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Stéphane de Botton,1 Thomas Cluzeau,2 Carlos Vigil,3 Rachel J. Cook,4 Philippe Rousselot,5 David A. Rizzieri,6 Jane L. Liesveld,7

Pierre Fenaux,8 Thorsten Braun,9 Anne Banos,10 Joseph G. Jurcic,11 Mikkael A. Sekeres,12 Michael R. Savona,13 Gail J. Roboz,14

Dale Bixby,15 Kate Madigan,16 Angela Volkert,16 Kristin Stephens,16 Qing Kang-Fortner,16 Kristen Baker,16 Sofia Paul,16

Michael McKeown,16 John Carulli,16 Matthew Eaton,16 Graeme Hodgson,16 Christopher Fiore,16 Michael J. Kelly,16 David A. Roth,16 and
Eytan M. Stein17

1Institut Gustave Roussy, Paris, France; 2Co

ˇ
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Key Points

• Tamibarotene plus
azacitidine was
associated with a high
CR rate and a rapid
onset of response in
RARA-positive newly
diagnosed unfit AML.

• Tamibarotene-based
treatment in AML with
RARA overexpression
is a novel-targeted
approach with
potential to improve
current therapy.
A superenhancer at the retinoic acid receptor alpha (RARA) gene is associated with RARA

mRNA overexpression in ~30% of non-acute promyelocytic leukemia acute myeloid

leukemia (AML) and in ~50% of myelodysplastic syndromes (MDS). RARA overexpression is

an actionable target for treatment with tamibarotene, an oral potent and selective RARα
agonist. Sensitivity to the RARα agonist tamibarotene was demonstrated in RARA-high but

not RARA-low preclinical AML models. The combination of oral tamibarotene plus

azacitidine was evaluated in a phase 2 clinical study in 51 newly diagnosed unfit patients

with AML identified as RARA-positive (n = 22) or RARA-negative (n = 29) for RARA mRNA

overexpression in peripheral blasts using a blood-based biomarker test. In 18 response-

evaluable RARA-positive patients, complete remission (CR)/CR with incomplete hematologic

recovery rate was 61%, CR rate was 50%, and time to initial composite CR was rapid at 1.2

months. Transfusion independence was attained by 72% of RARA-positive patients. In

contrast, 28 response-evaluable RARA-negative patients had response rates that were

consistent with azacitidine monotherapy. Tamibarotene in combination with azacitidine

was well tolerated. The majority of nonhematologic adverse events were low grade and

hematologic adverse events were comparable to single-agent azacitidine, demonstrating

that there was no additional myelosuppression when tamibarotene was combined with

azacitidine. These results support further evaluation of tamibarotene-based treatment

strategies in patients with AML or MDS with RARA overexpression to provide a targeted

approach with the goal of improving patient outcomes. This trial was registered at www.

clinicaltrials.gov as #NCT02807558.
ovember 2022; prepublished online on
mber 2022. https://doi.org/10.1182/

through the The Cancer Genome Atlas
nci/organization/ccg/research/structural-
ccessed at www.vizome.org.

Data are available on request from the corresponding author, Stéphane de Botton
(stephane.debotton@gustaveroussy.fr).

The full-text version of this article contains a data supplement.
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Introduction

Acute myeloid leukemia (AML) and myelodysplastic syndromes
(MDS) are biologically heterogenous diseases driven by genetic,
epigenetic, and functional pathways that may serve as the target
for therapeutic interventions. To date, the development of new
therapies in AML and MDS has focused primarily on identification
and targeting of somatic genetic mutations, cell-surface antigens,
and antiapoptotic pathways.1 More recently, highly active chro-
matin regions, named superenhancers (SEs) have been
described. SEs are large stretches of DNA that regulate the
expression of genes through the binding of transcription factors.
SE mapping in samples from patients with primary nonacute
promyelocytic leukemia (non-APL) AML or MDS, as well as
preclinical models led to the identification of a SE associated
with the retinoic acid receptor alpha (RARA) gene resulting in
RARA messenger RNA (mRNA) overexpression. In cells over-
expressing RARA, tamibarotene, a selective RARα agonist binds
to RARα, saturating unliganded RARα receptors to trigger a
transcriptional activation switch to restore myeloid differentiation,
inhibit blast proliferation, and promote blast cell clearance in AML
and MDS.2

