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Abstract: High-risk myeloid neoplasms encompass a group of hematologic malignancies
known to cause significant cytopenias, which are accompanied by the risk of end-organ
damage. They tend to have an aggressive clinical course and limit life expectancy in the
absence of effective treatments. The adoption of precision medicine approaches has been
limited by substantive diversity in somatic mutations, limited fraction of patients with
targetable genetic lesions, and the prolonged turnaround times of pertinent genetic tests.
Efforts to incorporate targeted agents into first-line treatment, rapidly determine pre-
treatment molecular or cytogenetic aberrations, and evaluate functional vulnerabilities ex
vivo hold promise for advancing the use of precision medicine in these malignancies.
Given the relative accessibility of malignant cells from blood and bone marrow, precision
medicine strategies hold great potential to shape future standard-of-care approaches to
patients with high-risk myeloid malignancies. This review aims to summarize the devel-
opment of the targeted therapies currently available to treat these blood cancers, most
notably acute myeloid leukemia, and also evaluate future opportunities and challenges
related to the integration of personalized approaches.

Keywords: myeloid malignancies; small-molecule inhibitors; functional precision medi-
cine; tumor neoantigens

1. Introduction

Myeloid lineage blood cells are responsible for the production of many vital blood
elements, including erythrocytes, granulocytes, platelets, and monocytes. Malignancies
developing from myeloid progenitor and stem cells range in terms of natural history,
symptomatology, and the need for treatment. They include relatively ubiquitous diseases
such as myelodysplastic syndromes (MDS) and less common ones like primary myelofi-
brosis (PMF). Regardless of specific diagnosis, most high-risk myeloid neoplasms
(HRMNSs) share aggressive clinical courses, resulting in limited life expectancy in the ab-
sence of treatments, including potentially curative allogeneic hematopoietic stem cell
transplants (allo-SCT). Unfortunately, the intensive cytotoxic therapies traditionally used
for HRMN:s, specifically acute myeloid leukemia (AML), have limited efficacy [1], cause
substantial treatment-related mortality [2], are highly cost ineffective [3], and may not be
feasible for all patients given the predilection for these malignancies in older, comorbid
populations [4].
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The development of well-tolerated drugs that selectively target neoplastic over non-
malignant cells has become a highly coveted feature in all of oncology, but especially in
the treatment of patients with HRMNSs, for whom limited therapeutic options previously
existed. While B-cell lymphoid neoplasms have led to the development of a number of
highly effective drugs specific to B-cell lineage cell surface antigens and monitoring tech-
nologies very specific to malignant clones [5], such precision medicine approaches have
been more gradually developed and are less robust in myeloid malignancies. With the
discovery of the Philadelphia chromosome [6,7] and the development of the BCR-ABL
tyrosine kinase inhibitor (TKI) imatinib in chronic myeloid leukemia (CML) at the turn of
the twenty-first century [8], precision oncologic approaches were realized in the treatment
of HRMN:Ss. This transformed certain malignancies (CML, most famously) from life-threat-
ening entities to chronic diseases.

Ongoing barriers to precision oncologic drug development in HRMNs include few
myeloid-specific antigen targets, the risks of on-target off-tumor toxicities, and substan-
tive diversity of somatic mutations [9,10], both between patients with the same malig-
nancy and within the tumor cell population of any given patient. This genetic heteroge-
neity increases the risk of selecting treatment-resistant or target-negative subclones fol-
lowing therapeutic exposure with targeted agents, as can be seen with development of
BCR-ABL1 kinase domain mutations in CML [11]. Despite these challenges, a multitude
of targets relatively specific for myeloid neoplasms have been identified, resulting in a
plethora of precision therapeutics being developed in the last 24 years (Figure 1). While
such advances are critical, disease heterogeneity limits their applicability —only 60% of
patients younger than 60 years old with AML have genetic lesions targetable with current
therapeutics, and this drops to 44% in those older than 60 years [12].
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Figure 1. A selection of drugs currently approved and under study for treating HRMNSs. Listed are

the drug targets and the myeloid malignancies for which these drugs are used. Drugs in green are
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already approved, those in yellow are under study, and purple drugs are used off-label. 2-HG: 2-
hydroxyglutarate; AML: acute myeloid leukemia; BPDCN: blastic plasmacytoid dendritic cell neo-
plasm; KMT2Ar: KMT2A-rearranged; MDS: myelodysplastic syndromes; Ph+: Philadelphia chro-
mosome-positive; TKI: tyrosine kinase inhibitor. * FDA-approved for relapsed/refractory KMT2A-
rearranged AML as of November 2024 and currently in clinical trials for relapsed/refractory NPM1-
mutant AML.

Ample opportunities exist to further advance the use of precision medicine in
HRMNSs. Novel combinatorial approaches in disease subsets with multiple targets (i.e.,
NPM1- and FLT3-ITD mutated AML) may allow for lessened reliance on traditional cyto-
toxic agents that form the backbone of AML treatments. Further understanding of tumor
cell functional vulnerabilities should allow the development of drugs targeting these sub-
sets and functional biomarkers predictive of responses. Multicenter precision medicine
trials are permitting the relatively quick accrual of patients with rare disease subsets and
provide a key framework for evaluating new precision medicine drugs.

In this review, we discuss targets of interest in myeloid neoplasms, approved and
investigational targeted agents, and functional precision medicine approaches in HRMNs.
As drugs used in AML treatment account for most precision medicine research in
HRMNss, this is the malignancy focused on in this review.

