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Abstract: Immune checkpoint inhibitors (ICIs) have revolutionized the treatment of many solid
tumors, with limited progress made in the area of myeloid malignancies. The low mutational
burden of acute myeloid leukemia (AML) is one potential reason behind the lack of activity of T-cell
harnessing ICIs, particularly CTLA-4 and PD-1 inhibitors. Innate immune checkpoints play a critical
role in the immune escape of AML and myelodysplastic syndromes (MDS). The CD47 targeting
agent, magrolimab, has shown promising activity when combined with azacitidine in early phase
trials conducted in AML and higher-risk MDS, especially among patients harboring a TP53 mutation.
Similarly, sabatolimab (an anti-TIM-3 monoclonal antibody) plus hypomethylating agents have
shown durable responses in higher-risk MDS and AML in early clinical trials. Randomized trials are
currently ongoing to confirm the efficacy of these agents. In this review, we will present the current
progress and future directions of immune checkpoint inhibition in AML and MDS.

Keywords: acute myeloid leukemia; CD47; immune checkpoint inhibitors; myelodysplastic
syndromes; TIM-3

1. Introduction

Allogeneic stem cell transplantation (allo-SCT) represents the most effective immune-
based treatment modality, to date, in myeloid neoplasms due to the antileukemic effect of
allogeneic grafts mediated mainly by their graft-versus-leukemia (GVL) effect [1]. Long-
term outcomes of patients with acute myeloid leukemia (AML) treated with intensive
chemotherapy without proceeding with allo-SCT in the first remission are poor, with a
10-year overall survival (OS) rate of less than 20%; emphasizing the importance of allo-
SCT in eradicating leukemic cells, thereby inducing durable remissions [2]. The curative
potential of allo-SCT in AML and myelodysplastic syndromes (MDS) coupled with the
preservation of the T-cell population in the bone marrow of AML patients and increased
expression of targetable immune receptors are the main reasons behind the growing interest
in using T-cell-harnessing therapies in myeloid neoplasms [3].

Immune checkpoint inhibitors (ICIs) have revolutionized the outcomes of many solid
tumors [4,5]. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed death receptor-
1 (PD-1) are the most well-known inhibitory immune checkpoints of the adaptive immune
system and were the first receptors to be clinically targeted in cancer therapy [6]. Despite
the robust clinical activity of CTLA-4 and PD-1/PD-L1 inhibitors in solid tumors, they
have failed to show similar activity in myeloid malignancies [5]. This discrepancy in
clinical activity may be attributed to the low mutational burden and DNA mismatch repair
proficiency in AML compared to solid malignancies [7–10].

Recently, there has been increasing recognition of the importance of the innate immune
system in the pathogenesis of myeloid neoplasms. CD47 has been identified as a key
macrophage checkpoint and a promising target for AML and MDS [11,12]. Magrolimab
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has shown encouraging clinical activity in AML and higher-risk MDS (HR-MDS) when
combined with azacitidine, especially in patients harboring a TP53 mutation, providing the
basis for several ongoing randomized clinical trials [13,14].

T-cell immunoglobulin domain and mucin domain-3 (TIM-3), another T-cell immune
checkpoint, are being investigated as therapeutic targets in AML and HR-MDS. Their selec-
tive expression on the surface of leukemic stem cells (LSC) and association with an immuno-
suppressive phenotype make them promising targets in myeloid malignancies [15,16]. In
this review, we will discuss the main pathways involved in the immune escape of myeloid
neoplasms and present the current progress and future directions of immune checkpoint
inhibition in AML and MDS (Figure 1 and Table 1).

Figure 1. Main Mechanisms of Immune Evasion in Acute Myeloid Leukemia and Myelodysplastic
Syndromes.

Abbreviations: CTLA-4: cytotoxic T-lymphocyte antigen-4; FcγR: fragment crystal-
lizable gamma receptor; GAL-9: galectin-9; PD-1: programmed death receptor-1; PD-L1:
programmed death-ligand 1; SIRPα: signal regulatory protein alpha; TIM-3: T-cell im-
munoglobulin domain and mucin domain-3.

Table 1. Overview of Ongoing Trials of Immune Checkpoint Inhibitors in Acute Myeloid Leukemia
and Myelodysplastic Syndromes.

Target Agent Regimen Study Population Phase NCT Identifier

PD-1

Nivolumab

Nivolumab + Ipilimumab R/R AML and MDS
following Allo-SCT 1b NCT03600155

AZA + Nivolumab ±
Ipilimumab ND and R/R AML 2 NCT02397720

Nivolumab ± Ipilimumab ±
AZA ND and R/R MDS 2 NCT02530463

Pembrolizumab

IC ± Pembrolizumab
(BLAST MRD AML-1) ND AML 2 NCT04214249

AZA + VEN ±
Pembrolizumab (BLAST

MRD AML-2)
ND AML 2 NCT04284787
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Table 1. Cont.

