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SUMMARY

Myelodysplastic syndromes (MDSs) are a heterogeneous group of clonal hematopoietic stem cell disorders
characterized by myeloid dysplasia, peripheral blood cytopenias, and increased risk of progression to acute
myeloid leukemia (AML). The standard of care for patients with MDS is hypomethylating agent (HMA)-based
therapy; however, nearly 50% of patients have no response to the treatment. Patients with MDS in whom
HMA therapy has failed have a dismal prognosis and no approved second-line therapy options, so enroliment
in clinical trials of experimental agents represents these patients’ only chance forimproved outcomes. A bet-
ter understanding of the molecular and biological mechanisms underpinning MDS pathogenesis has enabled
the development of new agents that target molecular alterations, cell death regulators, signaling pathways,
and immune regulatory proteins in MDS. Here, we review novel therapies for patients with MDS in whom HMA
therapy has failed, with an emphasis on the biological rationale for these therapies’ development.

INTRODUCTION

Myelodysplastic syndromes (MDSs) arise from a small popula-
tion of disease-initiating hematopoietic stem cells (HSCs) that
persist and expand during conventional therapy and are major
contributors to disease progression and relapse.’

Except for allogeneic transplantation, no new curative treat-
ment for MDS has been developed in the last 10 years.”® The
current standard of care for patients with MDS remains therapy
with hypomethylating agents (HMAs), such as 5-azacytidine
(5-aza) and its analog 5-aza-2'-deoxycytidine (decitabine), which
results in clinical improvements in over 50% of patients.*® Ac-
cording to the International Working Group,® primary HMA failure
is defined by the absence of response after at least 4-6 cycles
of therapy,”® when MDSs progress to a higher-risk disease
or transform to secondary acute myeloid leukemia (sAML) or
when therapy is discontinued as a result of side effects, such
as hypoplastic bone marrow (BM) or pancytopenia.'® Secondary
response failure, or resistance, is defined by a loss of response
or disease progression following an initial response.”

Despite the high frequency of patients with MDS whose dis-
ease does not respond to frontline treatment with HMAs or fails
HMA therapy after an initial response, there are no approved
second-line therapies for these patients, possibly because of
the highly heterogeneous mutational and biological landscape
driving HMA therapy failure.”

In the last decade, genomic technologies coupled with
mouse genetic studies'®'® have greatly improved our under-
standing of the genetic elements driving MDS initiation and
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progression and the ways in which such elements functionally
contribute to specific aspects of the disease’s pathobiology.
These studies have revealed that MDSs are driven by the multistep
acquisition of genetic alterations that affect a recurrent set of
genes, which promotes the self-renewal of mutant HSCs and leads
to their clonal expansion over their normal counterparts.®>?

The most common alterations at the onset of MDSs include
recurrent somatic mutations that affect the function of the
splicing factors SF3B1, SRSF2, U2AF1, and ZRSR2%° and the
DNA methylation and chromatin modifiers DNMT3A, TET2, and
ASXL1.%* Other frequent alterations include cytogenetic aberra-
tions such as the partial deletion of chromosomes 5 (5qg) and 20
(20qg) or the complete loss of chromosome 7 (monosomy 7) or
chromosome 7’s partial deletion involving its long arm.?® Other
mutations in MDSs, such as those affecting IDH1/2, RUNX1,
GATA2, and CUX1 function, can occur at different times during
the course of the disease.*®

The progression of MDS to sAML is mostly associated with the
expansion of HSC clones carrying preexisting or newly acquired
recurrent mutations that affect hematopoietic transcription
factor genes that abrogate normal differentiation or HSC clones
carrying activating mutations in signaling pathways that control
cellular proliferation.?’>”?® The most frequent secondary muta-
tions in MDSs affect the functions of TP53 and RUNX1, the
signaling pathway regulators RAS and FLT3, and the cohesion
complex components STAG2, SMC1, and SMC329~°2 (Figure 1).

MDS onset can be accelerated by cytotoxic chemotherapy or
transplantation after other cancers®*, the presence of germline
predisposition mutations, such as those affecting telomere
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Figure 1. Somatic mutational landscape in MDS

Schematic of the most frequent somatic mutations driving the onset (founder mutations) or progression of MDS to sAML (secondary mutations).

maintenance genes,>° the DEAD box protein member DDX41,%¢
the GATA2 transcriptional factor,®” or any type of stress (e.g.,
inflammation) that confers a fitness advantage to the mutant
clone.®®

New agents targeting altered signaling pathways that induce
mutant HSCs’ clonal advantage dependently (i.e., in a cell-
intrinsic matter) or independently (i.e., in a cell-extrinsic matter)
of specific genetic alterations hold promise for overcoming the
dismal outcomes patients with MDS experience after HMA
therapy failure.