2. Targeting Myeloid Surface Markers
2.1.CD33

Even before the development of imatinib, the targeting of myeloid surface markers
yielded the first precision drug in myeloid malignancies in 2000: the anti-CD33 antibody-
drug conjugate (ADC) gemtuzumab ozogamicin (GO). As the transmembrane glycopro-
tein CD33 is only expressed in myeloid cells and displays increased expression in multiple
myeloid malignancies [13,14], it is inherently an attractive therapeutic target. However, as
repeatedly demonstrated with precision medicine drugs, “precision” is only so precise.
After receiving accelerated approval by the United States Food and Drug Administration
(FDA) in 2000 as a salvage therapy for adults with relapsed AML at a dose of 9 mg/m? on
days 1 and 14 due to early-phase trials [15], GO was recalled a decade later due to the
increased incidence of veno-occlusive disease (VOD) [16] and hepatotoxicity.

The re-evaluation of GO with lower fractionated dosing (3 mg/m? on days 1, 4, and 7
in combination with induction chemotherapy) in the phase III AFLA-0701 trial showed
favorable outcomes among adult patients with de novo AML, particularly event-free sur-
vival (EFS is defined as the time from randomization to leukemic relapse, death from any
cause, or failure to achieve remission) [17]. This study and others [18,19] informed the
reapproval of GO by the FDA in 2017 as a frontline agent that can be combined with in-
tensive induction chemotherapy, with doses at 6 mg/m? recognized to have greater tox-
icity without greater therapeutic benefit compared to doses of 3 mg/m? [20]. Patients with
favorable risk cytogenetics (i.e., core-binding factor AML) had a marked survival benefit
per MRC AML15 (5-year overall survival [OS] of 79% with GO versus 51% without) [18],
favoring the clinical use of this drug in this population. Further studies found that mye-
loblast CD33 expression correlates with responses to GO in both pediatric [21] and adult
populations [22], though higher doses of GO (i.e., 6 mg/m?) may restore therapeutic effects
in those with lower CD33 levels [23]. Resistance mechanisms are not completely eluci-
dated and may include CD33 polymorphisms/variants [24], Bcl-2 overexpression, or en-
hanced payload efflux [25].
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2.2.CD123

The next surface marker relevant to targeted therapeutics in HRMNSs is the alpha
chain of the interleukin-3 receptor (IL-3Ra), also known as CD123. While highly expressed
on myeloid progenitors [26], plasmacytoid dendritic cells [27], endothelial cells [28], and
leukemic blasts [29], it has minimal expression in normal hematopoietic stem cells [29].
Importantly, CD123 is disproportionately expressed on leukemic blasts and leukemic
stem cells [29-31], suggesting there is a favorable risk/benefit relationship in the use of
CD123-targeted therapeutics. Furthermore, experiments in vitro demonstrate the prolif-
erative effects of IL-3 in AML cells [32], suggesting that the inhibition of this pathway
could be exploited therapeutically. Finally, AML with high CD123 expression is associ-
ated with worse response rates to induction chemotherapy, decreased relapse-free sur-
vival (RFS), and worse OS [30,33].

Despite the theoretical promise in targeting this receptor and the initial studies show-
ing evidence of antileukemic activity in preclinical [31,34,35] and early-phase clinical [36]
studies for the humanized anti-CD123 monoclonal antibody talacotuzumab, a phase II/III
study did not show any improvement in response rate or survival with the addition of
this drug to decitabine treatment compared to the use of decitabine alone [37]. In contrast,
the anti-CD123 agent tagraxofusp was approved by the FDA [38] for the treatment of
blastic plasmacytoid dendritic cell neoplasms (BPDCNs) following a single-arm study of
this agent, which showed a 90% overall response rate (ORR) in previously untreated pa-
tients [39]. BPDCNss stem from malignant plasmacytoid dendritic cells and often present
with cutaneous involvement but can also infiltrate the bone marrow, spleen, and central
nervous system [40]. Unlike ADCs, tagraxofusp consists of a payload conjugated to the
ligand of the target: recombinant human IL-3 is bound to the cytotoxic A fragment of
diphtheria toxin [41]. The most distinct side effect observed was a capillary leak syndrome
that caused 2 deaths among the 47 trial patients [39]. Naturally, there is interest in finding
a means to incorporate tagraxofusp into the treatment of AML, including in combination
with hypomethylating agents (HMA) and the BCL-2 inhibitor venetoclax (VEN) [42,43].

Interest remains in developing other safe and effective anti-CD123 therapies, includ-
ing bispecific antibody and chimeric antigen receptor (CAR)-T cell-based approaches [44-
46). Flotetuzumab was such a bispecific drug, targeting CD123 and T-cell activator CD3e.
It was designed to stimulate T-cell-directed responses against AML cells. It was found to
have promising activity in patients with primary induction failure or early relapse [47].
Its development was discontinued in favor of a second-generation agent MGD024, which
can be administered via outpatient infusions and is being evaluated in a phase I study
(NCT05362773).