Target Agent Regimen Study Population Phase NCT Identifier

CD47-SIPRa Magrolimab
(Hu5F9-G4)

Magrolimab ± AZA ND and R/R AML and
HR-MDS 1b NCT03248479

AZA + VEN + Magrolimab ND and R/R AML 1b/2 NCT04435691

Magrolimab + AZA/VEN
(Cohort 1); MEC (Cohort 2);

or CC-486 (Cohort 3)

ND, R/R, and MRD +
AML 2 NCT04778410

AZA + Magrolimab vs.
Placebo

(ENHANCE)
ND HR-MDS 3 NCT04313881

AZA + Magrolimab vs.
AZA/VEN or IC (Physician

Choice) (ENHANCE-2)
ND TP53-mutant AML 3 NCT04778397

AZA + VEN + Magrolimab
versus Placebo
(ENHANCE-3)

ND AML 3 NCT05079230

Evorpacept
(ALX148)

AZA + Evorpacept
(ASPEN-2) ND and R/R HR-MDS 1/2 NCT04417517

AZA + VEN + Evorpacept
(ASPEN-5) ND and R/R AML 1/2 NCT04755244

TTI-622 TTI-622 + AZA ± VEN ND AML 1 NCT03530683

TTI-621 TTI-621 monotherapy AML and MDS 1 NCT02663518

TIM-3 Sabatolimab
(MBG453)

HMA + Sabatolimab vs.
Placebo

(STIMULUS-MDS1)
ND HR-MDS 2 NCT03946670

AZA + Sabatolimab vs.
Placebo (STIMULUS-MDS2)

ND HR-MDS and
CMML-2 3 NCT04266301

HMA + Sabatolimab
(STIMULUS MDS-US) ND HR-MDS 2 NCT04878432

AZA + VEN + Sabatolimab
(STIMULUS-MDS3) ND HR-MDS 2 NCT04812548

Sabatolimab monotherapy LR-MDS 2 NCT04823624

Sabatolimab ± NIS793 or
Canakinumab LR-MDS 1b NCT04810611

AZA + VEN + Sabatolimab
(STIMULUS-AML1) ND AML 2 NCT04150029

Sabatolimab ± AZA AML with MRD + CR
after Allo-SCT 1b/2 NCT04623216

Abbreviations: Allo-SCT: allogeneic stem cell transplantation; AML: acute myeloid leukemia; AZA: azacitidine;
CMML: chronic myelomonocytic leukemia; HMA: hypomethylating agent; HR-MDS: higher-risk myelodysplastic
syndromes; IC: intensive chemotherapy; LR: lower-risk; MEC: mitoxantrone/etoposide/cyclophosphamide; MRD:
measurable residual disease; ND: newly diagnosed; PD-1: programmed cell death-1; R/R: relapsed/refractory;
VEN: venetoclax.

2. CTLA-4 Inhibition

Expressed on the surface of T-cells, CTLA-4 inhibits T-cell maturation and differenti-
ation by outcompeting the T-cell co-stimulatory receptor, CD28, in binding to CD80 and
CD86 ligands, thereby counteracting CD28 signaling and hindering T-cell activation [6].
In preclinical studies, CTLA-4 blockade in murine bone marrow chimeras induced potent
anti-leukemic activity while avoiding graft-versus-host disease (GVHD), suggesting the po-
tential value of adjuvant CTLA-4 blockade following allo-SCT in AML. In addition, studies
have shown increased expression of co-stimulatory molecules, including CD80 and CD86,
in AML, which have been associated with high relapse rates and poor prognosis [17–19].

Ipilimumab

Despite the abovementioned findings, single-agent ipilimumab has shown modest
clinical activity in both relapsed/refractory (R/R) AML and MDS [20,21]. In a phase 1/1b
study assessing ipilimumab in relapsed hematologic malignancies following allo-SCT,
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complete remission (CR) was achieved in five patients with AML (N = 12, including four
patients with extramedullary disease), of which four patients had durable remissions lasting
more than 1 year [20]. These results suggest the particular susceptibility of extramedullary
disease to ICIs. The main mechanisms behind immune escape after allo-SCT include
decreased expression of co-stimulatory molecules and loss of recipient HLA haplotype
expression by leukemic cells, in addition to increased expression of checkpoint receptors
by donor-derived T-cells [20,22,23]. These changes potentially explain the activity of
ipilimumab in the post-SCT setting by enhancing the GVL effect of donor T-cells. Of the
four patients with AML and extramedullary disease who responded to ipilimumab, three
developed GVHD, supporting this theory [20].

In another phase 1b trial conducted by Zeidan et al., ipilimumab showed limited
single-agent activity in patients with HR-MDS who have failed hypomethylating agents
(HMAs) [21]. Of the 29 patients treated in this study, 1 patient achieved a marrow CR for
an overall response rate (ORR) of 3.4%; the duration of response was 3 months [21]. Seven
patients (24%) achieved prolonged stable disease for ≥46 weeks, including three patients
with stable disease for more than 1 year. A total of five patients (17%) were successfully
bridged to allo-SCT without increased toxicity [21].

