days 1
to 5 on subsequent cycles. Ribavirin at 1400 mg orally was
taken twice daily and vismodegib was taken orally at 150
mg once a day starting on day 1. Treatment cycles were
28 days long. Patients randomized to the VR arm (vis-
modegib/ribavirin) received ribavirin 1400 mg twice a day
and vismodegib 150 mg once a day. Ribavirin and decita-
bine were donated by Pharmascience Inc., Montreal, Que-
bec, Canada; vismodegib was donated by Hoffmann-La
Roche Ltd., Mississauga, Ontario, Canada.

A run-in phase of three patients in each arm was performed
to ensure both the safety of these combinations and ad-
equate ribavirin plasma levels. Based on the respective
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toxicity profiles, no safety signal was observed and ad-
equate plasma levels of ribavirin were found. The VR arm of
the trial was terminated early due to futility as per the
Simon two-stage design (see Online Supplementary
Methods). Enrolment on the VRD arm closed prior to reach-
ing 21 participants due to overall challenges in recruiting
evaluable participants during the COVID pandemic and the
understanding that the treatment landscape for AML was
evolving.

Patient selection

Patients at least 18 years of age with AML were eligible to
participate in this study. All patients must have failed pri-
mary therapy (defined as two induction chemotherapies),
must have relapsed, or must not have been suitable candi-
dates for intensive induction chemotherapy. All patients re-
viewed and signed an appropriate informed consent which
had been approved by the institutional review boards
(CIUSSS West-Central Montreal Research Review Office, ap-
proval 14-046, and University Health Network Research
Ethics Board, approval 15-9586C) and Health Canada in ac-
cordance with the Declaration of Helsinki. Eligibility criteria
are detailed in the Online Supplementary Methods.

Acute myeloid leukemia primary specimens

Blasts were isolated from peripheral blood or bone marrow
by flow cytometry using forward and side scatter and CD45,
as described previously.?? Cells were sorted on a BD FAC-
SAria flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA). For comparison, normal CD34* cells were obtained
from Lonza (Hayward, CA, USA) or ATCC (Manassas, VA,
USA).

Immunofluorescence

Immunostaining of cells with elF4E (BD Biosciences, Mis-
sissauga, ON, Canada) and UGT1A antibodies (Antibodies-
online, further purified in-house) is described in detail in
the Online Supplementary Methods, along with a description
of the purification of the commercial UGT1A antibody to
yield a single band on western blot.

Western blotting, quantitative polymerase chain reaction
and RNA interference

Detailed methodology for immunoblotting, RNAi and reverse
transcription-quantitative polymerase chain reaction (RT-
gPCR), including antibodies, primers and RNAi sequences
used, is presented in the Online Supplementary Methods.

Results

Patients' characteristics and clinical results
Between May 2015 and February 2021, 23 patients were
enrolled onto the study. To ascertain eligibility, we per-
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formed molecular screening on 47 patients, examining
AML blasts isolated as described.?? For inclusion, patients’
blasts had to have 23-fold elevated elF4E levels versus
CD34* cells from healthy volunteers as described,*?? and
functional ENT1 as assessed by *H-ribavirin uptake equiv-
alent to, or higher than, CD34" cells from healthy volun-
teers. Fourteen patients failed molecular screening: seven
due to impaired ribavirin uptake, two without elevated
elF4E, and five due to insufficient material to screen (On-
line Supplementary Figure ST). Baseline patients' char-
acteristics for the enrolled patients are detailed in Table
1. Median age was 65 years (range 28-85), patients were

Table 1. Patients' baseline characteristics.