Pivekimab sunirine (previously known as IMGN632) is an ADC comprising a high-
affinity anti-CD123 antibody linked to an indolinobenzodiazepine pseudodimer payload.
It was designed to limit the exposure of normal marrow cells to excess toxicity, as the
payload mechanism involves single-strand DNA breakage as opposed to double-strand
breakage [48]. A phase I/II trial in patients with relapsed/refractory AML found an ORR
of 21% and a composite complete remission (CR) rate of 17% [49], prompting further study
of the drug in upfront combination therapies (NCT04086264). Finally, the use of antibody-
linked radionucleotides to efficiently deliver radiation lethal to target cells is a unique
strategy that has thus far been explored preclinically with an anti-CD123 ADC linked to
astatine-211 [50].
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3. Targeting Genetic Alterations
3.1. BCR-ABL1 Tyrosine Kinase Inhibitors

The hallmark of CML is the presence of translocation between chromosomes 9 and
22 or “4(9;22),” known as the Philadelphia chromosome. Imatinib was the first tyrosine
kinase inhibitor (TKI) to demonstrate potent activity against the oncoprotein BCR-ABL1
[51] that results from this translocation. In the pivotal phase III randomized study of in-
terferon-alfa and cytarabine versus imatinib in newly diagnosed chronic-phase CML (n =
1106), 83.3% of patients in the imatinib group were alive at a median follow-up of 10.9
years [52]. Furthermore, 6.9% of patients on imatinib had disease progression from
chronic to accelerated or blast-phase disease compared to 12.8% of patients treated with
interferon-alfa, which is significantly more aggressive and challenging to treat than
chronic-phase disease [52]. Subsequent discontinuation trials further solidified imatinib
as the crown jewel of precision oncology (the Stop Imatinib [STIM1] [53,54], CML8
TWISTER [55], and European Stop Tyrosine Kinase Inhibitor [EURO-SKI] trials [56]).
These studies demonstrated that patients in sustained, deep molecular remission follow-
ing imatinib treatment can safely discontinue TKI, with a sizeable fraction obtaining long-
term treatment-free remission.

Imatinib is certainly no “silver bullet” for chronic-phase CML. Prognosis in CML var-
ies based on several clinicopathologic factors, including spleen size, additional chromoso-
mal abnormalities, age, and blood count [57]. Resistance and intolerance to imatinib war-
ranted the development of the second-generation TKIs dasatinib, nilotinib, and bosutinib,
which were found to be effective in such patient populations [58-60]. These drugs are also
able to obtain deep responses such as a major molecular response (MMR —a critical treat-
ment milestone tied to favorable treatment outcomes and defined as a 3-log reduction in
BCR-ABL1 transcript level [61]) in a greater proportion of patients than imatinib in the
upfront treatment of chronic-phase disease, though without any clear benefit in OS [62-
64]. Strategies to combine imatinib with other drugs in order to modulate immune re-
sponse are in development [65].

Resistance to second-generation TKIs, and in particular the T315I kinase domain mu-
tation, led to the development of ponatinib and asciminib. Ponatinib is a third-generation
TKI that can obtain favorable responses in the majority of patients, with chronic-phase
CML [66], whereas asciminib eschews binding to the ATP binding site of BCR-ABL1
(where the other TKIs bind) for the myristoyl site in order to lock the BCR-ABL1 protein
in an inactive conformation [67]. Asciminib was more effective than bosutinib in multiply
refractory CML [68] and permitted the consideration of combination approaches [69]. Re-
sistance to asciminib and ponatinib prompted the study of the TKI olverembatinib, with
promising results seen in the phase Ib study [70].

3.2. FLT3 Inhibitors

The treatment of AML with mutations involving the FMS-like tyrosine kinase 3
(FLT3) represents an important advance in precision oncology. While only about one-
third of patients with AML have mutations involving FLT3 (either internal tandem dupli-
cations [ITD] or those involving the tyrosine kinase domain [TKD]), the natural history of
this disease is usually more aggressive [71,72]. The first FDA-approved agent was
midostaurin, a multikinase inhibitor with activity against other receptor tyrosine kinases
such as KIT [73]. When combined with intensive chemotherapy in patients with either
FLT3-ITD or TKD mutations, it significantly improved the 4-year OS relative to placebos
(51% versus 44%) in the phase III RATIFY trial [74,75].

Subsequently, the FLT3 inhibitor quizartinib was developed to target FLT3-ITD and
was tested in both the upfront and relapsed AML settings [76,77]. In the upfront setting,
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the results of the phase III QUANTUM-First study similarly showed improved survival
(32 months with quizartinib versus 15 months with placebo) [77], but presented similar
rates of composite CR. Though QuANTUM-First permitted the enrollment of patients up
to the age of 75 years (as opposed to RATIFY, which required patients to be less than 60
years of age), patients in the 60-75 age range did not appear to receive the same survival
benefits from quizartinib in post hoc analysis [77]. Notably, the non-randomized phase 2
trial performed by the German-Austrian Acute Myeloid Leukemia Study Group (AM-
LSG), incorporating midostaurin and intensive chemotherapy, included patients up to the
age of 70 [78]. With the caveat of the historical control as comparator, both younger and
older AML patients benefited from midostaurin. Finally, the FLT3 inhibitor crenolanib
appeared to have similar beneficial effects for FLT3-mutant AML when combined with
intensive chemotherapy in upfront treatment [79].

