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Abstract: The prognosis of children with acute myeloid leukemia
(AML) has improved incrementally over the last decades. However,
at relapse, overall survival (OS) ~40% to 50% and is even lower for
patients with chemorefractory disease. Effective and less-toxic
therapies are urgently needed for these children. In the last years,
immune-directed therapies such as chimeric antigen receptor
(CAR)-T cells were introduced, which showed outstanding clinical
activity against B-cell malignancies. CART therapies are being
developed for AML on the basis of the results obtained for other
hematologic malignancies. The biggest challenge of CART therapy
for AML is to identify a specific target antigen, since antigens
expressed in AML cells are usually shared with healthy hema-
topoietic stem cells. An overview of prospects of CART in pediatric
AML, focused on the common antigens targeted by CART in AML
that have been tested or are currently under investigation, is pro-
vided in this manuscript.
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Acute myeloid leukemia (AML) accounts for ~20% of cases
of acute leukemia in children and adolescents younger
than 20 years of age. Overall survival (OS) rates for children
with AML who are treated on contemporary clinical trials are
now >70% overall.l-3 Improvements in survival have been
largely achieved through the successful intensification of
broadly active chemotherapy (cytarabine and anthracyclines),
the effective use of hematopoietic stem cell transplantation
(HSCT), improved methods for risk stratification including
early response assessments, advanced diagnostics to detect
genetic aberrations, improvements in supportive care, and
increasing retrieval rates at relapse.®> However, event-free
survival (EFS) rates still fall behind ranging from 50% to 65%,%
and the OS for some genotypes are unacceptably low despite
maximal intensification of standard chemotherapy (eg, in case
of WTI mutations, NUP98 rearrangements, and/or specific
KMT?2A-aberrations).

Genomic and biological insights into the mechanisms
of leukemogenesis have both helped to identify patients
a priori who will have a poor prognosis and may potentially
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benefit from a HSCT as well and identified potential targets
for new therapies.

TREATMENT OF PEDIATRIC AML

In newly diagnosed pediatric patients without high-risk
disease, front-line therapy comprises 4 or 5 cycles of
intensive chemotherapy. Most induction regimens are based
on the combination of cytarabine and anthracyclines
(usually daunorubicin but may include idarubicin and
mitoxantrone), first developed in the 1970s. Approximately
20% to 30% of children with high-risk AML will undergo
HSCT in first remission.® Intrathecal chemotherapy is
administered to prevent central nervous system (CNS)
relapse.

AML therapy remains maximally toxic, and requires
multiple, near myeloablative, cycles of treatment with
chemotherapeutic agents and often HSCT, except for the
rare subsets of children diagnosed with acute promyelocytic
leukemia or Down syndrome related AML that have
distinct therapeutic approaches and trials.*7-8 Children
who are treated with currently approved therapies can
suffer life-long health issues which impact on quality and
duration of life.%10

Though the mutational landscape of childhood AML is
now well described,!! and despite the recent approvals of
various targeted compounds for use in adults with AML,
the monoclonal antibody

Gemtuzumab ozogamicin (GO) is the only targeted
therapy approved for use in children 15 years old and
above.12-14 This is due to several factors, such as delays in
implementing clinical studies in children, relevance of some
targets in children, and/or class-related toxicity concerns.

Trials performed during the past 20 years have sought
to determine the optimal duration of postremission therapy,
the benefit of new agents, the value of minimal residual
disease (MRD) monitoring, and the role of HSCT.
However, like the interventions used to improve remission
induction rates, many of the postremission interventions
have had only modest effects on survival. For example, in
the COG AAML 0531 trial,!5 1022 patients were randomly
assigned to receive standard chemotherapy with or without
the addition of 3 doses of GO. Although the incorporation
of GO was associated with a better EFS (53% vs. 47%),
there was no difference in OS between arms (69% vs. 65%).
In this trial, GO had the greatest impact among patients
with unfavorable karyotypes, KMT2A fusions, and FLT3-
ITD, suggesting that the efficacy of even broadly targeted
therapies may be defined by the molecularly defined
subtypes of AML.

In the nonrandomized 2012 AML Berlin-Frankfurt-
Miinster (BFM) registry, the impact of a revised risk-group
stratification without changes in the chemotherapy regimen

www.jpho-online.com | 393

Copyright © 2024 Wolters Kluwer Health, Inc. All rights reserved.


mailto:valeria.ceolin@unito.it
mailto:valeria.ceolin@unito.it

PISTSHIRA+ZMNBRAAAAYO/FOAEIDPIASALLIAIPOOAEIEAHION/AD AUMYTXOMA

DJUOINXYOHISABZIyTIo+erNIOITWNOTIZTARY HAaSHNAYF Aq auluo-oydl/woo mm| speulnol;/:dny wouiy papeojumoq