Tamibarotene (formerly SY-1425) is a next-generation synthetic
oral retinoid with improved pharmacological properties over first-
generation pan-retinoids, such as ATRA.3,4 In in vitro studies,
tamibarotene as a single agent demonstrated antiproliferative
effects, induction of retinoic acid response genes, and differentia-
tion effects in non-APL AML cell line models with a RARA SE
expressing relatively high levels of RARA mRNA (RARA-high). In
in vivo efficacy studies, single-agent tamibarotene demonstrated
antitumor activity in RARA-high but not RARA-low AML patient-
derived xenograft models.2 Further preclinical work demonstrated
synergy of tamibarotene with azacitidine or decitabine in RARA-
high cell lines, whereas there was no additive effect when
combining tamibarotene and azacitidine or decitabine in RARA-low
cell lines.5 Concordantly, tamibarotene plus azacitidine produced
deeper, more durable responses than either agent alone in a
RARA-high AML patient-derived xenograft model.5 Using RARA
mRNA as a biomarker for a RARA SE, a novel blood-based
biomarker test was developed to identify patients with RARA
mRNA overexpression, classified as RARA-positive, who could
benefit from tamibarotene treatment.6

The clinical investigation of the relationship between the RARA
biomarker and the response to tamibarotene was explored in a
phase 2 study evaluating tamibarotene in AML and MDS (study SY-
1425-201).7 Early cohorts of the study investigated tamibarotene
monotherapy in RARA-positive low-risk MDS, relapsed/refractory
(R/R) AML, and R/R higher-risk MDS (HR-MDS).8 We previously
reported that, as a monotherapy, in these cohorts, tamibarotene
was associated with clinical activity, as demonstrated by myeloid
differentiation (supplemental Figure 1), hematologic improvement,
and reduced bone marrow blasts.8 A marrow complete remission
(CR) plus hematologic improvement with both a platelet and
neutrophil response was observed in a patient with R/R HR-MDS.8

The evaluation of tamibarotene monotherapy was followed by
evaluation of tamibarotene plus azacitidine in newly diagnosed (ND)
unfit patients with AML in this same phase 2 study.9-11
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Herein, we report the mature results from this cohort describing the
clinical activity and tolerability of the tamibarotene/azacitidine
combination in ND patients with AML with RARA overexpression
deemed unfit to receive standard cytotoxic chemotherapy. We
describe the development of a novel blood-based clinical assay
used prospectively to identify RARA-positive patients who are most
likely to respond to treatment, and report correlative analyses of
patient samples from this study, identifying the association of
RARA-positive AML with a monocytic gene expression phenotype.

Methods

Clinical study methods

Between 6 September 2017 and 13 November 2019, 51 patients
at 12 sites in the United States and France were enrolled into the
ND AML cohort of this study. Male and female patients aged ≥18
years were eligible for participation if they had ND, treatment-naive,
non-APL AML and, at the time of study entry, were unlikely to
tolerate standard intensive chemotherapy owing to age, perfor-
mance status, or comorbidities.7,12

A Food and Drug Administration Investigational Device Exemption–
approved blood-based RARA biomarker test was developed for
patient screening before treatment with tamibarotene. Patients
were evaluated for the RARA biomarker from a peripheral blood
sample collected and processed into peripheral blood mono-
nuclear cells at the clinical site and subsequently sent to a central
diagnostic laboratory. The test measures, via quantitative reverse
transcription polymerase chain reaction, the relative RARA mRNA
expression levels against a panel of control genes with stable
expression levels in CD34+ and/or CD117+ blasts isolated from
peripheral blood mononuclear cells and applies a predefined cutoff
to determine whether any given patient sample is RARA-positive
(patients with RARA mRNA overexpression) or RARA-negative
(patients without RARA mRNA overexpression) (Figure 1; refer to
supplement for detailed description of the blood-based RARA
biomarker test).6 Both RARA-positive and RARA-negative patients
were enrolled.

Each 28-day treatment cycle included azacitidine at 75 mg/m2

intravenously or subcutaneously daily on days 1 through 7 followed
by oral tamibarotene at 6 mg/m2 per day in divided doses twice
daily on days 8 through 28.

The primary objective was characterization of activity by the
overall response rate (ORR) per the revised International Work-
ing Group AML criteria.13,14 Additional clinical activity end points
included composite CR rate (CR or CR with incomplete hema-
tologic recovery [CRi] or CR with partial hematologic recovery),
time to response, analysis of responses among RARA-positive
and RARA-negative cohorts, and transfusion independence.
Safety and tolerability were evaluated using Common Terminol-
ogy Criteria for Adverse Events version 4.03. The mutation pro-
files and cytogenetic risk of patients were site reported and the
association of molecular and cytogenetic characteristics with
response were summarized. RNA sequencing (RNA-seq) was
performed on AML blasts from enrolled patients to evaluate
whether RARA-positive ND unfit patients with AML with RARA
overexpression were enriched for the monocytic phenotype
associated with venetoclax resistance.
TAMIBAROTENE IN AML WITH RARA mRNA OVEREXPRESSION 1859
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~30% of AML and ~50% MDS patients are RARA-positive as
determined by a blood test for RARA mRNA overexpression.†