The development of an optimal strategy for the treatment of older patients with
FLT3-mutant AML is an area of active investigation, given the less robust data for the use
of an FLT3 inhibitor in patients older than 60 years receiving intensive chemotherapy.
Furthermore, the standard of care for older or comorbid patients with AML is HMA/VEN,
for which outcomes in FLT3-mutant disease are less favorable [80]. Attempts to use a tri-
plet with a FLT3 inhibitor with VEN and either an HMA or low-dose cytarabine can be
effective but expose patients to risks from excessive myelosuppression [81]. Such toxicity
can potentially be mitigated by truncating the duration of venetoclax, using FLT3 inhibi-
tors with shorter half-lives like midostaurin, and sequencing the FLT3 inhibitor after
chemotherapy [82,83]. Ultimately, larger randomized trials will be needed to cement the
role of FLT3 inhibitors in the initial treatment of older or comorbid patients with FLT3-
mutant AML.

Patients with relapsed/refractory FLT3-mutant AML were studied in the ADMIRAL
trial, which compared the use of the FLT3 inhibitor gilteritinib to treatment with salvage
chemotherapy [84,85]. The majority of patients on trial had relapsed disease (60%), 13%
had exposure to a prior FLT3 inhibitor, and approximately 20% underwent prior allo-SCT.
The median OS values were 9 months versus 5 months in the gilteritinib and control arm,
respectively. The use of gilteritinib was also extended to the post-allo-SCT maintenance
setting to select patients with detectable measurable residual disease (MRD) peri-allo-SCT
as per the results of the MORPHO study [86].

3.3. IDH Inhibitors

Isocitrate dehydrogenase (IDH) mutations impact both the IDH1 and IDH?2 genes and
are reported in AML, MDS, and PMF. They result in neomorphic enzyme activity that
results in the conversion of alpha-ketoglutarate into the oncometabolite 2-hydroxyglu-
tarate [87]. IDH mutations are quite rare (4%) in PMF cases and are associated with poor
outcomes, including leukemic transformation [88]. The incidence of mutations is more
prevalent in AML patients (approximately 10% when the pediatric population is in-
cluded) [89] compared to MDS patients. The mutations are also more prevalent in elderly
patients [89].

Enasidenib was the first IDH inhibitor approved, targeting IDH2 mutations that oc-
cur in up to 19% of AML cases [89]. In the first-in-human phase I/II study evaluating this
drug in relapsed/refractory patients with AML, it garnered an ORR of 40.3%, a median
response duration of 5.8 months, and a median OS of 9.3 months [90]. A unique side effect
observed in 6% of patients was differentiation syndrome, characterized by rapid increase
in white blood cell count with fever and edema but no actual infection [90]. This drug was
the first in non-promyelocytic AML to feature such a differentiating effect, though others
followed.



J. Pers. Med. 2025, 15, 49

7 of 28

Two IDH inhibitors were developed to target mutant IDH1, namely, ivosidenib and
olutasidenib. Ivosidenib was evaluated as single agent in newly diagnosed patients with
an IDH1 mutation who were ineligible to receive standard chemotherapy [91]. The ORR
was 54% and 77% of patients remained in CR at one year. Ivosidenib was also evaluated
in the phase III AGILE trial combined with hypomethylating agent azacitidine (AZA) in
patients with newly diagnosed IDHI-mutated AML, compared to the use of AZA and
placebo [92]. The median OS of the AZA and ivosidenib arm was 29 months, and this was
over three times that of the AZA and placebo arm [92,93]. Finally, ivosidenib gained ap-
proval for relapsed/refractory IDHI-mutant MDS based on a phase I study (AG120-C-001)
due to the resolution of transfusion dependence in a significant fraction of patients and
attainment of CR in 7 of 18 relapsed/refractory MDS patients [94].

The use of olutasidenib, a relatively newer drug, resulted in durable remission in
patients with relapsed/refractory IDHI-mutated AML [95] and appeared to be effective in
combination with AZA [96]. Patients with relapsed/refractory AML post-VEN exposure
notably had a poor prognosis, but one small study (n = 18) showed these patients attained
relatively favorable outcomes (43.8% composite CR, median response duration not
reached) after being treated with olutasidenib [97].

3.4. Menin Inhibitors

Rearrangements of the lysine methyltransferase 2A (KMT2A) gene and mutations in
nucleophosmin 1 (NPM1) are two of the most common genetic alterations seen in AML,
occurring at rates of about 10% and 30%, respectively [98]. In the last 10 years, multiple
preclinical and phase I/II studies showed the promise of menin inhibitors in NPM1- and
KMT2A-rearranged AML. Menin is a nuclear protein coded by the gene MEN1, which is
located on chromosome 11q13 [98,99]. Menin acts as a scaffolding protein that interacts
with cell signaling and gene regulators. In AML, menin interacts with KMT2A to promote
leukemogenesis by inducing aberrant stem cell gene expression through the activation of
homeobox (HOX) genes and its cofactor MEIS1 [99]. Mutated NPM1- and KMT2A-rear-
ranged proteins both require interactions with menin to form the protein complex neces-
sary to block normal myeloid cell differentiation and to promote leukemogenesis [98,99].
Therefore, menin inhibitors are under investigation as small-molecule inhibitors in AML
patients with NPM1 mutations and KMT2A rearrangements.

Preclinical studies in mouse models showed that menin inhibition led to the reversal
of aberrant gene expression and the eventual differentiation of leukemic cells or apoptosis
[100,101]. These studies suggest that the aberrant menin-KMT2A complex leads to mye-
loid progenitor cell self-renewal and proliferation, which in time leads to the development
of leukemia [100,102,103]. In knock-in mouse models, blocking menin prevented the de-
velopment of leukemia [102]. Patient-derived xenograft models of these AML subtypes
also showed that menin inhibition led to remission or the regression of disease [101,104].