¥202/62/0T uo

Ceolin et al

| Pediatr Hematol Oncol * Volume 46, Number 8, November 2024

but resulting in a higher frequency of HSCT in first
complete remission (CR1), was studied using a historical
comparator (AML-BFM 04). During the registry time
period a slightly higher number of patients were allocated
to the very high-risk group, based on the identification of
newly identified high-risk molecular lesions. Moreover, the
indication for HSCT was broadened (using molecular
subtype and induction response) which led to a higher
percentage of patients with HSCT in CR1 (34% compared
with 15% in study AML-BFM 04). As a result of these
changes and general improvements in supportive care, EFS
improved from 52% in AML-BFM 04 to 62%, and OS
improved from the historical 71% to 80%.16

Despite all efforts in finding better ways of cure,
intensive cytarabine/anthracycline-based chemotherapy is
still the standard of care in pediatric AML treatment.
Future advances in childhood AML must include a better
understanding whether targeted therapies approved in older
adults can be effective in children with AML, determining
the dependency of childhood leukemia cells on targetable
oncogene products, and understanding compensatory mech-
anisms of resistance to conventional and targeted therapies.
This should lead to higher cure rates with less long-term
toxicity.

RELAPSED AND REFRACTORY AML

Relapses occur in 25% to 40%!7-20 of pediatric patients
with AML, and in all studies outcome is related to time to
relapse and genetic features (risk groups).18:21

The survival for the pediatric patients who have
suffered from first relapse of AML is at best 50%.2! The
median remission reinduction rate in first relapse is close to
60% with a range of 35% to 81% (Table 1). The largest study
in relapsed AML patients to date is the AML 2001/01 study
in which 394 patients were enrolled showing a 4-year
probability of OS (pOS) of 38%!8 and a 5-year pOS of 34.21
There was a clear distinction in outcome between early first
(within a year from initial diagnosis) and late first relapse
(more than a year from initial diagnosis), with the latter
doing much better, which appears to be linked to genetic
risk groups, as good risk genetic patients tend to relapse
later than patients with poor risk genetics.

When compared with an analysis of patients treated on
the AML 2001/01 trial (5-y pOS of 34%),18 there is a trend
toward improved survival over time, as well as increasing
rates of postrelapse HSCT: 69% of the 189 patients included
in the first time period (from April 2001 to March 2005) of
the previous relapse trial AML 2001/01 were able to proceed
to HSCT, while 82% of the patients had a HSCT in the
recent August 2013 to December 2017 time interval. This
study also confirmed that initial risk stratification based on a
combination of genetic aberrations and time to relapse are
prognostic for postrelapse survival.2!

Second relapse occurs in 7% of all patients treated for
AML and in 21% to 45% of first relapse AML patients.2!-32.33
In Europe and in North America in absolute numbers it is
assumed that 60 patients per year suffer from second relapse.

For patients in second relapse the outcome is even
worse, with a 5-year OS of 15% to 18%,33 early second
relapse (defined as a second relapse within 1 y after first
relapse) remains a predictor of poor survival, and the
probability of 5-year survival is only 2%.32 Contrary to
newly diagnosed patients, fewer than 20% to 25% of patients
in relapse have generally been treated on trials.!8:34.35
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Allogeneic HSCT, in second remission, is the therapeutic
standard for all relapsed patients3¢ and usually applied after
2 blocks of intensive reinduction therapy.

Disease refractory to initial induction therapy occurs in
~3% to 7% of patients.!8:21 Primary R/R AML are usually
treated as 1 single clinical entity, even though the
probability of success of subsequent salvage therapy differs
substantially between affected individuals.37

In the COG first relapse cohort, that includes data
from the studies COG AAML 0531 and COG AAML1031,
29% of patients had > 5% blasts at the end of 2 cycles of
initial induction therapy meeting the protocol definition of
refractory disease. Their 5-year OS was 24+ 3%. Partic-
ularly poor outcomes have been observed in patients with
primary induction failure or those with an initial remission
duration of <6 months (very early relapse).2!

In the BFM first relapse cohort, that includes patients
treated after closure of the last published AML-BFM 2001/
01 trial,! among the patients who received treatment with 2
reinduction cycles of cytotoxic chemotherapy (fludarabine,
cytarabine, liposomal daunorubicin [DNX-FLA], and FLA)
21% did not respond. These patients were then refractory to
second line of treatment and they had the lowest survival
with a 5-year pOS of 27+9%.2! In the Nordic Society of
Pediatric  Haematology and Oncology  Nordic—
DutchBelgian (NOPHO-DB) retrospective cohort of
patients,33 the 1-year pOS was 25+ 5% for patients with a
refractory first relapse (n=98). Therefore, there is a clear
need for novel treatment options for refractory AML.