3. PD-1/PDL-1 Blockade

The expression of tumor-specific antigens by cancer cells makes them susceptible to
recognition and cytolysis by CD8+ T cells [24]. PD-1 is a negative co-receptor expressed
by activated T-cells. Interaction of PD-1 with its ligand, programmed death-ligand 1
(PD-L1) expressed by tumor cells, dampens anti-tumor T-cell responses through inducing
T-cell apoptosis and attenuating T-cell receptor signaling thus impeding effector T-cell re-
sponses [25–27]. Interruption of the PD-1/PD-L1 signaling pathway can rescue exhausted
T cells and restore anti-tumor responses [28,29]. Therefore, immune checkpoint blockades
using anti-PD-1/PD-L1 monoclonal antibodies have emerged as promising novel thera-
peutic agents. Despite the importance of PD-1/PD-L1 blockade in the treatment of various
solid tumors, the role of this pathway in AML and MDS remains largely unknown.

PD-L1 is minimally expressed by leukemic cells at initial diagnosis, with expression
significantly upregulated at the time of disease progression [3,28,30]. PD-L1 has also been
found to be overexpressed in patients with TP53-mutant AML and MDS, contributing
to the immune evasive phenotype of this molecularly defined subgroup of patients [31].
In preclinical studies, PD-L1 blockade augmented anti-tumor T-cell responses resulting
in a decrease in leukemic burden and prolonging survival of AML murine models [28].
Pidilizumab (CT-011), humanized IgG1 anti-PD1 monoclonal antibody, was found to be safe
and well-tolerated in a phase 1 trial of 17 patients with advanced hematologic malignancies,
including 8 patients with AML and MDS [32]. Responses were observed in 33% of patients,
with one patient with AML experiencing a reduction in peripheral blood blasts from 50%
to 5% [32].

Given the very modest single-agent activity of PD-1/PD-L1 inhibitors in AML and
MDS, combination regimens using agents that enhance PD-1/PD-L1 expression were
investigated [32]. HMAs have been found to upregulate the expression of PD-1, PD-
L1, PD-L2, and CTLA4 in patients with AML and MDS, which is thought to be one of
the mechanisms of HMA resistance [33]. In addition, HMAs upregulate the expression
of tumor antigens and co-stimulatory molecules in cancer cells, supporting their use
in combination with PD-1/PD-L1 inhibitors [34,35]. Similarly, cytarabine was found to
increase the expression of co-stimulatory molecules by AML cells whilst decreasing the
expression of PD-L1, making them more susceptible to cytotoxic lymphocyte-mediated
killing [36]. Based on these findings, numerous clinical trials combining PD-1/PD-L1
inhibitors with HMAs and cytotoxic chemotherapy have been recently conducted in AML
and MDS in an attempt to reinstate immunosurveillance and improve patient outcomes.
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3.1. PD-1 Inhibitors
3.1.1. Nivolumab

In a recent phase 2 study, nivolumab administered in combination with azacitidine
was assessed in 70 patients with R/R AML, including 45 patients (65%) with prior exposure
to HMA-based therapy [37]. The ORR was 33%, of which 22% of these patients achieved
CR (N = 4) and CR with incomplete count recovery (CRi, N = 11) with a median OS of
6.3 months; responses were higher among HMA-naïve patients (ORR rate: 52%) [37]. These
results compared favorably to a historical control of 172 patients with R/R AML treated on
HMA-based salvage clinical trials (30% had prior HMA therapy) with an ORR of 20% and
median OS of 4.6 months (p = 0.013) [37]. In line with other studies, grade 3–4 immune-
related adverse events (irAEs) were reported in 11% of patients [37,38]. Upregulation
of CTLA-4 expression on CD4+ and CD8+ T cells occurred with therapy among non-
responders compared to responders, suggesting CTLA-4 overexpression as a potential
mechanism of resistance to PD-1 blockade [37].

Due to CTLA-4 upregulation, a second cohort was added to this study in which
31 patients with R/R AML were treated with ipilimumab in combination with azacitidine
plus nivolumab in an attempt to further enhance T cell responses [39]. The ORR rate
among efficacy evaluable patients (N = 24) was 46% (CR/CRi rate: 36%) with a median OS
of 10.5 months, comparing favorably to azacitidine plus nivolumab. As expected, grade
3–4 irAEs were observed in 25% of patients, higher than that seen with azacitidine plus
nivolumab [39]. Given these encouraging results, there is an ongoing phase 1 trial assessing
nivolumab plus ipilimumab in the treatment of patients with R/R AML and MDS following
allo-SCT (NCT03600155) and an additional study assessing nivolumab and/or ipilimumab
with or without azacitidine in MDS (NCT02530463).

To assess the activity of nivolumab in the frontline setting, a phase 2 study was
conducted combining nivolumab with idarubicin plus cytarabine in patients with newly
diagnosed AML (N = 42) and HR-MDS (N = 2) [40]. The composite CR rate was 78%, of
which 79% had no evidence of measurable residual disease (MRD) using multiparameter
flow cytometry (MFC) [40]. Nineteen patients were bridged to allo-SCT, with thirteen pa-
tients (68%) developing GVHD (grade 1–2 in eight and grade 3–4 in five patients) [40]. The
combination was well-tolerated without excess irAEs [40]. Median OS for the whole cohort
was 18.5 months, and for those who proceeded with allo-SCT was 25 months [40]. Notably,
there was no difference in the OS between responders who continued on therapy beyond
remission and those bridged to allo-SCT, suggesting the potential ability of nivolumab to
restore anti-tumor immune surveillance and eradicate MRD [40]. Subsequently, a phase
2 pilot study assessing nivolumab as maintenance therapy in high-risk AML (N = 15)
was conducted [41]. Nivolumab showed a modest ability to eradicate MRD and extend
remissions with a median recurrence-free survival of only 8.5 months, providing no support
for its use as a single agent in this setting [41].