Figure 1. Patients with RARA overexpression identified with peripheral blood–based clinical trial assay. The blood-based biomarker test (clinical trial assay) was

performed at a central laboratory, using frozen peripheral blood mononuclear cells (PBMCs) prepared and shipped from the clinical sites. The assay measures relative RARA

mRNA expression levels against a panel of control genes via quantitative reverse transcription polymerase chain reaction (RT-qPCR) in CD34+ and/or CD117+ blasts isolated

from PBMCs and applies a predefined cutoff to determine whether any given patient sample is RARA-positive or RARA-negative (patients with RARA overexpression were

characterized as RARA-positive and patients without RARA overexpression as RARA-negative). *Details of the sample collection, sample analysis, and biomarker outcome

reporting process as described in Vigil et al, 2017;6 †Syros Pharmaceuticals, Inc data on file as of 27 May 2022 from studies SY-1425-201 (all cohorts) and SELECT-MDS-1

(#NCT04797780). CPT, cell preparation tube.
Statistical methods

The safety population includes all patients who received any dose of
tamibarotene or azacitidine. The safety analysis set was used to
summarize demographics, baseline characteristics, disposition, and
analyses of safety and efficacy data, unless otherwise specified. The
response-evaluable population includes all patients in the safety
population who completed at least 1 cycle of treatment with at least
1 postbaseline response evaluation or discontinued the study before
completion of cycle 1 because of documented disease progression.
The response-evaluable population was used to summarize selected
response data, as specified in “Results.” SAS (version 9.4) was used
to support the analyses. The data cutoff was 14 February 2022.

Overall survival (OS) was summarized for all patients using Kaplan-
Meier estimates. CR rates, composite CR rates, and ORRs were
summarized in the response-evaluable population.

Prognostic significance of RARA biomarker

RNA-seq data sets from The Cancer Genome Atlas (TCGA)34 and
Beat AML17 were evaluated to describe the association of RARA
expression with survival and response to azacitidine monotherapy
in patients with AML (refer to supplement for detailed description).

Survival of the RARA-high and RARA-low populations was estimated
using Kaplan-Meier methods and their survival was compared using
a log-rank test. In addition, patient treatment data from the Beat AML
data set were used to compare the CR rate with azacitidine mon-
otherapy in RARA-high and RARA-low patients using Fisher exact
test. RARA expression was determined using RNA-seq from patient
samples (as described in supplement).

Monocytic gene expression signature development

and analysis

To evaluate the relationships between RARA expression, mono-
cytic AML features, and venetoclax resistance in patients in our
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clinical study, a monocytic gene expression signature was devel-
oped to estimate the monocytic status of patient AML blasts
collected at study entry. The TCGA LAML RNA-seq data set was
used to develop a signature through regularized regression of the
expression of 9 well-established monocytic and primitive genes
(CD14, CLEC7A, CD86, LYZ, MAFB, CD34, ITGAM, FCGR1A,
and KIT) onto French-American-British classification (FAB) across
130 patients with non-APL AML with known FAB status. The
resulting monocytic expression score (MES) was then applied to
the RNA-seq data sets from ND unfit patients with AML treated
with tamibarotene plus azacitidine in the ongoing phase 2 study
(refer to supplement for detailed description).

Study oversight

Syros Pharmaceuticals, Inc provided financial support for the study
and participated in the design, study conduct, analysis, and inter-
pretation of the data. All authors had full access to the data, signed
confidentiality agreements with the sponsor regarding the data, and
vouch for the completeness and accuracy of the data and analyses.

The protocol was approved by the applicable institutional review
boards, and all participants provided informed consent before any
study procedures. This trial was registered at www.clinicaltrials.gov
as #NCT02807558 and was conducted in accordance with the
Declaration of Helsinki.7

Results

Patient characteristics

Of the 125 ND unfit patients with AML screened using the blood-
based biomarker test, 37 (30%) were RARA-positive and in 88
(70%) were RARA-negative. After the completion of screening
procedures, 51 patients enrolled in the study to receive
tamibarotene in combination were azacitidine; 22 were RARA-
positive, and 29 were RARA-negative (Figure 2). Baseline
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51 Enrolled to receive
tamibarotene plus azacitidine

22 Entered RARA-positive cohort
and were included in the safety analysis

29 Entered RARA-negative cohort
and were included in the safety analysis

   1 Non-response evaluable*
   1 discontinued due to clinical
       progression

   4 Non-response evaluable*
   2 discontinued prior to first dose of
       tamibarotene
   2 discontinued prior to completion
       of cycle 1 due to AE not related
       to study drug

28 Response Evaluable18 Response Evaluable

A

Characteristic Enrolled Population (N = 51)

49 (96)

16 (31)

15 (29)

4 (8)

3 (6)

1 (2)