Differences in outcomes have been recently associated
with immune transcriptomic profiles of the tumor micro-
environment, which stratify AML cases into an immune-
infiltrated and immune-depleted subgroup, with the former
being resistance to cytotoxic chemotherapy but an enhanced
probability of response to immunotherapy.38

ROLE OF CART THERAPIES IN THE THERAPY OF
AML

Innovative treatments with new mechanisms of action
to eradicate resistant disease in all disease stages are
required. The field of drug development is currently rapidly
expanding; recent large-scale discovery efforts, such as next
generation sequencing methods, have identified recurrent
mutational, signaling pathway, and cell surface antigen
targets for new therapies. A key challenge is that there are
no known AML-specific antigens that are uniquely
expressed on the malignant clone, but not on normal
myeloid precursors, as a basis for immunotherapy.39-4!
Because of the nature of the target antigens which are
coexpressed on normal hematopoietic progenitor cells,
current CART therapy in AML may be associated with
appreciable on-target/off-tumor toxicity. Another issue is
that CAR-T cells may become dysfunctional, expand, and
persist poorly due to inherent T-cell deficiencies.? At this
time, most AML CART immunotherapy does not aim to
provide long-term persistence of CART cells but rather aims
to provide effective remission reinduction and bridge to
subsequent transplant which may be important for chemo-
refractory patients. Early results of clinical studies demon-
strate that the safety of AML CART immunotherapy has
been reasonable without as much “bystander” toxicity as
initially feared with some deep responses that have been
transplant enabling.43
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TABLE 1. Results of Recent Clinical Trials for R/R AML

Years of Number of EFS (%) OS (%) and
Study enrollment Study question Relapse status patients CR (%) (median FU)  (median FU)  References
I-BFM AML 2001/01 2001-2009 FLAG vs First relapse 394 64 34(5y) Kaspers
FLAG-DNX 69 FLAG-DNX et all®
59 FLAG
AML-BFM SG relapse 2009-2017 Postrelapse survival First relapse 197 45 30(5y) 42 (5y) Rasche
registry DNX-FLA(G) = FLA vs. other n=156 DNX- n=156 DNX- et al?!
reinduction therapies FLA(G)£FLA FLA(G)*FLA
AML-BFM SG compassionate 1995-2014 GO/ARA-C Relapsed/refractory (mostly 76 18 all patients Niktoreh
use series second R/R, second line) 27 transplanted et al?2
(“4y)

COG AAML 0531 and 2009-2017 Postrelapse survival First relapse 852 3500y Rasche
AAMLI1031 relapse registry et al?!
NOPHO relapse registry 1993-2012 Various regimens First relapse 208 70 3905y Karlsson

et al?3
Japanese Childhood AML 2000-2005 Various regimens First relapse after AML99 71 50 3705y Nakayama
Cooperative protocol et al?
COG AAMLI1421, Phase 1-2  2016-2018 CPX351, followed by FLAG Relapsed/refractory 38 InCR22y Cooper
52.7%%21.1% et al?s
ITCC 020 Phase 1B 2010-2014 Clofarabine FLA-DNX Relapsed/refractory 34 ORR 68 35 (1-y) 50(1y) Eijkelenburg
et al26
I-BFM AML 2001/02, Phase 2 2001-2009 GO single agent Relapsed/refractory 30 ORR 37 27 3y, Zwaan et al?’
responders
only)
COG AAML 0532, Phase 1-2  2007-2012 Clofarabine ARA-C Relapsed/refractory 49 ORR 48 46 3y, Cooper
study responders et al28
only)
Phase 1 Venetoclax 2017-2019 Venetoclax ARA-C Relapsed/refractory 38 ORR 69 Karol et al?®
Phase 2 bortezomib Bortezomib Ida/ ARA-C or Relapsed/refractory 46 ORR 392y) Horton
ARA-C/VP-16 57 (IDA) et al30
48 (VP-16)
JPLSG 2006-2010  Retrospective cohort review First relapse 111 64 36 (5y) Moritake
63 ECM et al’!
66 FLAG
36 others

AML indicates acute myeloid leukemia; Ara-C, cytarabine; BFM SG, Berlin-Frankfurt-Miinster Study Group; COG, Children’s Oncology Group; CR, complete remission; DNX, liposomal daunorubicin; ECM,
etoposide, cytarabine, and mitoxantrone; EFS, event-free survival; FLA(G), fludarabine, cytarabine, with or without GCSF; FU, follow-up; GO, gemtuzumab ozogamicin; I-BFM, International BFM study group; Ida,
idarubicin; ITCC, Innovative Therapies for Children with Cancer consortium; JPLSG, Japanese Pediatric Leukemia/Lymphoma Study Group; nr, number; NOPHO, Nordic Society of Pediatric Haematology and
Oncology; ORR, overall response rate (usually comprising CR plus CRp, CRi); OS, overall survival; R/R, relapsed/refractory; VP-16, etoposide.