3.1.2. Pembrolizumab

Pembrolizumab, in combination with azacitidine, was assessed in a multicenter phase
2 study in patients with both newly diagnosed and R/R AML [42]. Of the 37 patients
with R/R AML enrolled, 29 patients were evaluable for response with an ORR of 55%
[CR/CRi: 14%; partial remission (PR): 4%; hematologic improvement (HI): 14%; stable
disease: 24%] [42]. Median OS for the entire cohort was 10.8 months. Among the 22 patients
with newly diagnosed AML unfit for intensive chemotherapy, 17 patients were evaluable
for response with an ORR of 94%, of which 47% achieved CR/CRi (6 and 2 patients,
respectively) [42]. Median OS for this cohort was 13.1 months [42]. The combination was
well tolerated and particularly active in the newly diagnosed setting [42]. In another study
conducted by Goswami et al., pembrolizumab plus 10 days of decitabine was tested in
10 patients with R/R AML [43]. In line with the previous study, responses were observed
in six patients; one achieved a morphologic leukemia-free state, three with stable disease,
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and two achieved CR [43]. The combination was found to be safe with a median OS of
10 months [43].

To assess the impact of pembrolizumab on intensive chemotherapy, Zeidner et al.
conducted a phase 2 study of high-dose cytarabine (HiDAC) followed by pembrolizumab in
37 patients with R/R AML [44]. The ORR, CR/CRi rate, and median OS were 46%, 38%, and
11.1 months, respectively, with 50% of the CR/CRi patients achieving MRD negativity [44].
The greatest benefit was observed in patients who received this combination as their first
salvage regimen with an ORR and median OS of 54% and 11.3 months, respectively [44].
Nine patients (24%) were bridged to allo-SCT of which six relapsed post-SCT, and two died
of infectious complications [44]. In a subsequent retrospective matched cohort analysis,
the outcomes of these 9 patients were compared to a historical cohort of 18 patients with
AML who underwent allo-SCT without prior exposure to ICIs to evaluate the safety of
ICI use prior to allo-SCT [45]. OS was comparable between both cohorts with low rates
of treatment-related mortality (1% vs. 17%). Although there was no increase in the risk of
acute or chronic GVHD in the pembrolizumab group, seven of nine patients received only
one dose of pembrolizumab prior to allo-SCT, which may not have been enough exposure to
elicit post-SCT complications [45]. These results are consistent with numerous other studies
that have shown the safety of consolidative allo-SCT after ICIs in both AML and MDS,
especially with the use of post-transplantation cyclophosphamide prophylaxis [46–48].

Based on these encouraging results, there are two ongoing randomized trials designed
to assess the ability of pembrolizumab to eradicate MRD and therefore prolong OS when
combined with intensive chemotherapy (NCT04214249) or with azacitidine plus venetoclax
(NCT04284787) in patients with newly diagnosed AML.

In the phase 1b KEYNOTE-013 study assessing single-agent pembrolizumab in patients
with intermediate to high-risk MDS after HMA-failure, five patients (19%) achieved marrow
CR, 12 (44%) stable disease, and five (19%) had HI [49]. The study failed to meet its primary
endpoint since none of the patients achieved complete or partial remission [49]. Median OS
was 6 months, consistent with previous reports [50,51]. Similar results were seen in another
phase 2 study combining pembrolizumab with azacitidine in patients with both untreated
and HMA-failure intermediate to high-risk MDS [52]. In HMA-naïve patients (N = 17), the
ORR was 76%, with a CR rate of 18% and median OS not reached after a median follow-up
of 12.8 months; whereas in the HMA-failure cohort (N = 20), the ORR was 25% with a CR
rate of 5% and median OS of 5.8 months [52]. Overall, pembrolizumab did not show any
survival benefit in patients with HR-MDS after the failure of HMAs.

Notably, the rates of irAEs reported in patients with AML and HR-MDS treated in
trials using PD-1/PD-L1 and CTLA-4 immune checkpoint inhibitors are similar to those
observed with solid tumors [53,54]. Due to the absence of specific guidelines for the man-
agement of irAEs in patients with myeloid malignancies, these adverse events are typically
managed as per the published guidelines for solid tumors [53]. The main challenges associ-
ated with the assessment and management of irAEs in patients with myeloid neoplasms
include: (1) profound thrombocytopenia limiting the ability to perform invasive diagnostic
procedures and collect tissue biopsies; (2) difficulty in distinguishing between pneumonitis
and pneumonia, the latter is commonly seen in this patient population; (3) severe neutrope-
nia and high rates of infections, particularly fungal infections, hindering the prolonged
use of corticosteroids; (4) difficulty in diagnosing hematologic irAEs, such as immune
thrombocytopenia and aplastic anemia, due to baseline cytopenias [54].