The success of preclinical studies led to the development of multiple menin inhibitors
for use in early-phase studies. The first in-human study with the menin inhibitor SNDX-
5613, now revumenib, evaluated this drug in patients with relapsed/refractory acute leu-
kemia in a phase I/Il AUGMENT 101 study [105]. Patients were heavily pre-treated with
a median of 4 prior therapies and 38.9% underwent allo-SCT (n=14). The overall response
rate was 63.2% (n=36), with 10 (18%) achieving CR [106]. A sizeable number of patients
treated with revumenib achieved MRD negativity by multiparametric flow cytometry (15
of 22 patients with composite CR) [105,107]. In addition, a proportion of patients were
able to proceed to allo-SCT after achieving a response [105,106,108]. Revumenib was ap-
proved by the FDA for relapsed/refractory KMT2A-rearranged AML in November 2024.

Another menin inhibitor, KO-539 (also known as ziftomenib), is currently under
study in the phase II KOMET-001 trial. One-quarter of patients (n = 9) with KMT2A
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rearrangement or NPM1 mutation have achieved a composite CR thus far [109]; study
enrollment is ongoing. Interestingly, due to more frequent and severe differentiation syn-
drome in patients with KMT2A-rearranged disease, the enrollment of this group was
stopped [109]. Only one patient developed a resistance mutation to menin inhibition
(MEN1 M3271) [109], compared to the nearly 40% of patients who developed one with
revumenib [110].

3.5. Other Pathways

The targeting of KIT and the JAK-STAT pathway have proven effective in the treat-
ment of systemic mastocytosis and PMF with KIT inhibitors and JAK inhibitors, respec-
tively [111,112], but are outside the scope of this review. A summary of multiple approved
precision medicine agents in HRMNSs, as discussed above, is shown in Table 1.
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Table 1. Summary table describing FDA-approved precision medicine drugs for high-risk myeloid neoplasms, their targets, and clinical uses. AML: acute myeloid
leukemia. AZA: azacitidine; BMT: bone marrow transplantation; BP: blast phase; BPDCN: blastic plasmacytoid dendritic cell neoplasm; CBF: core-binding factor;
CML: chronic myeloid leukemia; CP: chronic phase; CR: complete response; DS: differentiation syndrome; EFS: event-free survival; ITD: internal tandem dupli-
cation; IVO: ivosidenib; MDS: myelodysplastic syndromes; MMR: major molecular response; Mo: months; MRD: measurable residual disease; Mut: mutated; ND:
newly diagnosed; ORR: overall response rate; OS: overall survival; REMS: Risk Evaluation and Mitigation Strategy; R/R: relapsed/refractory; SM: systemic mas-
tocytosis; TKD: tyrosine kinase domain; TKI: tyrosine kinase inhibitor; URI: upper respiratory infection; VOD: veno-occlusive disease. * originally FDA-approved
in 2000, GO was voluntarily withdrawn from the market in 2010 due to trials that demonstrated safety concerns and did not confirm clinical benefit. It was then
reapproved in 2017. t initially approved in December 2012, ponatinib was briefly voluntarily withdrawn due to serious safety concerns including the risk of
arterial occlusive events. It was then reapproved in December 2020. f initially approved in 2021 for chronic-phase CML following the failure of two or more
tyrosine kinase inhibitors or following the development of the T315] mutation, asciminib was then granted accelerated approval for the treatment of newly diag-
nosed chronic-phase CML in 2024.

Drug Name Molecular Myeloid FDA Approval Year(s) Major Studies ~ Trial Outcomes Clinical Uses  Key Toxicities
Target(s) Neoplasm(s) Approved
Induction for
AFLA-0701 [17] Median EFS (17.3 ND CBE AML, .
CD33+ Hepatotoxicity
Gemtuzumab CD33+ AML, ND MRC AMLIS 18] mo vs. 9.5 mo) Cytoreduction (including VOD)
- CD33 AML (adults) and R/R 2017*  COGAAMLO531 OSat5 years: 79% uneuding YL
Ozogamicin (GO) o o for CD33+ or infusion reactions,
(adults, pediatrics) [113] vs. 51% (favorable extramedullary cytopenias
NCRIAML17 [20] risk cytogenetics) AML (off-
label) [114]
ND or R/R
CD123+ BPDCN Pemmaraiu et al ORR: 90% BPDCN Capillary leak
Tagraxofusp CD123 BPDCN (patients > 2 years 2018 ?3 91 ’ (previously AML syndrome, fever,
old) untreated patients) (currently in weight gain
phase II trials)
R/R CP-CML Arterial occlusive
Adults with R/R CML (following at '~ lancrzaﬁﬁs
. BCR-ABL1 (ATP- to 2 or more prior PACE [66] MMR: 40% at any  least 2 prior T o
hyperlipid
Ponatinib binding pocket) CML TKIs, or detected 2020 OPTIC [115] time lines) cgrf) e;.slt}i)\l/e iz;i;
T3151 mutation CML with &

T315I failure, cytopenias
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mutation; BP-
CML (off-label)