1 (2)

9 (18)

Discontinued treatment, n (%)*

Disease progression

Adverse event†

Treatment failure

Withdrawal of consent

Lack of clinical benefit

Death*

Other

B

Figure 2. Patient disposition, enrollment, and treatment. (A) Patient enrollment and analysis overview. Of the 125 ND unfit patients with AML screened using the blood-

based biomarker test, 37 (30%) were RARA-positive and 88 (70%) were RARA-negative. The most frequent reasons for which screened ND unfit patients with AML were not

enrolled included RARA-negative status before implementation of a protocol amendment allowing both RARA-positive and RARA-negative patients to enroll, and patients

declined. Of the 51 patients with non-APL AML enrolled to receive tamibarotene and azacitidine, all were included in safety and efficacy analyses. The response-evaluable

population comprised all patients enrolled who (1) completed 1 cycle of tamibarotene and had a follow-up assessment of disease status or (2) were withdrawn from the study

before completion of cycle 1 because of documented disease progression. Figure includes patient status as of data cutoff, 14 February 2022. *No postbaseline response

evaluation was performed for nonevaluable patients. (B) Patient disposition. *One patient died during treatment due to cardiac arrest that was not drug related; †Includes 2

patients who discontinued treatment before the first dose of tamibarotene. Of the 15 patients who discontinued because of AE, 3 patient discontinuations were assessed as

related to study treatment; 1 was due to fatigue; 1 was due to fatigue, myalgia, arthralgia, and nausea, and 1 was due to pulmonary embolism. There were no hematologic AEs

considered related to study treatment that led to treatment discontinuation.
demographics and disease characteristics are presented in
Table 1. The median patient age was 76 years, and 63% of
patients were male. Enrolled patients had either intermediate-
(67%) or poor-risk (31%) cytogenetics (Table 1) per National
Comprehensive Cancer Network Clinical Practice Guidelines for
AML.15 Secondary AML was reported in 43% of patients, and 35%
of patients had low–blast count AML with a baseline bone marrow
blast count of ≤30% (Table 1).
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Patient disposition

All 51 enrolled patients received at least 1 dose of azacitidine, 49
received at least 1 dose of tamibarotene, and 2 discontinued
before first dose of tamibarotene (Figure 2). Patients received a
median of 4.0 months of study treatment (range, 0.1-36.8 months).
The RARA-positive and RARA-negative cohorts included 18 and
28 response-evaluable patients, respectively. Of the 51 enrolled
patients, 96% discontinued study treatment, for whom the most
TAMIBAROTENE IN AML WITH RARA mRNA OVEREXPRESSION 1861



Table 1. Baseline demographic and clinical characteristics of patients

Characteristic

RARA overexpression status*

RARA-positive (n = 22) RARA-negative (n = 29) Total (N = 51)

Age

Median (range), y 77 (60-91) 76 (64-86) 76 (60-91)

≥75 y, n (%) 16 (73) 15 (52) 31 (61)

Male sex, n (%) 13 (59) 19 (66) 32 (63)

AML type, n (%)†

De novo 16 (73) 13 (45) 29 (57)

Secondary 6 (27) 16 (55) 22 (43)

Evolved from antecedent hematologic malignancy 6 (27) 13 (45) 19 (37)

Associated with treatment from prior malignancy 0 (0) 3 (10) 3 (6)

AML cytogenetic risk category, n (%)‡

Intermediate 16 (73) 18 (62) 34 (67)

Poor 6 (27) 10 (34) 16 (31)

Not determined 0 (0) 1 (4) 1 (2)

Hypomethylating agent prior cancer treatment, n (%)

Any hypomethylating agent 2 (9) 6 (21) 8 (16)

Azacitidine 2 (9) 3 (10) 5 (10)

Decitabine 0 (0) 3 (10) 3 (6)

Baseline bone marrow blasts, n (%)

≤30% (low–blast count AML) 7 (32) 11 (38) 18 (35)

>30% 15 (68) 18 (62) 33 (65)

Eastern Cooperative Oncology Group performance status score, n (%)§

0-1 12 (55) 18 (62) 30 (59)

2-3 8 (36) 10 (34) 18 (35)

Missing 2 (9) 1 (4) 3 (6)

Data are presented as number (%) unless indicated otherwise.
*RARA overexpression was determined in blasts isolated from PBMCs by qRT-PCR assay. The presence of RARA overexpression was characterized as RARA-positive, and the absence of

RARA overexpression as RARA-negative.
†AML denotes non-APL AML.
‡Cytogenetic risk was assessed per NCCN AML guidelines 2018.15

§Eastern Cooperative Oncology Group performance status scores range from 0 to 5, with 0 indicating no symptoms and higher scores indicating greater disability.
common reasons included progressive disease (31%) and adverse
event (AE) (29%) (Figure 2). Of the 15 patients who discontinued
owing to AE, 3 patient discontinuations were assessed as related
to study treatment; 1 due to fatigue; 1 due to fatigue, myalgia,
arthralgia, and nausea; and 1 due to pulmonary embolism
(Figure 2). There were no hematologic AEs that were considered to
be related to the study treatment by the investigator that led to
discontinuation.