3.2. PD-L1 Inhibitors

To date, anti-PD-L1 inhibitors have failed to show clinical activity in AML and MDS. In
a single-arm phase 1 trial assessing avelumab in combination with decitabine in previously
untreated patients with AML unfit for intensive chemotherapy (N = 7), responses were
modest, with one patient achieving CR and three presenting stable disease as the best
response to therapy [55]. This CR rate was similar to historical data using single-agent
decitabine, suggesting no benefit with the addition of avelumab [56]. Similar results were
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seen in the international, randomized phase 2 FUSION-AML-001 study comparing azaciti-
dine with or without durvalumab as frontline treatment in older patients with AML unfit
for intensive chemotherapy [57]. This study enrolled 129 patients with AML; 64 patients
were treated with the combination, and 65 received azacitidine monotherapy [57]. There
was no difference in the CR/CRi rate (31% vs. 35%), median OS (13 vs. 14.4 months), and
duration of response (24.6 vs. 51.7 weeks) between both arms [57].

In the relapsed/refractory setting, a phase 1b/2 study was conducted to assess azac-
itidine plus avelumab in 19 patients with R/R AML, of which 63% of patients had prior
exposure to HMAs [58]. The CR/CRi rate was 10.5% with a median OS of 4.8 months,
comparable to the historical CR/CRi rate of 16% achieved with single-agent HMAs [58,59].
Exploratory analysis performed in these studies suggests that overexpression of PD-L2
by AML blasts and monocyte-restricted increase in PD-L1 expression with therapy are
potential reasons behind the lack of clinical activity of PD-L1 inhibitors in AML [57,58].

In newly diagnosed HR-MDS, the FUSION-AML-001 trial failed to show improvement
in patient outcomes with the use of azacitidine plus durvalumab compared to azacitidine
alone. Of the 84 patients enrolled (42 in each arm), there was no significant difference
in the ORR (61.9% vs. 47.6%, p = 0.18) and median OS (11.6 vs. 16.7 months; p= 0.74)
between both arms [60]. Furthermore, toxicities, including hematologic adverse events
and infections, were higher with the combination regimen (89.5% vs. 73.2% and 86.8% vs.
65.9%, respectively) [60]. Similarly, atezolizumab alone and in combination with azacitidine
failed to show clinical benefit in patients with R/R or HMA-naïve MDS [61]. Furthermore,
atezolizumab plus azacitidine was associated with a high treatment-related death rate in
HMA-naïve MDS patients leading to early trial termination [61]. Collectively, these results
suggest that there is no clinical benefit from the use of anti-PD-L1 inhibitors in the treatment
of AML and MDS.

4. CD47-SIRPα Blockade

CD47 is a dominant macrophage immune checkpoint that malignant cells utilize to
evade innate immunity. CD47 relays an anti-phagocytic “don’t eat me” signal upon binding
to its receptor signal-regulatory protein alpha (SIRPα) on the surface of macrophages.
CD47- SIRPα interaction leads to recruitment of downstream Src homology-2 domain-
containing protein tyrosine phosphatases (SHP-1 and SHP-2), preventing the accumulation
of myosin-IIA at the phagocytic synapse, thereby inhibiting macrophage-mediated tumor
phagocytosis [62].

The balance between pro- and anti-phagocytic signals is essential to maintaining cellu-
lar homeostasis [63]. Compared to normal hematopoietic stem cells, CD47 is upregulated
in AML and HR-MDS, inferring poor prognosis due to evasion of phagocyte-mediated
immune surveillance [11,12,64–67]. Calreticulin, a dominant pro-phagocytic signal, is also
overexpressed on the surface of LSC, making it particularly susceptible to CD47 block-
ade [63]. In vivo and in vitro studies have shown preferential phagocytosis and elimination
of AML LSC with anti-CD47 monoclonal antibodies supporting their use in the treatment
of AML and HR-MDS [12,68]. Currently, there are numerous agents targeting the CD47-
SIRPα axis under investigation in clinical trials (Table 2) [69]. These novel agents are either
monoclonal antibodies that directly block CD47 or decoy receptors (SIRPα-IgG Fc domain).
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Table 2. CD47-SIRPα Targeting Agents under Investigation in Myeloid Neoplasms.

Agent Mechanism of Action Fc Domain RBC Sparing Trial Phase Study Population
Magrolimab
(Hu5F9-G4)

Humanized anti-CD47
mAb Active IgG4 No 3 AML/MDS

Evorpacept
(ALX148)

High affinity
CD47-binding SIRPa-Fc

fusion protein
(decoy receptor)

Inactive IgG1 No 1/2 AML/MDS

TTI-621
Anti-CD47 SIRPα-Fc

fusion protein
(decoy receptor)

Active IgG1 Yes 1
Advanced

Hematologic
Malignancies

TTI-622
Anti-CD47 SIRPα-Fc

fusion protein
(decoy receptor)

Active IgG4 Yes 1
Advanced

Hematologic
Malignancies

Lemzoparlimab
(TJ011133)

Highly differentiated fully
human

anti-CD47 mAb
Active IgG4 Yes 1 AML/MDS

(NCT04912063)

SL-172154 SIRPα-Fc-CD40L fusion
protein Inactive IgG4 Yes 1 AML/MDS

(NCT05275439)

CC-95251 Fully human Anti-SIRPα
mAb Active IgG1 Yes 1 AML/MDS

(NCT05168202)
Abbreviations: Fc: fragment crystallizable; AML: acute myeloid leukemia; MDS: myelodysplastic syndromes;
mAb: monoclonal antibody; SIRPα: signal regulatory protein alpha.