N of patients
Median age in years (range)

Sex, N
Female
Male

ECOG Performance Status, N
0
1
2

WHO classification*, N
Defining genetic abnormalities
NPM1
NUP98
CEBPA
Myelodysplasia-related
Defining by differentiation

FLT3-ITD, N

Next generation sequencing (N=10)
Myelodysplasia-related, N
ASXL1
RUNX1
SRSF2
Other**, N

Response to primary therapy, N
Primary induction failure
Relapsed = 6 mth post induction
Not eligible for induction***

Prior treatment for AML, N
No prior treatment for AML****
1 prior line
2 prior lines
=3 prior lines

Prior allotransplant, N

Prior HMA, N
For AML
For myeloproliferative disorder*****

S. Assouline et al.

heavily pre-treated with 43% of patients having received
>3 lines of therapy and 52% of the patients having failed
primary induction. Testing for FLT3-/TD and NPM1 muta-
tions was performed in all patients and were found in 30%
and 35% of the patients, respectively. Post-hoc next gen-
eration sequencing (NGS) performed on ten patient base-
line samples, did not identify TP53 mutations (see Table 1
for list of mutations). The median duration of treatment
was 1.6 months (range 0.4-10.4). The most common treat-
ment-emergent adverse events regardless of causality
were febrile neutropenia (65%; grade =23: 65%), nausea
(61%; grade 23: 9%), diarrhea (52%; grade 23: 4%), vomiting

Total Decitabine+VR VR
23 15 8
65 (28-85) 61 (42-85) 67 (28-72)
6 5 1
17 10 7
5 3 2
15 9 6
3 3 0
20 13 7
8 6 2
1 0 1
1 0 1
10 7 3
3 2 1
7 4 3
1 1 0
2 1 1
2 1 1
5 5 0
12 6 6
6 5 1
5 4 1
3 2 1
4 3 1
6 4 2
10 6 4
4 2 2
11 9 3
9 6 3
3 3 0

N: number; ECOG: Eastern Cooperative Oncology Group; WHO: World Health Organization; V: vismodegib; R: ribavirin; mth: months. *WHO
classification was determined at relapse. **Other mutations found: CBL, IDH2, JAK2, PTPN11, SETBP1. ***Includes patients that were treated
on a clinical trial, had no prior treatment for acute myeloid leukemia (AML) or received a hypomethylating (HMA) agent. ****2/3 patients were
previously treated with a HMA for myelodysplastic syndromes (MDS). *****2/3 patients received a HMA for MDS and 1/3 received a HMA for

myelofibrosis.
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(48%; grade 23: 0%), and fatigue (43%; grade =3: 13%) (On-
line Supplementary Table S7). Seventeen patients were
evaluable for clinical response, 16 of whom were heavily
pre-treated for AML and/or myelodysplastic syndromes
with a median of three prior therapies for the VRD arm
and two for the VR arm; 8/17 patients relapsed from prior
HMA, 1/17 prior venetoclax plus HMA, and 15/17 prior cy-
tarabine.

Overall, 4/10 patients in the VRD arm achieved objective
responses: one PR and three BR (treatment range 5-10
cycles); two durable SD (treatment range 4-6 cycles); two
SD and two PD (Table 2). Median time to response was 2.2
months (range 1.7-3.6). In comparison to an earlier study
with decitabine alone, median time to response was 157
days (5.2 months) and only untreated or patients receiving
second-line therapy responded.*” Thus, decitabine alone
is not likely to have driven the observed responses in this
trial given the short time to response, but rather the HMA-
ribavirin combination was associated with response, as
observed in ex vivo studies.®> Among responding patients,
4/6 had relapsed while on HMA, suggesting re-sensitiza-
tion to decitabine by vismodegib and/or added benefit by
targeting elF4E with ribavirin. Responses in the VR arm
were 3/7 SD and 4/7 PD, and this arm was closed. Phar-
macokinetic studies indicated that vismodegib and ribavi-
rin were not affected by decitabine exposure (Online
Supplementary Figure S2).