Here, we review novel therapeutic approaches for patients
with MDS in whom HMA therapy has failed (Figure 2; Table 1)
and discuss the biological and molecular mechanisms support-
ing these therapies.

THERAPIES TARGETING ANTI-APOPTOTIC PROTEINS

Apoptosis is a form of programmed cell death that eliminates
unwanted or damaged cells during embryonic development and
tissue homeostasis. Apoptosis occurs through either a death re-
ceptor-mediated extrinsic pathway or a mitochondria-dependent
intrinsic pathway. The intrinsic pathway is activated by several
exogenous and endogenous stimuli, which include DNA damage,
UV and gamma radiation, hypoxia, oxidative stress, and hormone
or cytokine deprivation. The effector components of the intrinsic
pathway are the BCL2 family of proteins. BCL2 family members
are divided into 3 groups based on their function and number of
BCL2 homology (BH) domains: (1) anti-apoptotic members with
4 BH domains (BCL2, BCLxL, BCLw, BCL2A1, BCL2L10, and
MCL1); (2) pro-apoptotic members with 4 BH domains (BAX,
BAK, and BOK); and (3) pro-apoptotic members with 3 BH do-
mains (BAD, BID, BIK, BIM, BMF, HRK, NOXA, and PUMA).>%¢°
The activation of pro-apoptotic BCL2 proteins induces the perme-
abilization of the mitochondrial outer membrane, which elicits the
release of the cytochrome complex in the cytoplasm and the acti-
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vation of caspase, the final regulators of apoptotic cell dismantling.
In contrast, the activation of anti-apoptotic BCL2 proteins inhibits
cytochrome complex release, thereby preventing apoptosis.®’

Venetoclax (ABT199) is a highly selective BCL2 inhibitor that
promotes the oligomerization of BAX and BAK, thus inducing
apoptosis®*®* (Figure 3). Since its approval by the US Food
and Drug Administration (FDA) in 2019, venetoclax has substan-
tially improved the treatment outcomes of patients with AML. In
older patients with AML who were not otherwise candidates for
more aggressive treatments, such as intensive induction chemo-
therapy, venetoclax combined with low-dose cytarabine yielded
high response rates and long remission durations.®®> Moreover,
among previously untreated patients with AML who were ineli-
gible for intensive chemotherapy, those who received 5-aza
plus venetoclax had a longer overall survival duration and a
higher remission rate than those who received 5-aza alone.®®

In a phase 1b multicenter clinical trial (ClinicalTrials.gov:
NCT02966782) evaluating the safety and efficacy of venetoclax
alone or in combination with 5-aza in patients with relapsed/refrac-
tory (R/R) MDS, the combination cohort had an overall response
rate (ORR) of 39%.“C Moreover, results emerging from a single-
center phase I/l clinical trial (ClinicalTrials.gov: NCT04160052)
confirmed the potential benefit of combining venetoclax with
5-aza in the treatment of patients with R/R MDS.®” Although these
clinical trials were designed to identify the optimal dose of the com-
bination therapy and evaluate its clinical activity and safety, they
also offered an unparalleled opportunity to gain insight into the
biological mechanisms of venetoclax response and resistance
in MDS.

Indeed, the findings of our previous study provide a rationale
for using different therapeutic approaches depending on the
architecture of MDS HSCs to overcome MDS progression. We
performed integrative molecular profiling of hematopoietic
stem and progenitor cells (HSPCs) from more than 400 samples
from patients with MDS and found that MDS HSCs in 2
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Figure 2. Novel emerging therapies for patients with MDS after HMA failure

Schematic of the experimental agents in clinical trials for patients with MDS whose disease failed HMA therapy. IDH, isocitrate dehydrogenase; TCA, tricarboxylic
acid cycle; a-KG, alpha-ketoglutarate; 2-HG, 2-hydroxyglutarate; CTLA-4, cytotoxic T lymphocyte-associated protein 4; PD-1, programmed cell death protein 1;
PD-L1/2, programmed death-ligand 1/2; PAMP, pathogen-associated molecular patterns; TLR, Toll-like receptor; MyD88, myeloid differentiation primary
response 88; TRIF, TIR-domain-containing adaptor-inducing interferon-f; NF-«kB, nuclear factor kappa B; IRFs, interferon regulatory factors; BCL2, B cell
lymphoma 2; MCL1, myeloid cell leukemia 1; NEDD8, neuronal precursor cell expressed developmentally downregulated protein-8. IRAK4, interleukin-1

receptor-associated kinase.