$20Z 19qWIBAON ‘g JaqUINN ‘9 SWN[OA e [02UQ [0IDWAY JIDIPA] [

DIWAYNST PIOJAN 21Dy DLIDIPaJ 10§ SaIdDIdY] ¥V



PISTSHIRA+ZMNBRAAAAYO/FOAEIDPIASALLIAIPOOAEIEAHION/AD AUMYTXOMA

DUOIAX7OHISABZIYT0+erNIOITWNOTIZTABYHJRSHAAUE Ad auljuo-oydf/wod mm| sfeuinolj/:dny woiy papeojumod

¥202/62/0T uo

Ceolin et al

| Pediatr Hematol Oncol * Volume 46, Number 8, November 2024

It remains unknown whether novel improved CART
cell designs will allow AML immunotherapy without
subsequent HSCT in the future. Evaluation of the relative
value of more readily-available bispecific T-cell engager
antibodies and antibody-drug conjugates (ADCs) targeting
myeloid antigens, which also provide preliminary antigen-
redirected T-cell responses as a bridge to HSCT is also of
paramount importance. The potential efficacy of dual
targeting CART cells with 2 or more different AML
antigens, the optimal immunotherapy combination with
small molecule inhibitors and optimal indication and/or
sequence of CART cells and T-cell engagers requires
clarification. Because persistence of CART cells is currently
not the aim for a bridge-to-transplant strategy, allogeneic
CART cells (including multiple administrations), allogeneic
natural killer (NK) cells, CAR-NK cells, and other adoptive
cellular therapy may have specific roles in treating some
patients with high-risk/relapsed AML. The results of
ongoing or planned first-in-child studies are required to
understand the role of CART therapy in AML. Further
engineered T-cell therapies targeting AML-restricted anti-
gens in subtypes with a high expression on leukemic blasts
but with low to no expression in normal hematopoiesis,
warrants clinical investigation.

AML TARGETS

In this section, we will discuss the most frequently
myeloid antigens already targeted by CART therapies and
other targets which are currently under exploration (Fig. 1).

CD123

CD123, the interleukin-3 (IL-3) receptor alpha-chain,
is expressed on the surface of leukemic cells in >80% of
adult and childhood AML, and importantly is expressed on
leukemia-initiating cells (LICs).#445 It is also widely
expressed in B-ALL. Expression of CD123 by T-ALL
blasts is lower, except for the more immature early thymic
precursor (ETP) subtype.4¢

The exclusive expression of CD123 on LICs but not at
high levels on undifferentiated hematopoietic progenitor
cells is potentially advantageous for the tolerability of
immunotherapeutic targeting, minimizing risk of severe
myelosuppression.4748 LICs are thought to be a major
driver in relapse since they are relatively quiescent and

Lad

CD44V5

NKG2D
FIGURE 1. Target antigens of CART therapies for AML.
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chemoresistant.*4 Testing of diagnostic and relapse samples
show that CD123 expression is stable in leukemic relapse
samples including the LIC compartment.#> High CDI123
expression in pediatric AML is associated with high-risk
KMT2A rearrangements and FLT3-ITD mutations and is
independently prognostic of inferior outcome.*® CD123 is a
robust flow cytometry MRD marker and can also be
detected by immunohistochemical analysis, which may aid
in selection of patients in whom to test CDI123
immunotherapies.#> Therefore, CD123 is an ideal “near-
universal” immunotherapeutic target across the age spec-
trum. A Children’s Oncology Group (COG) review of
available flow cytometry data from specimens collected on
AML patients treated on recent COG trials suggest that
~97.5% of patients show qualitative CD123 expression
clearly above autofluorescence levels (Mike Loken and Lisa
Broderson personal communication, Hematologics Inc.).
Therefore, only a small minority of pediatric AML cases
(about 2.5%) are expected to lack CD123.

CD33

CD33 is a transmembrane receptor called sialic acid-
binding immunoglobulin (Ig)-like lectins (Siglecs) which is
expressed on the surface of leukemia myeloid blasts in
> 90% of cases and has therefore been extensively studied as
a target for CART therapy in AML.50:5! The widespread
expression of CD33 on leukemic cells and the absence of
down-modulation after GO, a monoclonal antibody target-
ing CD33, treatment indicate that it is a robust target.
However, it is also expressed on myeloid cells, both mature
and progenitors, as well as on certain cells of lymphoid
lineage.>2-33 Increased expression of CD33 is associated with
FLT3-ITD and NPM1 .54

CLL1

C-type lectin-like molecule-1 (CLL1) also known as
C-type lectin domain family 12 member A (CLEC12A), is
expressed in over 80% of AML cases, on both blasts and
leukemia stem cells.>550 It is also expressed on healthy
differentiated myeloid cells, but notably not on hemato-
poietic stem cells (HSCs) or other nonhematologic human
tissues.>%37 Preclinical studies have demonstrated robust
antileukemia activity of CLLI1-directed CART cells, both
in vitro and in vivo, without causing myelosuppression.58:59
This makes CLL1 a promising target for CART therapy
in AML.

NKG2D

Natural Killer Group 2 (NKG2D), a C-type lectin
receptor, is an immunosurveillance receptor on the surface
of NK cells.®0 It exhibits an upregulation in AML while
maintaining limited expression in healthy tissues. Never-
theless, NKG2D ligand expression can be induced by
multiple stress conditions such as viral infection, oxidative
or thermal stress, DNA damaging agents, tissue damage,
heat shock, or inflammation, in addition to malignant
transformation.6!