BCR-ABLI ASCEMBL [68] MMR:25% (R/R) CP-CML, ND
Asciminib (myristoyl-bindin CML CP-CML, frontline or 2021; 2024 § CABL001X2101 and 42% (T3151) at and R/R URISs, pancreatitis,
Y oc}:]ket) & R/R ’ [116] 24 wks; 68% at48  CML-BP  hypertriglyceridemia
P ASCA4FIRST [117] wks (ND) (off-label)
Adults with ND . Use.d ™ Febrile neutropenia,
FLT3-mut AML AML: induction and mucositis
FLT3 (ITD or receiving intensive CALGB10603  OS at 4 years (FLT3- consolidation musculoskelletal
Midostaurin AML, SM & 2017 (RATIFY) [74] mut AML): 63.7% Frontline . .
TKD), KIT chemotherapy; adults . pain, hyperglycemia,
. SM: Gotlib et al. vs. 55.7% (placebo) monotherapy . .
with SM (both KIT- . gastrointestinal
. [118] in advanced .
mut and wildtype) toxicities
SM
Used as Myalgia/arthralgia,
salvage
Median OS: 9 mo monotherapy clevated
. Adults with R/R ADMIRAL [84] i transaminases,
1 FLT3 (ITD or TKD AML 201 . 1 Post-BMT
Gilteritinib 3( or ) M FLT3-mut AML 018 MORPHO [86] vs. 5 mo (salvage 'ost M . pancreatitis,
chemotherapy) maintenance if .
dyspnea, diarrhea,
+FLI3 MRD QT prolongation, DS
peri-BMT profongation,
Used in
induction, .
L. QT prolongation,
. consolidation, .
Adults with ND QuANTUM.-First and as cardiac arrest,
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4. Opportunities in Precision Approaches for HRMNs
4.1. Novel Antigen Targets

Given the poor outcomes seen in many HRMNs despite the advances detailed above,
aggressive research efforts are required to further expand both potential treatment targets
and therapies by using novel precision approaches. One area of particular interest is to
target tumor cell neoantigens using antibody or adoptive cellular therapies. For instance,
mutations in CALR drive about one-fifth of myeloproliferative neoplasms (MPNs) [120].
Mutant calreticulin proteins are aberrantly exposed on the MPN cell surface while being
bound to the thrombopoietin receptor MPL, causing the constitutive stimulation of the
JAK-STAT pathway in MPN cells but not in CALR wildtype hematopoietic cells. This
makes it an ideal precision medicine target [120-122]. The anti-calreticulin monoclonal
antibody INCA033989 has demonstrated early promise with this approach, as preclinical
studies demonstrate that it attenuates JAK-STAT signaling and decreases the burden of
CALR-mutated hematopoietic stem and progenitor cells to the exclusion of CALR
wildtype cells [123].

Few myeloid neoplasms display uniform surface expression of fundamentally de-
pendent oncoproteins, as with CALR-mutant MPNs; thus, much interest lies in targeting
other neoantigens [124]. The presence of several genes recurrently mutated in myeloid
malignancies, such as U2AF1 [125], IDH2R40Q, [DHIR32H, FI T3D85Y, and DNMT3ARssH
[126], results in immunogenic neoantigens that appear targetable by clonal T-cell receptor
(TCR)-based cellular therapies. Wilms’ tumor 1 (WT1) may be a broader target of interest
as it is overexpressed in the majority of patients with AML and MDS, and also to signifi-
cantly lesser degrees in healthy tissue [127-130]. Further, clinical studies indicate that
WT1-specific TCR-targeting T-cell therapies are safe [131] and hold promise as a post allo-
SCT consolidation tool [132]. Nonetheless, TCR-based adoptive cellular therapy is human
leukocyte antigen (HLA)-restricted [133], creating increased complexity in the scaling and
delivery of such therapies in practice.

CAR-T cell therapies circumvent the HLA-restricted antigen expression seen in the
treatment of hematologic malignancies. These have proliferated quite successfully in the
treatment of lymphoid malignancies such as B-cell acute lymphoblastic leukemia (B-ALL)
[134] and multiple myeloma [135]. However, CAR-T-based therapies have not progressed
in the treatment of myeloid malignancies to such a degree owing to a multitude of factors
[136], including significant on-target off-tumor toxicities [137,138] and challenges with T-
cell dysfunction in HRMNs [139-141]. The targeting of myeloid antigens that are more
specific for malignant clones in combination [142] using inventive CAR-T platforms [142-
145] may ultimately render CAR-T therapies safe and effective in HRMNs. Lastly,
Crispr/Cas9 has been used to engineer CD33-negative hematopoietic stem and progenitor
cells, allowing for the use of anti-CD33 therapies (including CAR-T cells) without the mye-
loablative toxicities seen in the absence of this gene editing [146].

4.2. Novel Genetic Targets

While drugs targeting activating mutations like FLT3 and alterations key to leuke-
mogenesis (e.g., menin and aberrant IDH enzymes) offer important progress in precision
approaches to AML, the mutations more often found in MDS or chronic myelomonocytic
leukemia (CMML) are ripe for targeting. Spliceosome mutations, such as SRSF2, U2AF1,
and ZRSR2, are adverse prognostic features typically associated with secondary AML
[147] and are relatively common in myeloid neoplasms [148,149], making the spliceosome
an attractive drug target. Furthermore, the mutual exclusivity observed among spliceo-
some mutations suggests that the complete dysfunction of spliceosome machinery could
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be synthetically lethal [150-152], providing an opportunity for spliceosome inhibitors to
be used in a setting with such mutations. Drugs with various mechanisms of spliceosome
inhibition are under development and in trials [153].