differentiation states—long-term HSCs or lymphoid-primed
multipotent progenitors (LMMPs)—give rise to 2 distinct patterns
of progenitor differentiation, either a “common myeloid progen-
itor (CMP) pattern” or a ‘“granulocytic-monocytic progenitor
(GMP) pattern.”®® These 2 HSPC architectures were maintained
throughout HMA therapy and expanded at progression after
HMA therapy failure, depending on the recurrent activation of
BCL2-or nuclear factor kB (NF-kB)-mediated survival pathways,
respectively. Pharmacologically inhibiting these pathways
depleted MDS HSCs and reduced tumor burden in experimental
systems. Overall, we found that the HSC architectures in MDSs
are potential predictive biomarkers for guiding the design or
choice of specific therapeutic approaches targeting these
cells.®® We then performed a preliminary validation of our pre-
clinical studies in the setting of clinical trials of venetoclax-based
therapy, hypothesizing that targeting BCL2 with venetoclax
could elicit a durable response in patients with “CMP pattern”
MDS. Consistent with our hypothesis, among patients with

MDS whose disease progressed after the failure of frontline
HMA-based therapy, those with “CMP pattern” HSPC architec-
ture who were treated with venetoclax had a shorter cumulative
time to complete remission (p = 0.018) and a longer relapse-free
survival duration than those with “GMP pattern” HSC architec-
ture (16.3 vs. 5.2 months). Together, these results suggest that
the cellular architecture of MDS should be considered a
biomarker for predicting the intrinsic vulnerabilities of the cells
that expand at relapse and thus for guiding the design or choice
of specific therapeutic approaches targeting these cells, partic-
ularly in the setting of venetoclax-based therapy.®®

We also observed that patients with the “GMP pattern” HSC
architecture overexpressed the downstream NF-kB pathway
effector and anti-apoptotic regulator MCL1, which explains
why this group of patients is resistant to venetoclax treatment.
These data suggest that targeting MCL1, but not BCL2, activity
can overcome HMA therapy resistance in these patients.
Consistent with this hypothesis, recent preclinical studies
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Table 1. Summary of the ongoing therapeutic approaches for patients with MDS whose disease failed HMA therapy

Number of
Clinical trial patients Patient
Therapy Target phase enrolled characteristics Type of response NCT number/reference
Therapies targeting anti-apoptotic proteins
Venetoclax + azacitidine BCL2 I/Il, R 12 IPSS-R: ORR: 75% NCT04550442
- INT: 16% CR(n=1) Desikan et al.*°
- high: 42% mCR (hn=7)
- very high: 42% mOS: 8.5 months
Venetoclax + azacitidine BCL2 1b 44 IPSS-R: ORR: 39.6% NCT02966782
ANR - low: 9% CR: 6.8% Zeidan et al.*’
- INT: 18% mCR: 31.8%
- high: 37% mPFS: 8.6 months
- very high: 36% mOS: 12.6 months
Venetoclax + azacitidine BCL2 /1l 2 IPSS: ORR: 75% NCT04160052
R - INT-2: 75% mCR: 75% Morita et al.*'
- high: 25% SD: 25%
NEDDylation inhibitors
Pevonedistat + azacitidine NEDDS- 1l 21 IPSS: ORR: 42.9% NCT03238248
activating ANR - INT-2/high: 65% CR(n=1) Moyo et al.*
enzyme mCR (n = 4)
DoR: 8.7 months
Signal transduction inhibitors
Rigosertib + low-dose RAS PI3K PLK n 199 IPSS-R: mOS: NCT01241500
cytarabine C - low: 1% - global: 8.2 months Garcia-Manero et al.*®
- INT: 7% - primary failure: 8.6
- high: 34% months
- very high: 47% - IPSS-R very high: 7.6
- unknown: 11% months
Rigosertib RAS PI3K PLK n 240 NA ITT mOS: 6.4 months NCT02562443
ANR Onconova-
Therapeutics et al.**
Rigosertib + azacitidine RAS PI3K PLK Il 17 IPSS-R: ORR: 59% NCT01926587
C - low: 4% Navada et al.*®
- INT: 19%
- high: 31%
- very high: 45%
- unknown: 1%
Isocitrate dehydrogenase inhibitors
Ivosidenib IDH1 | 16 NS ORR: 81% NCT02074839
R CR: 44% Sallman et al.*®
mCR: 31%
DoR at 12

months: 60%

(Continued on next page)
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Table 1. Continued