Ccbh7

CD7 is expressed in ~30% of adult AML cases and is
associated with a more aggressive course of disease.
However, it is also expressed on normal activated T cells,

NK cells, and some progenitor cells. Consequently, CD7-
directed CART therapies may lead to CART fratricide, and
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knocking out CD7 in autologous cells might be a necessary
step in the CART generation process.%2

Lewis Y

Lewis Y (LeY), a difucosylated carbohydrate antigen,
is expressed on early myeloid progenitor cells. No correla-
tion of LeY expression was found with disease subtype,
stage, or other known prognostic parameters. Similarly,
amount or type of previous treatment, including immuno-
modulatory, do not have any impact on cellular LeY
expression.®3

FLT3

FLT3 is a class IIl receptor tyrosine kinase. Its
mutations are, with more than 15% to 20% of all cases,
frequent cooperating lesions in pediatric AML.!!1 The
internal tandem duplication (ITD) results from a fragment
of the juxtamembrane-domain coding sequence, a negative
regulator of the kinase activity, that is duplicated and
inserted. The mutant FLT3-ITD makes tyrosine kinase
constitutively functioning, and this activates the down-
stream targets that are normally regulated by the native
receptor, inducing cellular proliferation and survival path-
ways. Considering the FLT3 expressed in AML patients’
blast cells, it may be a new candidate target for CART
therapy to treat FLT3 mutated AML, especially patients
harboring FLT3-ITD mutation.t4

Folate Receptor f

The folate receptor (FR) family is a group of folate-
binding protein receptors. FRf is primarily found on
myeloid-lineage hematopoietic cells.®> FR is expressed on
about 70% of primary AML patient tumors,% thus making
it an attractive target for CART therapy. In addition, FRp
expression can be enhanced on AML blasts by treatment
with all-trans retinoic acid (ATRA). In preclinical models,
the efficacy of folate-conjugated drug therapy for targeting
FRp+ AML is improved when combined with ATRA
treatment.67

CD38

The multifunctional cell surface glycoprotein CD38 is
also considered a potential target antigen in AML. In
contrast to the uniformly high CD38 expression on
malignant plasma cells, blast cell CD38 expression is
heterogeneous although frequently exceeds that of normal
cell populations.®® For this reason, there remains concern
about a potent myelosuppressive effect with a constituently
expressed high-affinity CD38-CART. To circumvent this
problem, Gurney et al®8 has developed an affinity-optimized
CD38-CART.

CD117

CD117 (c-kit) is a receptor tyrosine kinase highly
expressed on both healthy hematopoietic stem and progen-
itor cell (HSPCs) and the majority of primary human AML
cells.® It has been demonstrated that anti-CD117 antibodies
deplete functional healthy HSPCs and eliminate low-risk
myelodysplastic cells in preclinical models. However,
depletion of more aggressive disorders such as high-risk
myelodysplastic syndrome or AML may require higher
effector strength, which might be achieved with CART
cells.70.71

Copyright © 2024 Wolters Kluwer Health, Inc. All rights reserved.

CD276

CD276 (B7-H3) is a type I transmembrane protein that
belongs to the B7 family.72 Although B7-H3 was originally
reported as a positive costimulator of T cells in humans,
increasing evidence suggests that it may be a negative
regulator.”3 Overexpression of B7-H3 has been found in a
variety of human cancers, including AML,7* whereas its
expression is absent or low in normal tissues.” Although the
precise role of B7-H3 in immune regulation and cancer
genesis remains unclear, there is no doubt that over-
expression of B7-H3 constitutes an attractive biomarker
and target for multiple cancer immunotherapy
approaches.”6

CD44v6

CD44 isoform variant 6 (CD44v6) was highly
expressed in AML blasts, in patients with FLT3 or DNA
methyltransferase 3A (DNMT3A) mutations, in contrast to
HSPCs, making CD44v6 an optimal target for AML.7%.78 T
cells expressing CD44v6 resulted in transient fratricide and
exhaustion of CD44v6 CAR-T.77 Therefore, it is necessary
to explore effective strategies for improving CD44v6 CAR-
T applications.

CD70

CD70 is a member of the tumor factor family. It
interacts with CD27, regulating cellular activity in subsets of
T, B, and NK cells as well as hematopoietic progenitor
cells.” It has been found to be highly expressed on the
surface of several solid and hematological tumors.80 In
AML, CD70 appears highly expressed on tumor cells, but
not on normal HSCs making it a promising therapeutic
target for AML patients.81.82

CART CLINICAL TRIALS IN PEDIATRIC AML

While various antigens have been explored in preclin-
ical and clinical settings for CART in AML, none has yet
demonstrated results comparable to those achieved with
CD19 antigens in the context of B-cell malignancies, both in
terms of efficacy and safety.

For this reason, while several CART products target-
ing CD19, have yielded outstanding clinical outcomes and
some have been gained regulatory approval for treating
B-cell malignancies, none has yet received regulatory
approval for AML. The inaugural phase I trial evaluating
CART cells in AML patients was documented in 2013.83
Since then, several other trials have been set up to explore
CART therapies in adult (Table 2) and children with AML
(Table 3).