4.1. Magrolimab (Hu5F9-G4)

Magrolimab, first-in-class humanized anti-CD47 antibody, potently induced macrophage-
mediated phagocytosis of human AML cells in vitro and in vivo, thereby eradicating
leukemic cells and inducing durable remissions in patient-derived xenograft (PDX) mouse
models [68]. In the phase 1 CAMELLIA trial conducted on 15 patients with R/R AML,
magrolimab was well tolerated and showed modest single-agent activity, with 73% of
patients achieving stable disease and 40% experiencing reductions in bone marrow blast
count (mean decrease of 27%, range 5–67%) [70]. In an attempt to enhance the antileukemic
activity of CD47 blockade, combination regimens using agents that augment the expression
of prophagocytic signals on leukemic cells, therefore synergistically inducing leukemic
phagocytosis, were developed [71].

In preclinical studies, azacitidine was found to simultaneously upregulate cell surface
expression of both CD47 and calreticulin in AML and MDS cell lines [72,73]. In vitro,
azacitidine plus magrolimab synergistically increased macrophage-mediated phagocytosis
of AML cells which translated into a significant improvement in the long-term survival of
AML xenograft mouse models [71]. Based on these results, a phase 1b trial was conducted to
assess the efficacy and safety of magrolimab in combination with azacitidine in 91 patients
with previously untreated AML unfit for intensive chemotherapy (N = 52) and intermediate
to very high-risk MDS (N = 39) [13,14]. In efficacy evaluable MDS patients (N = 33), the
ORR was 91%, with the majority of responses consisting of CR (42%) and marrow CR
(24%), of which 22% were MRD negative by MFC [14]. The median time to response was
1.9 months, faster than that achieved with azacitidine alone [14]. Notably, red blood cell
(RBC) transfusion independence was achieved in 58% of patients who were transfusion
dependent at baseline [14]. Importantly, responses deepened with time, with the CR
rate increasing to 56% with prolonged (≥6 months) follow-up [14]. These encouraging
results provided the basis for the ongoing randomized, phase 3 ENHANCE trial comparing
azacitidine plus magrolimab versus placebo in patients with previously untreated HR-MDS
(NCT04313881).

Among the 52 patients with treatment-naive AML treated in this phase 1b trial, 65%
were TP53 mutated, and 64% had complex karyotype [13]. Of the 34 patients evaluable for
response, 65% achieved an objective response with a CR/CRi rate of 56%, of which 37%
achieved MRD negativity using MFC [13]. Similar to the MDS cohort, the median time to
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response was 2 months. Objective responses were observed in 71% (15/21) of patients with
TP53-mutant AML, of which 67% (14/21) of patients achieved CR/CRi [13]. Median OS
for TP53-mutant and wild-type AML patients were 12.9 and 18.9 months, respectively [13].
The efficacy seen with this combination, particularly in TP53-mutant AML, led to the
ongoing randomized phase 3 ENHANCE-2 trial comparing magrolimab plus azacitidine to
the physician’s choice of venetoclax plus azacitidine or 7 + 3 chemotherapy in untreated
TP53-mutant AML (NCT04778397) [74].

Although the combination of azacitidine plus venetoclax induces high CR/CRi rates
(>70%), relapses are common, with less than 40% of the patients alive at 3 years [75].
Preclinical studies have shown a significant increase in phagocytosis in AML cell lines
treated with the combination of magrolimab plus azacitidine and venetoclax compared
to magrolimab and azacitidine plus venetoclax alone, including venetoclax-resistant and
TP53-mutant cell lines [76]. In vivo studies, the triplet combination also improved the
survival of AML PDX models, including venetoclax-resistant models. [76] Therefore, a
phase Ib/II trial was conducted to evaluate the triplet regimen in both the frontline and
R/R settings [77]. Thirty-eight patients were enrolled on this study with newly diagnosed
(N = 17), R/R venetoclax-naïve (N = 8), and R/R venetoclax-resistant (N = 13) AML [77].
The CR/CRi rates for each cohort were 94%, 63%, and 27%, respectively, denoting the
clinical activity of this triplet regimen [77].