Clinical activity

The 18 response-evaluable RARA-positive patients were evaluated
for best OR (response definitions and results in Figure 3). The ORR
was 67% (12/18), with a CR/CRi rate of 61% (9 CR, 2 CRi), a CR
rate of 50%, and morphologic leukemia-free state achieved by 1
patient. Of the 9 patients with CR, 89% (8/9) had either a
molecular CR (5/9) or cytogenetic CR (3/9). In those with low–
blast count AML with a blast percentage of ≤30%, CR was
observed in 67% (4/6) of RARA-positive patients.

Median time to initial composite CR for RARA-positive patients was
1.2 months and the median duration of composite CR was 10.8
1862 de BOTTON et al
months (95% confidence interval [CI]: 2.9, NE). Responses were
observed irrespective of site-reported mutation profile or cytoge-
netic risk (Figure 3). For all enrolled RARA-positive patients
(n = 22), the median OS was 8.4 months (95% CI: 5.2, 15.6). For
RARA-positive patients achieving CR/CRi (n = 11) the median OS
was 18.0 months (95% CI: 5.7, NE) and 5.6 months (95% CI: 0.4,
9.0) for those not achieving CR/CRi (n = 11) (Figure 4).

Of the 18 RARA-positive patients who were on treatment for ≥56
days and who were evaluable for transfusion independence,
defined as an 8-week period on treatment without needing trans-
fusion, red blood cell transfusion independence was achieved or
maintained by 13 patients (72%), platelet transfusion indepen-
dence by 16 patients (89%), and both by 13 patients (72%).

For the 28 response-evaluable RARA-negative patients, the ORR
was 43% (12/28), the CR/CRi rate was 32% (7 CR, 2 CRi), the
CR rate was 25%, 1 patient achieved morphologic leukemia-free
state, and 2 had partial remission. In 11 RARA-negative patients
and low–blast count AML the CR rate was 27%. For RARA-
negative patients with CR/CRi (n = 9), the median time to initial
composite CR was 3.0 months, median duration of composite CR
9 MAY 2023 • VOLUME 7, NUMBER 9



28

12 (43)

9 (32)

7 (25)

3 (11)

1 (4)

2 (7)

0 (0)

1 (4)

2 (7)

16 (57)
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4 (36)

3 (27)

1 (9)
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RARA Overexpression Status*
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n (%)
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n (%)
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0 (0)

1 (6)

0 (0)

6 (33)

6

4 (67)

4 (67)

0 (0)

Response evaluable, N‡

Best IWG Response†

Overall response rate (ORR)

CR/CRi

Complete remission (CR)

Molecular CR (CRm)

Cytogenetic CR (CRc)

Complete remission with incomplete blood count recovery (CRi)

Complete remission with partial hematological recovery (CRh)

Morphological leukemia-free state (MLFS)

Partial remission (PR)

Other

Response evaluable – Low blast count AML ( 30%) at baseline, N‡

CR/CRi
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CRi

A

TP53

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Patients without
IWG Response

Patients with
IWG Response

17 18

ASXL1

RUNX1

NPM1

FLT3

CEBPA

IDH1

IDH2

DNMT3A

TET2
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BCOR

EZH2

KRAS

CBL

PHF6

Cytogenetic Risk

Cytogenetic Risk

Achieved IWG response Presence of the indicated
molecular mutation

Intermediate Poor

B

Figure 3. Summary of OR. (A) Summary of best OR in ND unfit patients with AML. Table shows a summary of the best efficacy response achieved by all response-evaluable

patients. The response-evaluable population comprised all patients enrolled who (1) completed 1 cycle of tamibarotene and had a follow-up assessment of disease status or (2)

were withdrawn from the study before completion of cycle 1 because of documented disease progression. Patients listed in the “other” category did not achieve an International

Working Group (IWG) response. *RARA overexpression was determined in blasts isolated from PBMCs by qRT-PCR assay. The presence of RARA overexpression was
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was 10.3 months (95% CI: 3.1, 32.3), and the median OS was
15.8 months (95% CI: 6.5, NE). Of the 23 RARA-negative patients
who were evaluable for transfusion independence, red blood cell
transfusion independence was achieved or maintained by 13
patients (57%), platelet transfusion independence by 19 patients
(83%), and both by 13 patients (57%).