Number of
Clinical trial patients Patient
Therapy Target phase enrolled characteristics Type of response NCT number/reference
Ivosidenib IDH1 1l 13 NA ORR: 54% NCT03503409
R CR: 23% Sebert et al.*’
mOS: 7.7 months
Enasidenib IDH2 /1l 13 IPSS: ORR: 46% NCT01915498Stein
ANR - INT-2/high: 53% etal.*®
IPSS-R:
- high/very high: 53%
Enasidenib IDH2 1l 23 IPPS-R: ORR: 35% NCT03383575
ANR - INT: 35% CR: 22% DiNardo et al.*’
- low: 13%
- high: 30%
- very high: 22%
Enasidenib IDH2 Il 11 NA ORR: 27% NCT03744390
R CR: 18% Ades et al.””
1 year OS: 55.4%
Olutasidenib FT- IDH2 /1 8 NA ORR: 44% NCT02719574
2102 + azacitidine ANR CR: 11% Jorge et al.”’
mCR: 33%
Inflammation pathway inhibitors
Tomaralimab TLR2 I/ 51 NA ORR: 50% NCT02363491
(¢} major responders: 27 % Garcia-Manero
minor responders: 23% et al.”?
Emavusertib IRAK4 I/ 7 NA ORR: 57% NCT04278768
R mCR: 57% Garcia-Manero
etal.”®
Immune checkpoint inhibitors
Pembrolizumab + azacitidine PD-1 1l 20 IPSS: ORR: 25% NCT03094637
ANR - INT-1: 65% CR: 5% Chien et al.**
- INT-2: 20% mCR: 10%
- high: 15% HI: 10%
Pembrolizumab PD-1 1b 28 IPSS-R: ORR: 0% NCT01953692Garcia-
C -low: 11% mCR: 19% Manero et al.>®
- INT: 25% SD: 44%
- high: 14% mOS: 6 months

- very high: 43%
- unknown: 7%

(Continued on next page)
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Table 1. Continued

Number of
Clinical trial patients Patient
Therapy Target phase enrolled characteristics Type of response NCT number/reference
Nivolumab and/or ipilimumab + PD-1 1l 35 NA ORR: NCT02530463Garcia-
azacitidine CTLA-4 R - nivolumab: 13%
- ipilimumab: 35%
CR:
- ipilimumab: 15%
mEFS: 7.1 months
mOS: 8 months
Nivolumab and/or PD-1 basket 11 IPSS: ORR: 36% NCT02530463Morita
ipilimumab =+ azacitidine CTLA-4 exploratory - INT-1: 46% CR: 9%
phase Il -INT-2: 18% CRi: 9%
- high: 36% HI: 18%
mPFS: 7.1 months
mOS: 11.4 months
Atezolizumab + azacitidine PD-L1 1b 25 IPSS-R: cohort A: NCT02508870Gerds
cohort A: 11 - low: 4% - ORR: 0%
cohort B: 14 - INT: 12% - mPFS: 4.5 months
- NA: 84% - mOS: 8.7 months

cohort B:

- ORR: 14.3%

- mPFS: 7.9 months
- mOS: 11.9 months

ANR, active not recruiting; BCL2, B cell ymphoma 2; C, completed; CR, complete response; CRi, complete remission with incomplete count recovery; CTLA-4, cytotoxic T lymphocyte-asso-
ciated protein 4; DoR, duration of response; HI, hematologic improvement; HMA, hypomethylating agent; IDH, isocitrate dehydrogenase; INT, intermediate; IPSS, International Prognostic
Scoring System; IPSS-R, Revised International Prognostic Scoring System; IRAK4, interleukin-1 receptor-associated kinase 4; ITT, intention-to-treat; mCR, marrow complete response;
MDS, myelodysplastic syndrome; mEFS, median event-free survival; mOS, median overall survival; mPFS, median progression-free survival; NA, not available; NCT, national clinical trial;
NEDDS8, neuronal precursor cell-expressed developmentally downregulated-8; NS, not specified; ORR, overall response rate; OS, overall survival; PD-1, programmed cell death 1; PD-L1, pro-

grammed cell death ligand-1; PI3K, phosphatidylinositol 3-kinase; PLK, Polo-like kinase 1; R, recruiting; SD, stable disease; TLR2, Toll-like receptor 2.
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Figure 3. Mechanisms of action of veneto-
clax and AMG 176

The anti-apoptotic proteins BCL2 and MCL1 bind
and sequester the apoptotic effectors BAX/BAK to
prevent these proteins’ oligomerization and sub-
sequent induction of apoptosis. Venetoclax or
AMG 176 selectively binds to the BH3 domain of
BCL2 and MCL1, respectively, allowing for the
release of pro-apoptotic proteins, which results in
the permeabilization of the mitochondrial outer
membrane, cytochrome c release, and caspase
cascade activation.
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showed that drug synergy from combining BCL2 and MCL1 in-
hibitors was achieved across all subtypes and mutational pro-
files of MDS, even in the presence of RAS family mutations
that conferred resistance to venetoclax monotherapy in AML
and chronic myelomonocytic leukemia (CMML).®® Based on
these results, we recently opened a phase | clinical trial of the
MCL1 inhibitor AMG 176 in combination with 5-aza in patients
with MDS with R/R disease after HMA therapy failure (Clinical-
Trials.gov: NCT05209152) (Figure 3). After the first phase of
this trial establishes the optimal biological dose/minimum safe
biologically effective dose, the study will be extended to veneto-
clax-naive and venetoclax-exposed patients with R/R MDS.
Whereas the molecular and biological mechanisms underpin-
ning AML resistance to venetoclax have recently been recently
elucidated,”®™"® we still do not know why patients with MDS
whose disease failed HMA therapy acquire secondary resistance
to venetoclax after an initial response. Preliminary data from our
group showed that “CMP pattern” MDS that initially responded
to therapy underwent clonal evolution and acquired previously

undetectable mutations (e.g., STAG2) that changed the cellular
architecture of the disease and induced expansion of LMPPs
depending on NF-kB pathway activation to maintain survival
(S.C., unpublished data). These data suggest that combination
therapies targeting specific HSPC populations are needed to
overcome venetoclax-resistance in MDS.