Molecular assessment reveals correlation between
UGT1A and elF4E targeting and clinical response

To study the impact of glucuronidation in both treated and
treatment naive patients, we examined UGT1A protein
levels relative to healthy volunteers (Figure 2). For this pur-
pose, we employed immunofluorescence and confocal
laser microscopy (IFCLM). The commercially available pan-
UGT1A antibodies available were found to have extraneous

Table 2. Efficacy in treated patients.
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bands and thus were further affinity purified prior to use.
The resulting antibody revealed a single band on the west-
ern blot, and RNAIi reduction using a pan-UGT1A RNAI ver-
sus luciferase RNAI controls demonstrated reduced levels
in the endogenous UGT1A band in liver HepG2 cells,
thereby indicating the antibody is specific (Figure 2A).
Actin indicates equal protein loading and is not impacted
by the RNAIi, as expected. Consistent with previous
studies, we observed that UGT1A levels were elevated in
high-elFAE AML THP-1 cells over-expressing GLI1 versus
vector controls using IFCLM and western blot, and that
addition of vismodegib reduced both GLI1 and UGT1A,
further validating this purified antibody®*® (Figure 2B, C).
For patient specimens, we observed that our heavily pre-
treated cohort was characterized by elevated UGT1A prior
to exposure to study drugs relative to healthy volunteers
(Figure 2D). For comparison, elF4E staining is shown for
some of the same specimens and demonstrates there is
no correlation between elF4E and UGT1A levels; it also
confirms elevated elF4E levels (Figure 2D). Interestingly,
3/4 treatment naive AML patients (not participants in this
trial) had elevated UGT1A at baseline, potentially predicting
future treatment failure. Our previous studies demon-
strated that the other major UGT family, UGT2B, were not
elevated in the AML patients examined and thus were not
monitored here.? In all, patients in our trial were character-
ized by elevated UGTI1A levels as well as elevated elF4E
levels relative to healthy volunteers.

We next measured median intensity of UGT1A protein
levels to ascertain whether levels decreased in patients
upon treatment with vismodegib and if that corresponded
to ribavirin targeting of elF4E (Table 3). We note that only
16/17 evaluable patients had material available for analysis.
Staining was quantified on a per cell basis using FIJI
measuring more than 35 cells per condition. Median inten-
sities + Standard Error of Mean (SEM) at best molecular re-

Total Decitabine+VR VR

Best overall response

PR, N 1 1 0

BR, N 3 3 0

SD, N 7 4 3

PD, N 6 2 4

NE, N 6 5 1

ORR, % 23.5 40 0
Time to best response in months, median (min-max) 2.2 (1.7-3.6) 2.2 (1.7-3.6) NA
Overall survival in months, median (min-max) 4.6 (0.7-16.5) 3.6 (0.7-16.5) 6.6 (0.8-9.3)
Time on study in months, median (min-max) 1.9 (0.7-10.5) 2.5 (0.7-10.5) 1.2 (0.7-2.1)
Duration of treatment in months, median (min-max) 1.6 (0.4-10.4) 1.9 (0.4-10.4) 1.1 (0.5-1.8)

V: vismodegib; R: ribavirin; PR: partial remission; BR: blast response; SD: stable disease; PD: progressive disease; NE: not evaluable; ORR:

overall response rate; NA: not applicable.
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Figure 2. Characterization of UGT1A levels in cells and primary acute myeloid leukemia specimens. (A) UGT1A antibody purification
is described in the Online Supplementary Methods. The resulting antibody revealed a single band when monitoring endogenous
UGT1A in liver HepG2 cells on the western blot with reduction for pan-UGT1A RNAI versus luciferase RNAi controls. Actin blot is
provided for loading. Pan-UGT1A antibody purified in (A) recognized elevated UGT1A in THP-1 cells over-expressing GLI1 as as-
sessed both by western blot (B) and confocal microscopy (C). In addition, UGT1A levels are reduced by vismodegib in these cells
(B). (D) UGT1A are elevated in AML patients, including some treatment naive patients, relative to healthy volunteers. UGT1A levels
were observed to be elevated in all the AML patient specimens examined including 3/4 treatment naive AML patients relative to
healthy volunteers. Scale bar: 10 pm.