In the following paragraphs, we will provide a
summary of the clinical trials, published or ongoing, with
CART products in pediatric AML.

CcDh123

Currently, CD123 is the most frequently targeted
antigen by CART therapies in AML patients. However, it
is also present on endothelial cells, which means that toxicity
could lead to life-threatening consequences, such as
capillary-leak syndrome.9 Moreover, since CD123 is found
in HSCs, CD123-targeted CART cells may impair normal
hematopoiesis and potentially cause irreversible myeloabla-
tion, though this is still a subject of debate.48:99.100

In the pediatric field, all studies on AML targeting
CAR-modified T cells are very early in development.
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TABLE 2. Clinical Trials Using CART in Adult AML

Clinical trial Target Recruitment status References
NCTO01716364 Lewis Y Unknown Ritchie et al®3
NCT0262358 CDI123 Terminated Cummins et al84
NCT02159495 CD123 Active, not recruiting Budde et al®s
NCT04106076 CDI123 Withdrawn Sallman et al8¢
NCT03796390 CD123 Unknown —
NCT03114670 CDI123 Unknown —
NCTO01864902 CD33 Unknown Wang et al®’
NCT03927261 CD33 Recruiting Sallman et al88
NCT03795779 CD33-CLLI1 Unknown Liu et al®®
ChiCTR2000041054 CLL1 Recruiting Zhang et al®®
NCT04923919 CLL1 Recruiting —
NCT02203825 NKG2D Terminated Baumeister et al!
NCT04351022 CD38 Unknown Cui et al®?
NCT04538599 CD7 Terminated Hu et al®3
NCT04097301 CD44v6 Terminated Stornaiuolo et al%*

At St. Jude Children’s Research Hospital, a phase I
study of CD123-CART cells in patients (21 y or younger)
with R/R CDI123+ AML after lymphodepleting chemo-
therapy (CATCHAML trial, NCT04318678) is underway.
They designed a phase I study to evaluate the safety and
feasibility of treating pediatric patients with R/R AML with
CD123-CART on 4 dose levels (DL). CD123-CART were
generated from CD4/CD8-selected autologous leukaphere-
sis products using a lentiviral vector, which encoded a
CD123-CAR with CD28 signaling domain and a CD20
safety switch. Patients received lymphodepleting chemo-
therapy with Fludarabine and Cyclophosphamide followed
by a single CART infusion. Twelve patients were
enrolled.!0! The median age of treated patients was 17 years
(range: 12 to 21 y). Except for the first patient who had
primary refractory disease, all other patients had relapsed
following HSCT (n=1-4 previous HSCT). Although all
patients were heavily pretreated (1 refractory, 11 relapsed
after HSCT), they successfully manufactured products on all
patients. All infusions were well tolerated, without any
adverse infusion events. No grade 2 >cytokine release
syndrome (CRS) or neurotoxicity was seen. While transient
cytopenia was observed, patients did not develop persistent
marrow aplasia. No DL toxicities were noted. Disease
evaluation was performed at 4 to 6 weeks following CART
infusion. The 2 patients on DL1 (3x10°/kg) showed no
response. In the 3 patients on DL2 (1x10%kg) was observed:
reduction in blast percentage without CR in 1 patient, no
response in 1 patient, and CR in 1 patient. The patient with
CR had isolated extramedullary disease, showing complete
resolution of all lesions by week 4 by positron-emission
tomography imaging. She recurred 2 months following
infusion, coinciding with loss of CART detection. She
received a second infusion off study and again achieved a
short-lived CR. One additional patient was infused on DL2
off protocol. She achieved morphologic CR at day 28 with
low-level MRD.

Another study testing CD123-CART in pediatric R/R
AML patients is the phase I open-label study
(NCTO04678336) to estimate the safety, manufacturing
feasibility, and efficacy of intravenously administered,
lentivirally transduced T cells expressing anti-CD123
chimeric antigen receptors expressing tandem TCRC and
4-1BB (TCR{/4-1BB) costimulatory domains. Subjects (1
or older and 29 y or younger at time of consent) will
receive CD123-CART through a single intravenous
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infusion at a dose of 2x10° cells/kg, following lymphode-
pleting chemotherapy.