NEDDylation INHIBITORS

Intracellular protein production, degradation, and clearance are
controlled by a programmed turnover that maintains cellular ho-
meostasis. NEDDylation is a multistep enzymatic process initiated
by the NEDD8-activating enzyme (NAE), which conjugates a
ubiquitin-like molecule, neuronal precursor cell-expressed devel-
opmentally downregulated-8 (NEDD8), to a conserved lysine res-
idue and promotes protein degradation.” The most characterized
target of NEDDylation is the cullin-RING E3 ubiquitin ligase
(CRL).”* The conjugation of NEDD8 and CRL is catalyzed by
NAE, which activates CRL’s ligase activity and facilitates the

Cell Reports Medicine 4, 100940, February 21, 2023 7
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ubiquitination of multiple substrates involved in cycle progression
(e.g., p21, p27, cyclin E, c-Myc), DNA damage, tumor suppression
(e.g., TP53), and stress responses. Different types of cancer,
including AML and MDS,”® have increased levels of NEDD8 and
NAE, which promote the growth of tumor cells and their evasion
of programmed cell death.”®

Agents targeting NEDDylation include pevonedistat
(MLN4924), a small molecule that targets NAE’s adenylation
active site, thus triggering multiple cellular responses, including
cell-cycle arrest, apoptosis, senescence, and autophagy.
Previous studies showed that pevonedistat decreases AML
cells’ colony-forming ability and induces their apoptosis
invitro”” and demonstrated that the combination of pevonedistat
and 5-aza synergistically induces AML cells’ apoptosis in
xenograft models.”® A phase 1b clinical trial (ClinicalTrials.gov:
NCT01814826) showed that the combination of pevonedistat
and 5-aza was well tolerated in older patients with AML who
were ineligible for high-dose induction therapy, and the timing
and frequency of these patients’ responses suggested that the
addition of pevonedistat to a standard regimen of single-agent
5-aza has a greater therapeutic benefit than 5-aza alone.”® The
combination therapy is now being evaluated in a phase Il clinical
trial (ClinicalTrials.gov: NCT03238248) in patients with MDS in
whom HMA therapy has failed.*? Preliminary results from 21 pa-
tients with R/R MDS demonstrated an ORR of 43%. Several clin-
ical trials of pevonedistat in combination with other agents (e.g.,
belinostat, fludarabine, cytarabine) in patients with R/R MDS are
also ongoing (ClinicalTrials.gov: NCT03772925, NCT03813147,
and NCT03459859).

SIGNAL TRANSDUCTION INHIBITORS

Signaling transduction pathways are disrupted in cancer cells
owing to the activation of oncogenes or the inactivation of
tumor-suppressor genes.®° The hyperactivation of some specific
signal transduction pathways can cause aberrant cell-cycle pro-
gression and promote tumor cells’ proliferation, differentiation,
and survival. Therefore, agents that target signaling transduction
regulators could provide new treatments for patients with a
broad range of cancers, including MDS.

Among transduction regulators, receptor tyrosine kinases
(RTKs)®' are cytoplasmatic membrane receptors with an intra-
cellular catalytic domain that is involved in signal transduction.
The interaction of signaling molecules (typically growth factors)
with RTKs’ extracellular region induces intracellular dimerization
and activates tyrosine kinase domains (TKDs), which bind to
specific phosphotyrosine residues within the receptor and
engage downstream effectors that propagate critical cellular
signaling pathways.®* The most frequently altered oncogenic
signaling pathway in cancer cells is the RTK-RAS cascade.®*%*
Once activated, RAS initiates different signaling responses,
including the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)
pathways, which promote cancer development by activating
oncogenic transcription, cell-cycle progression, cellular survival,
cell growth and metabolism, and cell motility and migration.®®
RAS’s active state depends on its intrinsic ability to bind and
hydrolyze GTP via the conserved G-domain. RAS GTPase activ-
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ity is mediated by the guanine nucleotide exchange factor/
GTPase-activating protein system, which regulates the shift
between inactive GDP-RAS and active GTP-RAS. Gain-of-func-
tion mutations in HRAS, KRAS, or NRAS, which are common in
several types of cancer, constitutively maintain RAS in its active
form, thus enhancing the proliferation and survival of mutant
cells over those of their normal counterparts.®®