Safety and AEs

The safety analysis of the data cut for this ongoing study included
all 51 enrolled patients (Figure 2). All 51 enrolled patients had at
least 1 AE. Common AEs are summarized in Figure 5. The most
common hematologic AEs across all grades and causalities
included thrombocytopenia (33%), febrile neutropenia (27%), and
anemia (24%). The most frequently reported nonhematologic AEs
across all grades and causalities included hypertriglyceridemia
(43%) and gastrointestinal AEs, including constipation (43%),
nausea (43%), and decreased appetite (43%). The majority of
nonhematologic AEs were low grade, except for hyper-
triglyceridemia of grade ≥3 in 29% of patients. Serious AEs of any
grade were reported for 43 (84%) patients, of which the most
frequent included febrile neutropenia (24%), pneumonia (14%),
pyrexia (10%), and sepsis (10%).

Prognostic significance of RARA biomarker in AML

To evaluate whether the clinical activity in RARA-positive patients
was because of an underlying association with favorable-risk
Figure 3 (continued) characterized as RARA-positive, and the absence of RARA overexp

criteria;13,14 ‡All response-evaluable patients. (B) Association of IWG response with DNA

RARA-positive response evaluable patients. Cytogenetic risk was assessed per National Co

and cytogenetic risk of patients were site reported. Response was assessed per the revis
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features and RARA-positive status, we interrogated 2 independent
public databases, TCGA database, and the Beat AML data set.
These analyses identified no association between RARA-positive
status and favorable risk. Analysis of the association of RARA
expression with survival in the TCGA database showed survival
was inferior for RARA-high patients (log-rank P = .031)
(supplemental Figure 2A). Furthermore, in the Beat AML data set,
RARA expression was not associated with survival (supplemental
Figure 2B).

Finally, in the analysis of azacitidine monotherapy response in 54
patients in the Beat AML data set, similar rates of CR were seen in
RARA-high and RARA-low patients (supplemental Figure 2C),
supporting the hypothesis that RARA-high patients are not
enriched for sensitivity to azacitidine monotherapy.

Gene expression features associated with RARA
expression

We investigated the association of gene expression features in
patients with AML with the RARA SE and with clinical response to
tamibarotene. Preliminary analyses focused on expression of fea-
tures initially identified as associated with the RARA SE by SE
mapping, such as expression of monocytic markers.16

After transcriptome-wide normalization, an analysis of the TCGA
AML data set by FAB demonstrated that RARA expression was
highest in patients with monocytic AML (46% and 67% of patients
ression as RARA-negative; †Disease status was assessed per the revised IWG AML

mutations and cytogenetic risk in RARA-positive patients. Data are shown for the 18

mprehensive Cancer Network (NCCN) AML guidelines 2018.15 The mutation profiles

ed IWG AML criteria.13,14
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with FAB M4 and FAB M5 subtypes, respectively, compared with
between 0% and 21% in other non-APL AML subtypes; supple-
mental Figure 3). These results suggest an association between
high RARA expression and monocytic features in AML.
RARA expression and MES from TCGA/beat AML

data sets

To further elucidate the relationships between RARA expression
and monocytic features in the phase 2 study, an MES was devel-
oped (supplemental Figure 4) as a surrogate biomarker for FAB
status, to enable the prediction of a monocytic status of patient
AML blasts collected at study entry (before treatment).

The analysis of RARA expression status in TCGA and Beat AML
RNA-seq data sets was compared with monocytic status by MES
and demonstrated that high RARA expression significantly
enriches for a high MES, with 81% (TCGA) and 77% (Beat AML)
of RARA-high patients classed as monocytic compared with 29%
(TCGA) and 37% (Beat AML) of RARA-low patients (Figure 6). In
summary, these analyses demonstrate that RARA-high AML is
enriched for monocytic features.
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Association of RARA expression with monocytic

features and venetoclax resistance

Given the emerging reports of the association of monocytic AML
with resistance to venetoclax ex vivo18-20 and venetoclax/azaciti-
dine clinically,21 we evaluated the association of RARA expression,
monocytic features, and venetoclax resistance.

First, we interrogated RARA expression levels in primary leukemic
stem cell (LSC) samples from a cohort of 12 patients with AML
treated with venetoclax ± azacitidine ex vivo, which were previously
used to associate venetoclax resistance with monocytic AML
features.20 RARA expression was significantly higher in venetoclax-
resistant monocytic LSCs than venetoclax-sensitive primitive LSCs
(P = .005) (supplemental Figure 5A). In a separate cohort of
samples from patients with primary AML in the Beat AML data set,
121 inhibitors were evaluated ex vivo in primary cultures.17

Although the majority of the samples were sensitive to
venetoclax, RARA-high samples were most resistant to venetoclax
(supplemental Figure 5B). Furthermore, both RARA expression
(ρ = .48) and MES (ρ = .58) are associated with venetoclax
resistance in cultures from patients with primary AML from the Beat
AML data set (Figure 6B). Together, these data suggest that high
TAMIBAROTENE IN AML WITH RARA mRNA OVEREXPRESSION 1865
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Figure 6. Association among high RARA expression, monocytic features, MES, and ex vivo venetoclax resistance. Colors denote FAB status, gray indicates unknown.