Using its active Fc domain, magrolimab triggers phagocytosis through interaction
with Fc gamma receptors on macrophages [71]. Due to the ubiquitous expression of
CD47 on normal cells, there have been concerns about widespread toxicity with ma-
grolimab [68]. However, since CD47 blockade only results in cell clearance in the presence
of prophagocytic signals, on-target toxicity with magrolimab has been limited due to the
lack of expression of prophagocytic signals on normal cells [13,14,68]. One major exception
is on-target anemia. RBCs highly express CD47 as a protective mechanism against RBC
clearance [78]. Senescent erythrocytes lose CD47 and gain the expression of pro-phagocytic
signals leading to their physiological clearance by splenic macrophages [79–81]. There-
fore, magrolimab induces hemolytic anemia due to the accelerated clearance of senescent
erythrocytes [82,83]. This adverse event was mitigated using a priming and maintenance
dose strategy for magrolimab, which eliminated older erythrocytes sparing younger RBCs,
which lack prophagocytic signals. This priming dose leads to a predictable and transient
mild anemia, followed by compensatory reticulocytosis shifting RBCs to a younger pop-
ulation that does not express significant pro-phagocytic signals, therefore unaffected by
magrolimab [68,82,83]. Furthermore, the priming dose induces RBC-specific CD47 pruning
through the rapid shed of cell surface CD47, rendering erythrocytes safe from subsequent
doses of magrolimab [84]. In the phase 1b study, this dosing strategy resulted in mild,
transient on-target anemia [13,14]. In the MDS cohort, the mean drop in hemoglobin after
the first dose of magrolimab was only 0.4 g/dL [14]. Among the AML group, anemia was
reported in 31% of patients, with 56% of the patients becoming transfusion independent on
therapy [13].

4.2. Evorpacept (ALX148)

Evorpacept is an engineered high-affinity CD47-blocking fusion protein with an inac-
tive modified human immunoglobulin Fc domain [85]. The inactive Fc domain is mutated
to eliminate Fc gamma receptor binding, thereby preventing phagocytosis of normal blood
cells and minimizing toxicity [85]. Unlike magrolimab, in vitro studies have shown that
ALX148 does not cause hemagglutination of human erythrocytes [78,86]. In mouse models,
the levels of RBCs, platelets, and white blood cells remained stable after administration of
ALX148 but declined by 34%, 70%, and 67%, respectively, after the use of ALX377, a control
protein with an identical SIRPα domain fused to an active Fc domain, confirming its more
favorable preclinical safety profile [78].

There are two ongoing trials assessing ALX148 in combination with azacitidine in
HR-MDS (ASPEN-02; NCT04417517) and in combination with azacitidine plus venetoclax
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in AML (ASPEN-05; NCT04755244). ASPEN-02 is a phase 1/2 multicenter study designed
to assess the safety and tolerability and establish the recommended phase 2 dose (RP2D) of
evorpacept when given in combination with azacitidine in the phase 1 part of the study [87].
The phase 2 portion of the trial will evaluate the efficacy of evorpacept plus azacitidine
compared to azacitidine alone in patients with newly diagnosed HR-MDS [87]. Results
from the phase 1 portion of the ASPEN-02 trial were recently presented [87]. Thirteen
patients were enrolled, seven with newly diagnosed HR-MDS and six with R/R MDS [87].
The combination was well-tolerated with no dose-limiting toxicities observed; 60 mg/kg
intravenously every 4 weeks was determined to be the RP2D of evorpacept [87]. Ten
patients (five newly diagnosed and five R/R) treated at different dose levels were evaluable
for response; three achieved marrow CR (including 1 with HI), three with stable disease,
and two with cytogenetic response (including 1 with HI) [87]. These promising preliminary
results will be further evaluated in the ongoing randomized phase 2 portion of the trial.

5. TIM-3 Blockade

TIM-3 is an immune checkpoint receptor that regulates adaptive and innate immunity
and is expressed on numerous immune cells, including T-cells, antigen-presenting cells, and
natural killer cells [15]. TIM-3 is aberrantly expressed on the surface of LSC and blasts while
sparing normal hematopoietic stem cells, with higher levels of expression associated with
poor prognosis [16,88]. In MDS, TIM-3 is also expressed by blasts, with expression levels
increasing at the time of disease progression and AML transformation [89,90]. Galectin-9,
a TIM-3 ligand, is secreted by LSC, creating an autocrine stimulatory loop, thereby pro-
moting LSC self-renewal [91]. In addition, galectin-9 induces apoptosis of T helper type 1
effector cells and cytotoxic TIM-3+ CD8+ T-cells, leading to T-cell exhaustion and immune
evasion [92,93]. In xenograft mouse models, TIM-3 blockade led to a significant reduction
in leukemic burden and eliminated LSCs making it an attractive target for the treatment of
AML and HR-MDS [94].

Sabatolimab (MBG453)

Sabatolimab, a novel anti-TIM-3 monoclonal antibody, has been found to exert its
antileukemic activity through multiple mechanisms, including (1) direct targeting of TIM-3
of the surface of LSC and blasts, (2) blocking TIM-3/galaectin-9 interaction thereby pre-
venting LSC self-renewal, and (3) promoting antibody-dependent cellular phagocytosis
of LSC and blasts via binding to both TIM-3 on the surface of LSC/blasts and Fc gamma
receptors on the surface of macrophages [95].