CD33

In children and young adults with R/R AML a phase I/
II study on the safety, feasibility, and efficacy of CD33-
CART  following  lymphodepleting  chemotherapy
(NCTO03971799) is open. This multicenter phase I/II clinical
trial was conducted as a 3+3 dose escalation. Eligibility
criteria were R/R AML in subjects below 35 years old with
adequate organ/performance status and an identified
allogeneic HSCT donor. All subjects received pre-CD33-
CART lymphodepleting chemotherapy with Fludarabine
and Cyclophosphamide. As on June 1, 2023 a total of 24
subjects (median age of 16 y) were enrolled, 12 (50%) of
whom underwent a prior HSCT. CD33-CART products
were successfully manufactured for 23 subjects and infused
into 19. Three subjects each were infused at DL1 (3x10°
cells’kg) and DL2 (1x10° cells’kg) without dose-level
toxicities (DLTs). At DL3 (3x10° cells’kg), 1 subject
experienced DLT (grade 4 CRS) prompting expansion at
this dose level, and no subsequent DLTs were observed. At
DL4 (1x107 CD33 cells’kg), 1 subject experienced a
prolonged grade 3 CRS (>72 h) and grade 3 immune
effector cell-associated neurotoxicity syndrome (ICANS),
both constituting DLT and necessitating expansion of the
cohort without additional DLTs seen. Across all dose levels,
CRS was seen in 13 (68%) patients and was > grade 3 in 4
(21%) with onset typically within the first 24 hours post-
infusion. CR was only seen at DL4 and achieved in 2
subjects, both achieving an MRD-negative CR alongside
myeloid aplasia. One HSCT naive subject developed
candidemia during aplasia but was able to proceed to an
allogenic HSCT and was in remission at day +100 post-
HSCT. The second patient (post-2 prior HSCTs) declined
third HSCT, had spontaneous count recovery and remained
in remission until day +119 (MRD+ relapse). Transient
CD33-CART expansion was detected in 9 (47.4%) subjects
overall and in all 6 (100%) subjects at DL4. The conclusion
was that CD33-CART manufacturing is feasible in children
and adolescents and young adults (AYAs) with R/R AML
with acceptable toxicity. CD33-CART expansion was best
in subjects treated at DL4 with MRD negative CRs and
transient myeloid aplasia occurring in 2 of 5 (40%) subjects
evaluable for response. On the basis of early clinical efficacy
at DL4, enrollment continues in the phase II portion.102
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TABLE 3. Pediatric Patients Treated With CLL1-CART

Patient Product Dose Indication Response HTCS Outcome Toxicity References
1 2nd gen CLL1- CART 1x10%kg Refractory AML CR/MRD- Yes CR/MRD- CRS grl Bu et al%
d21 post-CART d35 post-CART m8 post-CART
2 2nd gen CLL1-CART 0.35x10%kg Relapsed AML CR/MRD- Yes Dead CRS gr2 Bu et al®s
d14 post-CART d38 post-CART m2 post-HSCT
3 2nd gen CLL1- CART 1x10%kg Refractory AML CR/MRD+ Yes CR/MRD- CRS grl Bu et al®®
d14 post-CART d75 post-CART m7 post-CART
4 4th gen CLL1- CART 1.49%x10%kg Secondary AML CR/MRD+ No Dead CRS grl Zhang et al®®
d28 post-CART m23 post-CART
5 4th gen CLL1- CART 1x10%kg MDS-transformed AML PR No Dead — Zhang et al%®
m5 post-CART
6 4th gen CLL1- CART 1.98x10%kg Refractory AML CR/MRD+ Yes Dead CRS gr2 Zhang et al%
d28 post-CART m3 post-CART ml2 post-CART
7 4th gen CLL1- CART 1.03x10%kg Relapsed AML CR/MRD+ No Alive CRS gr2 Zhang et al%®
d28 post-CART m9 post-CART ICANS grl/2
8 2nd gen CLL1- CART 1x10%kg Relapsed AML CR/MRD- Yes CR/MRD- CRS grl Zhang et al%7
d42 post-CART
9 2nd gen CLL1- CART 0.35x10%kg Relapsed AML CR/MRD- Yes Dead CRS grl Zhang et al%7
d46 post-CART
10 2nd gen CLL1- CART 1x10%kg Relapsed AML CRi/MRD- Yes CR/MRD- CRS grl Zhang et al%’
d75 post-CART
11 2nd gen CLL1- CART 0.8x10%kg Relapsed AML PR Yes Dead CRS gr2 Zhang et al®7
d38 post-CART
12 2nd gen CLL1- CART 1x10%kg Relapsed AML CR/MRD- No Relapsed CRS gr2 Zhang et al%7
13 2nd gen CLL1- CART 1x10%kg Relapsed AML SD No Dead CRS gr2 Zhang et al%7
14 2nd gen CLL1- CART 1x10%kg Relapsed AML CR/MRD- Yes CR/MRD- CRS grl Zhang et al®’
d82 post-CART
15 2nd gen CLL1- CART 1x10%kg Relapsed AML CR/MRD- Yes CR/MRD- CRS grl Zhang et al®’

d28 post-CART

generation; gr, grade; MRD, minimal residual disease; PR, progression; SD, stable disease.

AML indicates acute myeloid leukemia; CART, Chimeric antigen receptor T-cell; CR, complete remission; CRi, complete remission with incomplete count recovery; CRS, cytokine release syndrome; d, day; gen,
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Pediatric and young adult leukemia adoptive therapy
(PLAT)-08 (NCT05105152) is a phase I, open-label, non-
randomized study enrolling pediatric and AYAs patients
with R/R CD33+ leukemia, to examine the safety and
feasibility of administering an autologous T-cell product
that has been genetically modified to express a Dimerizing
Agent Regulated Immunoreceptor Complex (DARIC). It is
open and recruiting.