(A) High RARA expression (RARA-high) identifies a population of patients with AML that is enriched for high monocytic gene expression (MES, y-axis) in the TCGA and Beat AML

databases. P values by Fisher exact test. Monocytic: MES > 0.5. (B) RARA expression (left, y-axis) and MES (right, y-axis) are associated with venetoclax resistance ex vivo,

quantified as area under the dose-response curve (AUC, x-axis). Plots show Spearman correlation (ρ) of normalized RARA expression or MES vs venetoclax response across 90

AML primary cultures (Beat AML).17 M0, undifferentiated acute myeloblastic leukemia; M1, acute myeloblastic leukemia with minimal maturation; M2, acute myeloblastic leukemia

with maturation; M4, acute myelomonocytic leukemia; M5, acute monocytic leukemia.
RARA expression is not only associated with monocytic features
but also with venetoclax resistance in samples from patients with
AML.

RARA positivity and MES in clinical samples from the

ND unfit AML cohort

We followed these evaluations with exploratory analyses of pre-
treatment blood samples from patients enrolled in the ND unfit
AML cohort in the SY-1425-201 study. RNA-seq was used to
determine the MES and the expression of B-cell lymphoma 2
(BCL2) and myeloid-cell leukemia 1 (MCL1), 2 key genes
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associated with venetoclax sensitivity and resistance. Among 51
ND unfit patients with AML enrolled, 86% (19/22) of RARA-
positive patients and 83% (24/29) of RARA-negative patients had
blast RNA available and yielded RNA-seq results (Figure 7).
Consistent with the results from the TCGA and Beat AML data
sets, 80% (15/19) of RARA-positive patients were classified as
monocytic by the MES (MES > 0.5) whereas only 17% (4/24) of
RARA-negative patients were classified as monocytic by MES
(MES > 0.5). In addition, significantly higherMCL1 expression (P =
.0015) and lower BCL2 expression (P = .032) were observed in
RARA-positive patients vs RARA-negative patients. Enrichment for
9 MAY 2023 • VOLUME 7, NUMBER 9
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MES) associated with venetoclax resistance, which includes lower BCL2 and higher MCL1 expression.
high MES (P = 1.2 × 10−5) and high MCL1 (P < .004) was also
observed in RARA-positive compared with RARA-negative patients
who achieved CR/CRi (Figure 7). Collectively, these data demon-
strate enrichment for a venetoclax-resistance pattern of high MES,
higher MCL1, and lower BCL2 expression in RARA-positive patients.

Discussion

Evaluation of SE landscapes in samples from patients with primary
non-APL AML identified a particularly strong SE associated with
9 MAY 2023 • VOLUME 7, NUMBER 9
the RARA gene and concomitant RARA mRNA overexpression in a
subset of patients with AML and MDS. This novel patient subset
had a SE profile similar to mature monocytes and was not asso-
ciated with mutations reported to confer responsiveness to azaci-
tidine in AML or HR-MDS.2 The presence of the SE was
associated with RARA mRNA overexpression and was predictive
of response to tamibarotene, an oral potent and selective RARα
agonist. A novel blood-based biomarker test was developed to
identify RARA overexpression status (RARA-positive vs RARA-
negative). Biomarker test results were significantly associated with
TAMIBAROTENE IN AML WITH RARA mRNA OVEREXPRESSION 1867



differentiation of patient blood samples after ex vivo treatment with
tamibarotene,6 supporting the use of the biomarker test for the
identification of patients for treatment in this phase 2 study. In this
study, the biomarker test successfully identified RARA-positive ND
unfit patients with AML for response to the synergistic combination
of tamibarotene plus azacitidine. Notably, the response rates in the
RARA-negative cohort were comparable to response rates
observed in historical studies evaluating azacitidine monotherapy in
this patient population, demonstrating utility of the biomarker in
selecting for patients with RARA overexpression who could benefit
from this targeted therapy.21-23

A high CR rate, rapid onset of response, and a high rate of
transfusion independence were observed in the RARA-positive ND
unfit patients with AML treated with tamibarotene plus azacitidine
with responses observed irrespective of cytogenetic risk groups or
mutation profiles. In contrast, ORR and CR rate were lower and
time to initial response was longer for RARA-negative patients
relative to RARA-positive patients, consistent with azacitidine
monotherapy trial outcomes and consistent with our preclinical
findings demonstrating insensitivity to tamibarotene in combination
with azacitidine with in vivo and in vitro RARA-low AML models.5

The duration of response of 10.8 months and median OS of 18.0
months for responders suggest that a clinically meaningful benefit
was achieved for the high proportion of the RARA-positive cohort
that responded. Responses were identified in RARA-positive
patients across cytogenetic and mutational risk groups.24,25 This
observation suggests that activity of tamibarotene is dependent on
the biology of RARA overexpression and supports the potential
importance of biological targeting in a complex disease, such as
AML, which is associated with a multitude of mutational drivers.