Sabatolimab was assessed in combination with HMAs in patients with both HR-MDS
(N = 53) and newly diagnosed AML unfit for intensive chemotherapy (N = 48) [96,97].
Among the patients with MDS, the ORR was 57%, with 43% of the patients achieving
CR or marrow CR [96]. Responses were durable, with a median duration of response
of 16.1 months and a 1-year progression-free survival (PFS) rate of 51.9% [96]. In AML
patients, the ORR was 40%, with 30% of these patients achieving CR/CRi. The median
duration of response was 12.6 months with a 1-year PFS rate of 27.9% [96].

In subgroup analysis, responses were preserved in patients with TP53, RUNX1, and
ASXL1 mutations. In the MDS subgroup, the ORR among patients with a TP53 mutation
was 71.4% (10/14), with a median duration of response of 21.5 months, comparing favorably
to historical data [96]. In patients with newly diagnosed AML with at least one ELN
adverse risk mutation (TP53/RUNX1/ASXL1), the ORR rate was 53.8% (7/13) with a
median duration of response of 12.6 months [96]. Of note, 24.5% of patients with MDS were
successfully bridged to allo-SCT with favorable transplant outcomes without increased risk
for GVHD [96,98].

Based on these encouraging results, the STIMULUS clinical trial program was launched
in which several single-arm and randomized phase 2 and 3 trials are investigating multiple
sabatolimab-based combination regimens in both AML and high-risk MDS and CMML
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(Table 1) [99]. Results from these trials will provide definitive insights into the clinical
efficacy of TIM-3 blockade in the treatment of AML and HR-MDS.

6. Future Directions

Given the modest single-agent activity of ICIs, combination regimens leading to dual-
targeting blockade are being developed to further enhance the restoration of immune
surveillance and improve outcomes for patients with AML and MDS. Inspired by the
melanoma experience, double blockade of CTLA-4 and PD-1/PD-L1 is a promising com-
bination regimen [100]. Trials assessing ipilimumab plus nivolumab in AML, MDS, and
after allo-SCT are ongoing as previously described. Combined blockade of the TIM-3 and
PD-1/PD-L1 pathways is another potential therapeutic combination regimen of interest.
Increased coexpression of TIM-3 and PD-1 has been associated with T-cell exhaustion and
AML progression [3,101,102]. In mouse models, combined blockade of the PD-1/PD-L1
and TIM-3/galectin-9 pathways resulted in a significant reduction in leukemic burden and
improvement in survival compared to either agent alone, providing the rationale for their
combined use in AML [101].

Interestingly, the adaptive immune system plays a major role in the anti-tumor activity
of anti-CD47 inhibitors. Anti-CD47-mediated phagocytosis of malignant cells by antigen-
presenting cells (macrophages and dendritic cells) triggers an anti-tumor cytotoxic T-cell
immune response [103,104]. In preclinical studies, the anti-tumor effects of CD47-blockade
were abrogated by T-cell deficiency, with substantial improvement in responses seen with
the combined use of PD-L1 and CD47 antibodies [104,105]. These results support the
combined use of CD47/SIRPα inhibitors and T-cell immune checkpoint inhibitors, such
as PD-1/PD-L1 and TIM-3 inhibitors, to further enhance anti-tumor responses, which has
been demonstrated in clinical trials conducted in patients with advanced solid tumors [106].

Identifying the optimal timing to introduce ICIs and the subgroup of patients with the
best response to therapy is essential for the proper incorporation of ICIs in the treatment
of AML and MDS. In the study conducted by Daver et al., patients with lower leukemic
burden had the best response to azacitidine plus nivolumab, which was thought to be due
to the higher population of bone marrow CD3+/CD4+/CD8+ T-cells in these patients [37].
This data suggests that T-cell-based immunotherapies are potentially most effective when
used early in the course of therapy in the presence of low disease burden, such as for
MRD eradication [37]. Although single-agent nivolumab failed to show clinical activity
as maintenance therapy in AML, whether using it in combination with an HMA, such as
oral azacitidine, would further improve OS in AML through MRD eradication is yet to be
determined [41,107].

7. Conclusions

Immune checkpoint inhibition remains an area of intense clinical research in AML and
MDS. CD47/SIRPα axis-targeting agents are promising additions to the current therapeutic
armamentarium in myeloid malignancies. Early phase trials have shown encouraging
results with the combined use of azacitidine and magrolimab in AML and HR-MDS.
Randomized studies are currently ongoing to validate the efficacy of this combination and
explore its potential therapeutic role in various molecular subgroups of AML and MDS,
such as TP53-mutant disease. Sabatolimab has also shown promising clinical activity when
combined with HMAs, particularly in patients with HR-MDS, with responses preserved
in patients with high-risk mutations. Numerous trials are currently being conducted to
further explore the role of TIM-3 blockade in myeloid malignancies. Although CTLA-4
and PD-1/PD-L1 inhibitors have not shown robust clinical activity in AML, the addition
of PD-1 inhibitors to intensive chemotherapy and HMAs achieved encouraging rates of
MRD negative CR, suggesting their potential role in MRD eradication. This observation
is currently being investigated in randomized trials. Dual targeting of different immune
checkpoints has the potential for harnessing the immune system and improving anti-
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leukemic responses. Clinical trials exploring the synergy between various combinations of
ICIs and HMAs or cytotoxic chemotherapy are underway.
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