Further insights into myeloid neoplasm biology will likely provide other potential
targets. Nicotinamide phosphoribosyltransferase (NAMPT), a rate-limiting enzyme in the
nicotinamide adenine dinucleotide (NAD) salvage pathway, is a potential target in cancer
[154] and of particular interest in myeloid neoplasms due to the location of the NAMPT
gene at 7q22.3. Monosomy 7 and deletion 7q are highly adverse cytogenetic features [155]
that result in NAMPT haploinsufficiency. This greater reliance on NAMPT makes AML
cells particularly vulnerable to NAMPT inhibition in preclinical models [156], potentially
offering a means to target this particularly high-risk form of AML.

Finally, concerted efforts to target high-risk genetic lesions have not been successful
outside of the development of menin inhibitors for KMT2A rearrangements. Specifically,
TP53-mutant AML and MDS are notorious for having poor therapeutic responses and
survival [157-159]. Eprenetapopt was specifically designed as a refolding agent for the
mutant p53 protein, being able to restore the ability of TP53-mutant myeloid neoplasm
cells to undergo apoptosis [160]. Early-phase studies demonstrated promising responses
[161-163], but ultimately phase III studies did not meet their primary endpoint [164]. Sim-
ilarly, there was significant excitement regarding the use of magrolimab, an anti-CD47
monoclonal antibody thought to promote tumor cell phagocytosis by macrophages due
to the blockade of an immune checkpoint [165]. Despite the perception that this drug was
notably active in TP53-mutant MDS and AML, its phase III study was discontinued due
to futility [166,167]. As a drug targeting TP53 mutation is an area of tremendous clinical
need, further study of TP53 biology is likely essential to develop more effective ap-
proaches.

4.3. Functional Precision Medicine Targets

Aside from the targeting of cell surface markers with relatively greater expression on
malignant myeloid cells or enzymatic pathways that are aberrant in subsets of myeloid
malignancies, precision approaches can be used to develop drugs that target metabolic or
epigenetic vulnerabilities. Arguably, the most successful drug used to target such an ab-
normality is VEN, based on preclinical data demonstrating BCL-2 expression is associated
with chemoresistance and excess BCL-2 dependence permits resistance to apoptosis [168—
170]. The initial study of VEN as a salvage monotherapy showed limited activity [171],
but combination with AZA was remarkable in an early-phase trial [172]. Given the use of
AZA monotherapy in older (i.e., age 75 years and older) and frail patients with AML in-
eligible for intensive chemotherapy, the promise of adding VEN to AZA for this same
population prompted a randomized phase III trial, dubbed VIALE-A [173]. This con-
firmed the superiority of AZA/VEN over AZA in terms of remission rate and survival,
with subsequent studies suggesting the addition of VEN is less valuable in patients with
TP53-mutant disease [174,175]. As the indication for the use of VEN (in combination with
AZA) is based on patient-related factors, not measures of BCL-2 dependence, in practical-
ity, it is used as a backbone therapy in AML as opposed to a precision drug.

Not all drugs developed to address functional issues panned out in HRMNs. Ta-
mibarotene, an agonist to the retinoic acid receptor alpha (RARa), was piloted in a study
of MDS and AML via the identification of functional dependency on RARa through tran-
scriptomic analysis [176]. Data from early-phase studies of tamibarotene in combination
with AZA in AML patients with RARa overexpression appeared positive [177], but trials
of tamibarotene in both higher-risk MDS and AML were later terminated due to the lack
of benefit found in subsequent analyses.
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Recently, the identification of an FLT3 mutation-like gene expression profile in 25—
50% of FLT3-wildtype cases suggested there may be a subset of AML patients that may
respond to FLT3 inhibition [178]. Indeed, early-phase studies of quizartinib in relapsed/re-
fractory AML showed responses in about one-third of FLT3-wildtype patients evaluated
[179]. Though midostaurin has not been found to be effective in combination with inten-
sive chemotherapy for FLT3-wildtype disease [180], the results from the phase II QUIWI
study suggested improved survival in patients with FLT3-wildtype AML undergoing in-
tensive induction who were randomized to quizartinib over a placebo [181]. The findings
appear strongest in the FLT3-like group [182], and further study will evaluate the use of
quizartinib in this setting in the international phase III QuANTUM-Wild study
(NCT06578247).

5. Challenges and Limitations to Precision Medicine in Myeloid
Neoplasms

Precision medicine drugs in HRMNs are not without side effects, which largely occur
due to the effect of drugs on pathways or markers shared by both neoplastic cells and
healthy ones. TKI toxicities in the setting of CML are common and may require dose ad-
justments [183]. In QUANTUM-First, approximately one-third of patients treated with
quizartinib had a QT interval of more than 450 msec (after correcting with Fridericia’s
formula) compared to 17% in placebo arm, and grade 3/4 prolongation occurred in 3% of
quizartinib-treated patients [77]. An important cause of the toxicity of IDH inhibitors,
gilteritinib, and menin inhibitors is differentiation syndrome, which can be life-threaten-
ing and may be difficult to promptly recognize [184,185]

While drugs like gilteritinib or revumenib offer clear benefits in a heavily pre-treated,
relapsed/refractory setting [84,106], only about one-fifth of patients obtain CRs with count
recovery and no patients are cured without subsequent allo-SCT. Resistance can be on-
target (related to mutations in the drug target) or secondary to emerging mutations (as in
the development of RAS mutations in patients treated with FLT3 inhibitors) [110,186,187].
The bone marrow microenvironment, recognized itself as abnormal in HRMNs [188,189],
may not permit precision drugs to be effective and is perhaps a therapeutic target itself
[190].