CLL1

Bu et al®> have generated a second generation of
CLL1-CART: the extracellular scFv was derived from a
murine CLL1 monoclonal antibody, which was generated
by hybridoma technology. Three pediatric R/R AML
patients were infused (Table 3). CART was given as a
single dose of 0.2 to 1x10%kg with a single dose. Of the 3
patients infused, CRS occurred in 3 patients, no neuro-
toxicity occurred. All patients developed pancytopenia. All
the adverse effects were resolved after treatment. All
patients reached CR/MRD negativity postinfusion and
received HSCT. Two patients were still alive, respectively,
7 and 8 months post-CART infusion; 1 patient is dead due
to graft versus host discase (GVHD) 2 months after
the HSCT.

Four children with R/R-AML were enrolled in the
study  NCTO03222674/Pediatric =~ ChiCTR1800015883%
(Table 3). All patients received 1 autologous CLL1-CART
dose of at least 1x10° cells’lkg CART, after that lympho-
depleting chemotherapy was administered. Three of these 4
patients enrolled experienced grade 1 or 2 CRS; patient 4
had grade 1 to 2 ICANS. No severe organ toxicity (grade
> 2) was recorded. The overall response rate was 75%. All 3
responding patients achieved morphologic CR and MRD-
negative status as defined by flow cytometry. Only 1 of the 3
patients was alive at the time of last follow-up.

In the pediatric ChiCTR 1900027684 (NCT03222674)%7
8 children with R/R-AML were recruited for a phase I/II
clinical trial with autologous CLL1-CART therapy to test
its safety and preliminary efficacy (Table 3). All CLLI1-
CART-treated patients experienced grade 1 to 2 CRS in the
first month. No ICANS was recorded among these patients.
Looking at the outcome the complete remission with
incomplete count recovery/morphologic leukemia-free state
rate was 75%, partial remission rate was 12.5% and stable
disease rate was 12.5%. Among these patients, 6 patients
completed allo-HSCT after CART treatment. Of them, 4
patients were still alive and remained in CR, with the longest
26 months’ follow-up visit. The 2 patients who did not
receive HSCT died of disease progression.

Lewis Y

It has been targeted in 4 patients with relapsed AML.
Infusion of second-generation CD28-based CART cells
resulted in stable/transient remission of 3 patients, all of
whom ultimately progressed despite T-cell persistence,40
suggesting possible antigen escape.

CAR-NK

Alongside T cells, other immune cells like NK cells,
cytokine-induced killer cells (CIK), macrophages and
regulatory or y8 T cells are being explored!03.104 as an
alternative approach in adults and children with R/R AML
(eg, NCT03068819 and NCT04024761).105-107

CAR-NK cells could be engineered to target diverse
antigens and achieve an effective antitumor response.!08-110
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There is no relevant risk of GVHD given the lack of T-cell
receptors on NK cells. Adoptively transferred NK cells have
short persistence and cannot establish immune memory,
although they have induced potent anticancer responses
with multidose infusions. The main benefit from CAR-NK
is their “off-the-shelf” availability (overcoming the issues
with autologous CART of limited access and a complex
supply chain) and multiple mechanisms of tumor recog-
nition beyond the CAR alone. CAR-NK could have
potential roles in AML, T-ALL, lymphomas, and solid
tumors. Combination approaches with cytokine stimulation
or adjunctive therapy to prolong CAR-NK survival and
persistence in vivo are being investigated.1%9

The first-in-human, phase I trial (NCT02944162) has
demonstrated preliminary safety of CD33 CAR-NK in R/R
AML patients with high tumor burden.

An open-label, multicenter, phase I/II, dose escalation,
and dose expansion study (NCT05086315) is ongoing to
evaluate the safety, pharmacokinetics, pharmacodynamics,
and antileukemic activity of SAR443579, a trifunctional
Natural Killer Cell Engager (NKCE) targeting the CD123
tumor antigen on cancer cells and coengaging NKp46 and
CD16a on NK cells, in various hematologic malignancies.!!!

CONCLUSION

The development of CART therapy and adoptive
cellular therapies is very rapidly progressing and evolving
and holds much promise.

While CART therapies have shown remarkable success
in treating hematological diseases such as B-ALL, their
application in AML patients has faced greater challenges.
The primary hurdle is the lack of a specific antigen
exclusively expressed on AML cells. Despite this, clinical
trials have predominantly focused on targets like CD123,
CD33, and CLL1. While published clinical data offer
glimpses of the potential of CART therapies in AML
treatment, they also underscore the limitations due to on-
target/off-tumor toxicities. Therefore, in the majority of
clinical trials involving CART therapies for AML, the
availability of an allogeneic HSCs donor is imperative to
eventually  rescue  patients from life-threatening
cytopenia.!l2 Despite many existing challenges, the future
of CART therapy for patients with R/R AML looks
promising.
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