sponse (BMR) and end of treatment (EOT) (or last available HMA impact elF4E activity or levels.®*2 We observed a
sample [LAS] if EOT was not available) were relative to be- median 3.1-fold reduction in UGT1A and median 3.8-fold re-
fore treatment (BT) which was set to 1. For patients on trial duction in elF4E levels relative to BT in patients who
for one cycle, the same value is provided as both BMR and achieved PR, BR or durable SD (patients B-001, A-008, C-
EOT/LAS relative to BT. Importantly, neither vismodegib nor 002, B-004, A-011, C-003) (Table 3, Figures 3 and 4). As an
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example, patient B-004 bone marrow blasts had a 6.25-
fold and 10-fold reduction in elF4E and UGTI1A levels, re-
spectively, at BMR relative to BT and this correlated with
reduction of blast count to <10% (Table 3, Figure 3). During
response, patients generally had re-localization of elF4E to
the cytoplasm, as we had observed in our previous ribavirin
trials, whereby elF4E entry into the nucleus is prevented
by ribavirin interference with elF4E interaction with its im-
portin.?»2243 At relapse, elF4E and UGTI1A levels were elev-
ated, nearing BT levels, which corresponded with increased
blasts, and increased elF4E levels and its nuclear re-entry
were evident, as observed in our previous trials (Table 3,
Figures 3 and 4). In parallel, we measured ENT1 and ade-
nosine kinase (ADK) since its loss is also associated with
ribavirin resistance.®*® ENT1 and ADK RNA levels were
measured using RT-gPCR and the largest reduction is
shown relative to BT set at 1 (Table 3, Online Supplementary
Table 2). We observed that 2/6 of these patients (C-002 and

S. Assouline et al.

C-003) had reduced ENT1 levels which likely contributes to
drug resistance in parallel to elevation of UGT1A relative to
BT. We note that ribavirin did not impact on UGT1A protein
expression®*® and, moreover, patients in both the VR and
VRD arms achieved reduced UGT1A levels, indicating that
this reduction was not driven by decitabine (Table 3).

For patients with short SD, most achieved targeting of
either UGT1A or elF4E, or only very transient targeting of
both (e.g., patients A-001 and A-010) (Table 3). For most PD
patients, there was no targeting of UGT1A protein levels,
elF4E protein levels or elF4E localization; furthermore,
ENT1 or ADK were generally reduced relative to BT (Table
3, Figure 4B, Online Supplementary Table S2). For one SD
and one PD patient, there was reduced UGT1A but no elF4E
targeting whereby resistance likely resulted from reduction
in ENT1 relative to BT (Table 3). In all, simultaneous target-
ing of UGT1A and elF4E correlated with objective clinical
response or durable SD, while loss of elF4E targeting cor-

Table 3. Changes in protein levels of elF4E and UGT1A or RNA levels of ENT upon treatment.

Response Patient ID Treatment “:z:it:s Previo.u s elFaE elF4E UGTIA UGTIA E:::i:?::t

on study therapies BMR LAS or EOT BMR LAS or EOT or EOT
PR A-011 VRD 4.6 2 N/A 1.22+0.03* N/A 1.09+0.02* 1.05+0.27*
BR B-004 VRD 10.4 2 0.16+0.01 0.59+0.02 0.10+0.01 0.78+0.02 N/A
BR C-003 VRD 5.3 4 0.26+0.01 0.54+0.02* 0.32+0.01 0.69+0.02*  0.49+0.08*
BR B-001 VRD 3.4 4 0.24+0.01 0.24+0.01*  0.76+0.02*  0.76+0.02*  3.89+1.07*
SD C-002 VRD 6.8 0+MDS19 0.40+0.02 1.21+0.13 0.64+0.02 1.66+0.03 0.53+0.20*
SD A-008 VRD 4 1+MDS18 0.49+0.01 1.01+0.04 0.22+0.005 1.44+0.06 1.09+0.31
SD A-001 VR 1.8 2 0.54+0.03 0.54+0.03 0.37+0.02 0.60+0.01 N/A
SD A-002 VR 1.8 2 0.21+0.02 0.21+0.02 0.67+0.01 1.09+0.02 0.46+0.13*
SD A-010 VR 1.7 1 2.14+0.08"*  2.14+0.08"* 0.24+0.004** 0.25+0.005** 0.19+0.07*
SD B-002 VRD 1.2 3 1.91+0.05 1.91+0.05 0.86+0.04 0.86+0.04 N/A
SD C-004 VRD 2.1 4 0.38+0.01 0.38+0.01 0.49+0.01 0.49+0.01 0.50+0.10
PD A-004 VRD 1.5 3 0.70+0.01 0.70+0.01* 0.98+0.01 0.98+0.01*  0.44+0.12*
PD A-005 VRD 1.6 2 1.16+0.02 1.16+0.02* 0.97+0.06 0.97+0.06* 1.13+0.21*
PD A-006 VR 1.2 4 0.93+0.01 0.93+0.01* 0.49+0.01 0.49+0.01*  0.50+0.12*
PD A-009 VR 0.9 2 0.86+0.02 0.86+0.02 0.42+0.01 0.42+0.01 0.35+0.08
PD C-001 VR 0.9 4 1.06+0.08 1.06+0.08 1.61+0.04 1.61+0.04 N/A