RAS pathway-activating mutations are rare in patients with
newly diagnosed MDS but occur in about 20% of patients with
MDS whose disease has progressed to sSAML.*" Therefore, thera-
peutic approaches that target RAS signaling by inhibiting RAS’s
enzymatic activity or its effectors and regulators are under investi-
gation in patients with MDS who have a higher risk of disease pro-
gression. For example, the small molecule rigosertib,®” a synthetic
benzyl styryl sulfone, blocks the interaction between RAS and the
RAS-binding domain of RAF, one of its effectors, thus inhibiting the
activation of the downstream MAPK and PI3K/AKT signaling
cascades and inducing cell-cycle arrest and apoptosis.®® Howev-
er, in a phase lll clinical trial (ClinicalTrials.gov: NCT01241500) in
patients with MDS with excess blasts after HMA therapy failure,
the addition of rigosertib to best supportive care did not signifi-
cantly improve overall survival compared with best supportive
care alone.*® Although these results were disappointing, other
inhibitors directly targeting RAS mutations, such as the newly
approved KRAS inhibitor MRTX1133,%° hold promise for patients
with KRAS-mutant cancer, including those with MDS in whom
HMA therapy has failed.

Another RTK that plays a key role in controlling the survival,
proliferation, and differentiation of hematopoietic cells is FMS-
like tyrosine kinase 3 (FLT3). FLT3 has 5 immunoglobulin-like
domains in the extracellular region, a transmembrane domain,
a juxtamembrane domain, and 2 intracellular TKDs linked by a ki-
nase insert.”° In physiological conditions, FLT3 is in a monomeric
inactive form. The binding of FLT3 with its ligand, FLT3L, induces
FLT3’s dimerization, which promotes the phosphorylation of
TKDs and leads to the activation of downstream signal transduc-
tion networks through the PI3K and RAS signaling cascades.”’

FLT3 gene alterations that cause the constitutive phosphoryla-
tion of the TKD are recurrent genetic abnormalities in AML.%
They include FLT3 internal tandem duplications (FLT3-ITDs)
within the juxtamembrane domain as well as point mutations
that mainly involve the TKD (FLT3-TKD mutations).”® In AML,
FLT3-ITDs are predictors of poor prognosis, particularly in terms
of relapse-free and overall survival, whereas FLT3-TKD muta-
tions are not associated with a prognostic impact.®* FLT3-ITDs
and FLT3-TKD mutations at MDS onset are infrequent, occurring
in less than 1% of patients, but they are present in up to 10% of
patients at disease progression to sAML. FLT3 alterations
predict a shorter duration to sAML transformation and very
poor outcomes.”®

FLT3 inhibitors are divided into first-generation multikinase in-
hibitors (e.g., sorafenib, lestaurtinib, midostaurin) and next-gen-
eration inhibitors (e.g., quizartinib, crenolanib, gilteritinib).%®
However, given the limited number of ongoing clinical trials of
FLT3 inhibitors in patients with R/R MDS with FLT3 genetic alter-
ations (ClinicalTrials.gov: NCT03661307, NCT04493138, and
NCT01892371), we do not yet understand whether these
patients would benefit from these agents.



Cell Reports Medicine

ISOCITRATE DEHYDROGENASE INHIBITORS

Isocitrate dehydrogenase (IDH), a key enzyme in the tricarboxylic
acid cycle, reversibly catalyzes the conversion of isocitrate to
a-ketoglutarate (a-KG). Up to 20% of patients with newly diag-
nosed AML®® and 4%-12% of patients with newly diagnosed
MDS®’ carry IDH1/2 heterozygous gain-of-function mutations
affecting the amino acids R132, R172, and R140.°”:° These mu-
tations inhibit the conversion of isocitrate to «-KG and lead to the
acquisition of neomorphic IDH1/2, whose enzymatic activity
instead reduces a-KG to 2-hydroxyglutarate (2-HG),%*'%° an
oncogenic protein that competitively inhibits «-KG-dependent
dioxygenases, including TET2 and histone demethylases.'""
High levels of 2-HG induce the hypermethylation of histones
and DNA, thus changing epigenetic patterns and significantly
impairing hematopoietic differentiation.'®?