We evaluated whether RARA pathway activation, as determined by
increased RARA gene expression, was associated with more
favorable disease (independent of tamibarotene treatment) that
may explain the encouraging outcomes emerging during the
course of our study. Analyses of 2 large, publicly available data-
bases (TCGA and Beat AML) failed to demonstrate a correlation
between RARA expression and an improvement in survival. In
summary, these results suggest that AML with RARA over-
expression is not a favorable prognostic subtype.

The tamibarotene plus azacitidine combination was generally well
tolerated. The rates of myelosuppression were comparable to azaci-
tidine monotherapy in this population suggesting no added hemato-
logic toxicity from tamibarotene when used in combination with
azacitidine.20,26 The majority of nonhematologic AEs, including rash,
were low grade and generally consistent with AEs observed with
other retinoids.27,28 Hypertriglyceridemia was the only frequently
observed high-grade nonhematologic AE. Hypertriglyceridemia is a
known side effect of retinoids such as tamibarotene and tends to be
manageable and reversible with dose holds and/or reductions.
Although increased white blood cells were observed during therapy in
some patients, classical differentiation syndrome was not
observed29,30 which is in contrast to the use of retinoids in APL31 or
differentiating agents in isocitrate dehydrogenase mutant AML.32

Although limited by the small sample size and nonrandomized
design, the clinical activity and generally well-tolerated AE profile of
tamibarotene plus azacitidine in this study support further develop-
ment of tamibarotene combinations in patients with RARA over-
expression across the myeloid disease spectrum.
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Despite several recent drug approvals for AML, the clinical need
remains for more effective treatment options for patients with AML
who cannot receive intensive chemotherapy. Venetoclax in com-
bination with hypomethylating agents has emerged as a standard-
of-care for treatment of this patient population, although challenges
remain.21 Despite the high response rate and prolonged OS
associated with the venetoclax/azacitidine combination, approxi-
mately one-third of patients do not respond, nearly all patients
eventually relapse, and prolonged suppression of normal marrow
function frequently occurs in vulnerable patients.16,33 Thus,
understanding mechanisms of underlying resistance to venetoclax
is critical. Several reports have recently shown that primary ven-
etoclax resistance and inferior OS are associated with monocytic
features in AML, which may be associated with reduced expression
of the venetoclax target, BCL2, in monocytic AML.18-20 Given that
RARA expression is highest in monocytic AML (M4, M5), we
hypothesized that RARA overexpression may also be associated
with venetoclax resistance. In patient samples from this phase 2
study, RARA-positive patients were significantly more likely to
be classified as monocytic using a MES than RARA-negative
patients, and with lower BCL2 and higher MCL1 expression than
RARA-negative patients. These data suggest that RARA-positive
patients with AML have monocytic gene expression features that
have been associated with resistance to venetoclax-based
therapies.20

The discovery of a SE that drives RARA pathway activation has iden-
tified a biologically defined subset of patients with AML and MDS with
RARA mRNA overexpression who might be responsive to treatment
with tamibarotene. Given that tamibarotene is oral and generally well
tolerated, it is anticipated that tamibarotene may be combined with
other therapies used to treat myeloid malignancies to provide a tar-
geted foundation of treatment for RARA-positive patients.
Tamibarotene-based therapy for RARA-positivemalignancies is a novel
approach that targets RARA pathway activation and is not limited to
targeting a specific cytogenetic or molecular mutation.

The clinical development of tamibarotene is being advanced in
combination with venetoclax/azacitidine in patients with AML with
RARA overexpression and in a phase 3 study of tamibarotene/
azacitidine in patients with HR-MDS with RARA overexpression.
The targeting of RARα with tamibarotene is a novel approach in
HR-MDS and is supported by the activity and tolerability of tami-
barotene plus azacitidine in RARA-positive AML, particularly in
low–blast count AML. Combining tamibarotene with venetoclax/
azacitidine in AML may also provide benefit by targeting both BCL2
and RARA pathway activation in RARA-positive patients.

In summary, progress in myeloid malignancies will require novel
targeted therapies in addition to broadly applicable treatments.
Further development of tamibarotene may provide a new founda-
tion for the treatment of patients with RARA overexpression across
the spectrum of myeloid diseases.
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