The light blue background indicates molecular responders. elF4E and UGT1A protein levels in isolated blasts were measured by immunoflu-
orescence and confocal laser microscopy (IFCLM) and quantified using FIJI. The reported median intensities are * Standard Error of Mean at
best molecular response (BMR) and end of treatment (EOT) (or Last Available Sample [LAS] if EOT was not available), compared to before
treatment (BT) set to 1. ENT1 RNA levels were measured using reverse transcription-quantitative polymerase chain reaction and the largest
reduction + Standard Deviation is shown relative to BT set at 1. V: vismodegib; R: ribavirin; D: decitabine; N/A: not assessable; SD: stable dis-
ease; BR: blast response; PD: progressive disease; PR: partial remission. *Not EOT. **Comparison made with Cycle1 Day15 sample because

BT sample was not available.
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responded to resistance and/or relapse via increased
UGT1A protein levels and/or decreased ENT1 levels.

Discussion

While glucuronidation has been a well-established impedi-
ment to the development of therapeutics in humans for
more than 70 years,” there have been no modalities re-
ported to overcome this deactivation mechanism in pa-
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tients. This is despite the observation that an estimated
>50% of FDA-approved drugs,® including many of the drugs
used in the treatment of AML, are deactivated in this
manner.® In more recent years, it has become clear that
glucuronidation is not limited to the liver, but also occurs
in other tissues, indicating that drugs that bypass liver me-
tabolism will not a priori escape this modification.8"-% |n-
deed, recent studies indicate that cancer cells, including
AML blasts, can develop the capacity to glucuronidate
drugs through the elevation of UGT1A proteins to evade the

A Patient B-004
180-
-o- BM blasts
160\ /

N = UGTI1A (BM)
~ 1001 - UGT1A (PB)
2
o 80- = elF4E (BM)
(7))

c
8 601 -~ elF4E (PB)
O
oy 40-
20-
0
B

elF4E+Dapi elF4E

UGT1A

UGT1A+Dapi

Figure 3. Molecular response of
elF4E and UGT1A for patient B-004
who achieved a blast response. (A)
Samples for completed treatment
cycles (CT) 1 to 10 (1CT-10CT) were
collected at the end of each cycle;
the patient had a 28-day treatment
interruption after 9CT. Percentage of
bone marrow blasts is shown (in
black). Changes in protein ex-
pression of elF4E (green) and UGT1A
(red) in AML blasts isolated by FACS
and stained as described in the On-
line Supplementary Appendix. Graph
generated using GraphPad Prism 7.
(B) Representative confocal micro-
graphs of blasts used for quantifi-
cation in (A). elF4E (green), UGT1A
(red) and DAPI (blue) in sorted bone
marrow blasts are shown. Note also
that a higher fraction of elF4E is in
the nucleus before treatment (BT)
and at end of treatment (EOT) than
during response, as observed pre-
viously in patients treated with ri-
bavirin.??2 Dapi provided as a
nuclear marker. Scale bars: 10 ym.
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impacts of chemotherapies.®*®% We had previously ident-
ified vismodegib to target UGT1A levels in AML cells resis-
tant to ribavirin and cytarabine, whereby vismodegib
correlated with reduced drug glucuronidation as observed
by mass spectrometry and restored drug sensitivity.?®
Herein, we report on the first clinically feasible avenue to
reduce glucuronidation and re-sensitize cells to drugs in
humans and demonstrate, for the first time, that UGT1A
protein levels could be targeted in patients. Indeed, vis-
modegib resulted in an up to 10-fold reduction in UGT1A