With the incorporation of precision drugs into the upfront setting in combination
with “backbone” chemotherapies, as occurs with midostaurin (paired with cytarabine and
anthracycline-based intensive induction) and ivosidenib (paired with HMA), outcomes
appear more durable. This is likely owing to the heterogeneity of AML within any given
patient and the decreased ability for resistant subclones to develop. The challenge of using
precision diagnostics to allocate targeted drugs upfront to patients with HRMN is dis-
cussed in more detail below.

6. Translating Personalized Approaches to Patients

Although we have discussed a plethora of drugs that can target genetic lesions, ab-
normal surface markers, or functional abnormalities specific to AML and other HRMNss,
the identification of the optimal drugs and drug combination for any given patient has
some practical barriers that has resulted in most targeted agents being relegated for the
relapsed and refractory HRMN population. Though the use of rapid cytogenetics is feasi-
ble [191], molecular genetics laboratories are less often equipped to obtain detailed next-
generation sequencing data with a sufficiently fast turnaround time that allows for incor-
poration of this genetic information into the frontline setting. Additionally, patients with
AML are not always stable enough to delay treatment for 2-3 weeks, resulting in treat-
ment being chosen based on other clinicopathologic factors. Another way of
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circumventing this is to rapidly ascertain these genetic characteristics and assign treat-
ment based on them by using an optimized workflow in a genomic biomarker-based pre-
cision medicine approach (Figure 2A). The first iteration of this approach is the BEAT
AML trial, which consists of a Master protocol in which clinicians can obtain next-gener-
ation sequencing (NGS) data from FoundationOne within a 7-day period [192]. Subse-
quent treatment assignment is then performed for a sub-study based on the initial char-
acterization of a patient’'s AML genetic makeup. This approach was found to be feasible
and safe for patients enrolled [192], as seen with some of the BEAT sub-studies readouts
[193].
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Figure 2. Precision-based approaches to clinical trials in HRMNs using genomic biomarkers (A) and
functional biomarkers (B). FLT3i: FLT3 inhibitor; HMA: hypomethylating agent HRMN: high-risk
myeloid neoplasm;; JAKi: JAK inhibitor; MENi: menin inhibitor; VEN: venetoclax.

Similarly, the National Cancer Institute’s Myeloid Malignancies Molecular Analysis
for Therapy Choice (“MyeloMATCH”) study hopes to take a rigorous precision-based ap-
proach for patients, evaluating patients within a Master Screening and Reassessment Pro-
tocol (MSRP) that returns comprehensive genomic data within 72 hours and permits pa-
tients to pursue a targeted trial during any phase of their treatment (e.g., induction, for
MRD, or post-SCT) as applicable. Patients treated for newly diagnosed AML or MDS are
stratified into “Older Adult,” “Younger Adult,” and “MDS” baskets to further personalize
studies for them [194-196]. Though the use of rapid genomic sequencing to drive these
precision medicine trials is exciting, such technologies and precision approaches are
largely not applicable to resource-limited medical settings. A laudable goal of Myelo-
MATCH is to have its trials open at community hospitals in order to expand treatment
access to traditionally underserved populations [196].

An alternative approach to the development of genomic-based biomarkers is cen-
tered around the use of functional biomarkers to assign treatment (Figure 2B). The acces-
sibility of tumor cells in most HRMNs makes such an approach attractive. Essentially, this
approach exposes myeloid cancer cells to a panel of drugs ex vivo for a limited duration,
and then assesses for evidence of drug sensitivity or signs of apoptosis. Treatment is then
assigned based on the results of this test. This approach has been enacted using different
technologies, such as image-based single-cell functional precision testing (pharma-
coscopy) [197]. It was evaluated in multiple aggressive hematologic malignancies in the
EXALT trial [198] and SMARTTial [199], and was assessed in AML patients in the DARTT-
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1 trial [200]. Such trials demonstrated the feasibility of this approach, but whether cell
visualization is the most optimal means to assess ex vivo responses remains to be seen.

7. Conclusions

With greater elucidation of the genetic alterations in HRMNs, precision medicine has
become more prominent in myeloid malignancies; in fact, most drug approvals in this
space have largely been those designed to target surface markers or HRMN-specific ge-
netic alterations. Menin inhibitors represent an important advance that is relevant to the
most common genetic alteration in AML, NPM1 mutations. Large, multicenter trials al-
lowing rapid acquisition of genomic data will allow more patients to be evaluated using
precision-based approaches with upfront therapy, marking a significant advance in the
care of AML. Significant barriers remain to the adaptation of precision oncology ap-
proaches for all patients with HRMNSs; ideally, all patients require at least one targetable
lesion and these agents should often be combined in upfront treatments. Functional pre-
cision medicine technologies may allow for treatment personalization beyond the ge-
nomic-based biomarkers currently used to assign targeted drugs. Given the advances in
precision oncology in HRMNs over the last two decades, the ability to customize and per-
sonalize therapy for patients with myeloid malignancies may soon be within reach.
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