IDH1/2 mutations mainly occur in patients with MDS in whom
previous therapies have failed, which suggests that these muta-
tions drive MDS progression.'’® These patients’ survival out-
comes have improved greatly with the recent development of
therapies targeting mutant IDH1/2 proteins. The oral small mol-
ecules enasidenib (AG-221) and ivosidenib (AG-120) inhibit the
production of 2-HG in IDH2- and IDH71-mutant cells, respec-
tively, and lead to the differentiation of mutant cells without
inducing BM aplasia. Enasidenib was approved by the FDA in
August 2017 after a phase I/ll trial in 239 patients with R/R
IDH2-mutated AML (ClinicalTrials.gov: NCT01915498), including
30 patients whose disease progressed from MDS.'%* Therapy
with enasidenib was associated with an ORR of 40%, and the
ORR of patients with /IDH2R72 mutations (53.3%) was higher
than that of patients with /DH2R'4° mutations (35.4%). More
recently, a phase Il trial (ClinicalTrials.gov: NCT03383575) in pa-
tients with MDS and /IDH2 mutations showed that enasidenib in
combination with 5-aza is an effective option for treatment-naive
patients with high-risk MDS and that enasidenib alone is an
effective option for patients with MDS in whom HMA therapy
has failed.*® Ivosidenib received FDA approval in July 2018 after
a phase | clinical trial (ClinicalTrials.gov: NCT02074839) demon-
strated that in patients with advanced R/R IDH7-mutated AML
(n =179), ivosidenib had few treatment-related adverse events,
seldom resulted in transfusion independence, and elicited dura-
ble remissions, including molecular remissions in some patients
who had complete remission.'%°

Several new IDH inhibitors for the treatment of patients with
MDS with IDH1/2 mutations are under investigation. For
example, an ongoing phase I/ll clinical trial (ClinicalTrials.gov:
NCT02719574) is evaluating the safety and efficacy of olutaside-
nib (FT-2102),'°° an orally active, highly potent, selective
inhibitor of mutant /IDH1, alone or in combination with 5-aza or
cytarabine in patients with R/R MDS or AML.

Although IDH1/2 inhibitors improved the outcomes of patients
with AML and MDS with IDH1/2 mutations, these agents cannot
cure the disease, probably because IDH1/2 mutations are
frequently subclonal and cooperate with other mutations (e.g.,
SRSF2 mutations) to induce the leukemic phenotype.'®” Thus, to
improve the overall survival of these patients, future studies should
be designed to identify combination therapies of IDH1/2 inhibitors
with agents targeting these mutations’ cooperative pathways.

¢ CellP’ress

INFLAMMATION PATHWAY INHIBITORS

The dysregulation of innate immune and inflammatory signaling
is a hallmark of MDS."%%'%° To escape immune recognition, ma-
lignant cells employ several mechanisms, including losing their
antigenicity and/or immunogenicity and inducing an immuno-
suppressive tumor microenvironment.''® Aberrant activation of
enhanced Toll-like receptor (TLR) signaling contributes to inef-
fective hematopoiesis''" and has emerged as a potential thera-
peutic opportunity in the treatment of MDS."'>'"2

TLRs are a family of transmembrane pattern-recognition recep-
tors that initiate innate immune responses.''* TLRs are activated
by recognizing non-self-danger signals from invading pathogens
(pathogen-associated molecular patterns) or self-danger signals
from damage-associated molecular patterns (endogenous dam-
age-associated molecular patterns). The 10 different TLRs in hu-
mans are expressed on different immune cell types (neutrophils,
macrophages, dendritic cells, natural killer cells, and B and
T cells), non-immune cell types (fibroblasts and endothelial and
epithelial cells), and HSPCs. The interaction between TLRs and
their ligands induces the dimerization of the Toll/interleukin-1 re-
ceptor’s cytosolic domain, which leads to the recruitment of
adaptor proteins.''® These adaptor proteins include myeloid dif-
ferentiation primary response 88 (MyD88), which activates the
innate immune signaling cascade mediated by the IRAK family ki-
nases, and the Toll/interleukin-1 receptor domain-containing
adaptor-inducing interferon-, which activates interferon signaling
and the production of inflammatory cytokines.''®

TLRs are often overexpressed in cancer cells and can either
promote or inhibit tumor progression depending on the cellular
context. MDS HSPCs overexpress TLR2, TLR4, TLR6, and
MyD88. TLR2 agonists activate the histone demethylase
JMJD3, which enhances NF-kB activity and significantly de-
creases erythropoiesis.''® These results led to a phase I/Il clin-
ical trial (ClinicalTrials.gov: NCT02363491) of tomaralimab
(OPN-305), a fully humanized immunoglobulin G4 (IgG4) mono-
clonal antibody against TLR2, in transfusion-dependent patients
with low- or intermediate-risk MDS in whom HMA therapy had
failed. These heavily pretreated patients had an ORR of 50%,
which suggests that targeting TLR2 can improve erythropoiesis
in this cohort.®?