UGT1A elF4E

elF4AE+UGT1A+Dapi

1CT

S. Assouline et al.

protein levels in patients which persisted for months.
Given the central role that glucuronidation plays in endog-
enous metabolite metabolism, we note that this reduction
in UGT1A levels did not cause severe toxicity, a longstand-
ing concern for the development of clinically useful glu-
curonidation inhibitors. In patients who had reduced
UGT1A levels, we observed ribavirin targeting of elF4E as
demonstrated by nuclear to cytoplasmic re-localization of
elF4E and reduction in elF4E protein levels up to 6-fold in
AML cells. While targeting DNA hypomethylation by deci-

UGT1A

UGT1A+Dapi

Figure 4. UGT1A and elF4E levels in responding and non-responding patients A-008 and A-004. Representative micrographs used
for quantifications in Table 3. elF4E (green), UGT1A (red) and DAPI (blue) in sorted bone marrow blasts are shown. AML blasts
isolated by FACS and stained as described in the Online Supplementary Appendix. Patient A-008 (A) achieved a 4-month stable
disease (SD) and patient A-004 (B) a progressive disease (PD). BT: before treatment; CT: completed treatment cycle. Dapi provided

as a nuclear marker. Scale bars: 10 pm.
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tabine could not be directly measured due to insufficient
material, it could be inferred from our previous studies
into decitabine glucuronidation in cells.® In all, simulta-
neous reduction in UGT1A protein levels and elF4E target-
ing correlated with objective clinical benefits including a
partial remission, blast responses, and durable SD.

At clinical relapse, we observed that both UGT1A and elF4E
protein levels became elevated and elF4E re-localized to
the nucleus, suggesting that acquired resistance to vis-
modegib provided conditions whereby ribavirin glucuroni-
dation led to reduced ribavirin-targeting of elF4E and, by
inference, deactivation of decitabine (Table 3, Figure 3).8'¢
Indeed, re-emergence of UGT1A levels is correlated with
multi-drug resistance.t’>'605%" There are several precedents
for vismodegib resistance arising in cancer patients which
could be at play here. For example, vismodegib failure oc-
curs in basal cell carcinoma due to SMO mutations which
arise in as little as two months of treatment.®?> Thus, SMO
mutations could be related to the loss of response here;
this will be tested in future studies. In addition, FLT3-ITD
drives GLI1 production independently of SMO thereby cir-
cumventing vismodegib action.®® In our study, 3/5 PD pa-
tients harbored FLT3-/TD mutations which could explain
why UGT1A protein levels were not impacted by vismode-
gib in these patients; this is consistent with the FLT3-/TD
mutations harbored by PD patients A-005 and C-001 who
had no change in UGT1A, while additional reasons underlie
patient A-009 who had FLT3-/TD mutations but still had
reduced levels of UGT1A. Previous studies indicated that
vismodegib monotherapy had modest effects in AML,**
suggesting that responses observed here are co-operative,
i.e., impaired drug glucuronidation with vismodegib re-
stored sensitivity to ribavirin and decitabine. The appea-
rance of SMO mutations and/or alternative means to
elevate UGT1A protein levels suggest it would be beneficial
to develop therapeutics that directly target selected UGT1A
proteins. In this way, the rapid adaptation of upstream sig-
naling pathways like SMO-GLI1 can be evaded. Early-stage
inhibitors which directly bind to UGT1A were identified, and
these reduced glucuronidation and restored sensitivity to
ribavirin and cytarabine in cell lines.*®* This presents a
promising future direction for next generation therapeutics
to target glucuronidation for longer in patients.