Interleukin-1 receptor-associated kinase 4 (IRAK4) is a key
mediator of TLR and interleukin-1 receptor-induced NF-kB
signaling pathway activation and triggers inflammatory re-
sponses and survival mechanisms in many types of cancer
cells.""” Preclinical studies in MDS and AML showed that
U2AF1 and SF3B1 mutations lead to aberrant splicing of
IRAK4, which results in a longer isoform retaining exon 4
(IRAK4-L). Compared with the shorter IRAK4 isoform, IRAK4-L
more significantly actives the NF-kB pathway and NF-«B’s
downstream innate immune signaling. The genetic inhibition of
IRAK4-L expression induces differentiation of AML cells and de-
creases tumoral burden in in vivo experiments.''®"'° Therefore,
IRAK4 inhibitors are promising therapeutic options to target the
innate immune system.'?° Further preclinical studies also re-
vealed that IRAK signaling is a mechanism of adaptive resistance
in the setting of FLT3-mutant AML."*" These results led to a
phase I/1l trial (ClinicalTrials.gov: NCT04278768) of Emavusertib
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The expression of checkpoint proteins, such as PD-1, PD-L1, and CTLA-4, is upregulated in MDS cells and leads to T cell functional exhaustion and abrogation of
the anti-tumoral response. Treatment with antibodies targeting PD-1/PD-L1 or CTLA-4 overcomes immune response inhibition and enhances antitumor activity.

(CA-4948), a novel oral IRAK4 inhibitor with dual targeting of
IRAK4 and FLT3 in patients with R/R MDS/AML. Preliminary re-
sults from this trial showed that CA-4948 as a single agent or in
combination with 5-aza or venetoclax has efficacy in patients
with SF3B1, U2AF1, or FLT3 mutations. Importantly, in the 7 pa-
tients with MDS with spliceosome mutations, 57% reached
marrow complete remission, including 1 with red blood cell
transfusion independence.®®

IMMUNE CHECKPOINT INHIBITORS

The maintenance of immune homeostasis along the T cell
lifespan is crucial to preventing autoimmunity.’®® Checkpoint
proteins, which are based on ligand-receptor pairs and are
expressed on immune cells, tumor cells, and other types of
cells, may have inhibitory or stimulatory effects on immune
responses '**(Figure 4). Among the various immune checkpoints
that are abnormally expressed in tumor cells, cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) and programmed
cell death 1 (PD-1), which are negative regulators of T cell activ-
ity, are the most studied.'?* Immune checkpoint inhibitors that
block the function of CTLA-4 or PD-1—and thus enhance
T cell responses against tumor cells—have revolutionized can-
cer therapy over the last 15 years.'?®

InCD34" MDS cells, CTLA-4, PD-1, and PD-ligand-L1/2 (PD-L1/
2) are upregulated and induce immune surveillance evasion.'*® In
addition, HMA therapy upregulates PD-1 and PD-L1/2, which sug-
gests that they may have a role in therapy resistance.'”® Several
clinical trials are investigating the effects of PD-1 or CTLA-4
blockade in patients with MDS in whom HMA therapy has failed.
A phase 1b clinical trial (ClinicalTrials.gov: NCT01953692) of pem-
brolizumab (MK3475), a humanized 1gG4 monoclonal antibody
that blocks PD-1’s interaction with its ligand, PD-L1, showed
that the antibody did not significantly improve the ORR of patients
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in whom HMA therapy had failed. However, among the overall
cohort of patients, those with an intermediate risk had animproved
2 year ORR of 46%.°° A similar phase Il clinical trial confirmed that
pembrolizumab in combination with 5-aza (ClinicalTrials.gov:
NCT03094637) elicited a modest ORR overall but improved the
survival of patients with intermediate-risk disease,”* which
suggests that although targeting PD-1 cannot prevent the poor
outcomes of patients with MDS after HMA failure, it may have
some clinical activity in certain subgroups of patients. For
example, an exploratory phase Il basket trial (ClinicalTrials.gov:
NCT02530463) showed that the combination of the checkpoint in-
hibitors ipilimumab and nivolumab with or without 5-aza had some
clinical activity with tolerable safety profiles in patients with R/R
MDS.%” However, a larger study with longer follow up is needed
to clarify the efficacy of this regimen and identify biomarkers of
response or resistance to these agents.

Conclusions

The development of more effective therapies for patients with MDS
whose disease failed HMA therapy requires an improved under-
standing of how MDS HSCs contribute to therapy failure and
disease progression. Studies employing advanced sequencing
technologies have shown that aberrant MDS cells that reside in
the immunophenotypically defined HSC compartment drive the
progression of MDS to sAML,'?” which suggests that targeting
these cells is the only way to improve the outcomes of patients
whose MDS has progressed to higher-risk disease.

Emerging therapies aimed at improving the overall survival of
patients with R/R MDS have shown promising clinical efficacy,
but none has been shown to overcome these patients’ dismal
prognosis, likely because almost all HSCs are mutated at the
onset of MDS.®® Thus, future efforts should focus on developing
therapeutic strategies that prevent MDS progression or target
early-stage MDS, such as clonal cytopenia of undetermined
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significance, when the mutational burden is low and symptoms
are minimal.
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