To date, ribavirin has been the only means to target elF4E
in cancer patients that has led to objective clinical re-
sponses.?"2444%5 |n contrast, the antisense oligonucleotide
strategies to lower elF4E levels did not effectively reduce
elF4E protein levels in patients and did not produce ob-
jective clinical responses.®® The phosphorylation status of
elF4E is often linked to its oncogenicity and this can be
targeted with MNK1/2 inhibitors in AML cells.*® Notably
MNK1/2 inhibitors also target phosphorylation of many
other proteins, including hnRNPA1 and PSF,%” and thus
could be an interesting combination with ribavirin to pro-
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duce more robust impacts on elF4E and, through MNK,
more multifaceted effects. Moreover, whether or not
MNK1/2 inhibitors are targets of inducible glucuronidation
in patients has yet to be studied, and thus like many other
drugs, combining these with effective glucuronidation in-
hibitors could be clinically relevant. elF4E has been tar-
geted with the 4GI-1 inhibitor which allosterically reduces
the interaction of elF4E with elF4G to reduce translation
and this could also be considered to enhance elF4E in-
hibition.%® Finally, the nuclear fraction of elF4E has recently
been found to play a role in splicing.”® Thus the combina-
tion of ribavirin with splicing inhibitors, which would be
predicted to severely impair splicing in AML cells, could
improve efficacy. Clinical trials will be required to assess
the utility of these combinations.

These and previous studies position UGT1A and glucuroni-
dation as important factors to consider for the devel-
opment of AML therapeutics. In support of this, many of
the mainstays of AML treatment are deactivated through
glucuronidation in cell-line models, including venetoclax
and azacytidine, and in patients, for instance, cytarabine
and ribavirin.?'® Here, we demonstrated that both treat-
ment naive and heavily pre-treated AML patients had sub-
stantial elevation of UGT1A protein levels relative to
healthy volunteers (Figure 2), suggesting glucuronidation
is a widespread barrier to effective AML treatment. Quan-
tifying the prevalence of UGT1A protein dysregulation in
AML patients on a global level is warranted, particularly
given that UGT1A mRNA and protein levels do not always
correlate,®® and, thus, RNA levels will not always be an ac-
curate surrogate for UGT1A protein levels.

Aside from glucuronidation, we also monitored the loss of
the ENT1 transporter as another contributor to multi-drug
resistance and relapse in these patients. While all patients
who entered the trial passed functional screens for active
ENT1, we observed that several patients manifested sub-
stantial reductions in ENT1 RNA levels during treatment.
ENT1 is required for cellular entry of ribavirin and decita-
bine as well as many other AML drugs, including cytarabine
and azacytidine. Reduced ENT1 corresponded to a loss of
elF4E targeting by ribavirin and clinical resistance even in
the face of reduced UGT1A protein levels. There appears
to be substantial selection on this transporter which likely
influences responses to subsequent salvage regimens. In
all, clinical responders in the trial required targeting of
both UGT1A and elF4E, and functional ENT1.

In this third trial using ribavirin in high-elF4E AML, we con-
tinue to observe robust targeting of elF4E in patients cor-
responding to objective responses supporting the further
clinical development of ribavirin, and, in the future, next
generation elF4E inhibitors. In prior ribavirin monotherapy
and ribavirin with LDAC clinical trials, we observed higher
overall response rates than those observed here with 6/15
and 5/14, respectively, including complete responses in
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both trials.?"* In comparison to the current trial, these pa-
tients had had a median of one prior therapy; patients in
our trial were much more heavily pre-treated, with a
median of three prior therapies in the VRD group, likely
contributing to the observed differences in responses.

In conclusion, this study demonstrated that UGT1A protein
levels can be decreased in patients, and this is associated
with objective clinical benefit. We also showed that an up
to 10-fold reduction in UGT1A levels can be achieved in pa-
tients without substantial toxicity over the course of
months (Table 3). These observations have implications far
beyond AML, ribavirin and decitabine. Given the large
number of FDA-approved drugs that can be deactivated
via glucuronidation,™' these findings pave the way for the
development of pharmaceuticals targeting glucuronidation
in patients, one of the most widespread and longstanding
problems in therapeutic development.
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