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Abstract: Acute myeloid leukemia (AML) is a deadly disease and the most common leukemia in adult with clonal
heterogeneity and abnormity in myeloid lineages, which has been recognized with high morbidity and mortality at-
tributes to the recurrence and resistance to chemotherapy. Numerous literatures have indicated the encouraging
progress in allogeneic hematopoietic stem cell transplantation (allo-HSCT) and chimeric antigen receptor-trans-
duced T (CAR-T) cells. However, the outcomes of recurrent and refractory AML (r/rAML) patients with current strate-
gies are still unsatisfactory, which largely due to the matching restriction as well as adverse reactions, including
graft-versus-host disease (GvHD), neurotoxicity and cytokine release syndrome (CRS). State-of-the-art literatures
have indicated CAR-transduced NK (CAR-NK) cells for the management of diverse hematologic malignancies includ-
ing AML, which are recognized as novel weapons for reinforcing the specificity and cytotoxicity of autogenous and
allogeneic “off-the-shelf” NK cells dispense with prior sensitization. Therefore, in this review, we mainly focus on
the latest updates of alternative cell sources, therapeutic targets, CAR-modification and delivery strategies, stan-
dardization and productization, together with prospective and challenges of CAR-NK cell-based cytotherapy, which
will collectively benefit the further development of novel treatment paradigms for combating AML via both CAR-
dependent and NK cell receptor-dependent signaling cascades in future.

Keywords: CAR-NK cells, cancer immunotherapy, acute myeloid leukemia, target modification, clinical trials

Introduction up around 30% [3, 4]. As a clinically heteroge-

neous and biologically complex disorder, AML

AML is a rare but intractable malignancy with
multifaceted alterations in the precursors of
myeloid lineage, which is largely attributed to
genetic variations and the resultant clonal pro-
liferation and neoplastic changes [1, 2]. AML
has been reported with an incidence of over
20,000 cases per year in the United States,
while the relapse rate of childhood AML takes

with recurrent genetic alterations in genomic
landscape has provided novel insights into the
pathogenesis, clinical manifestations and the
overall survival as well [5, 6]. For example, AML
with myelodysplasia-related changes (AML-
MRC) is a well-established subtype of AML,
which represents a proportion of 25-34% of
all AML diagnoses and relates with worse out-
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comes compared to the non-MRC AML [7]. We
also conducted systematic and detailed dissec-
tion of the pathogenesis of AMLs from the per-
spectives of platelet generation and bone mar-
row-derived mesenchymal stem/stromal cells
(BM-MSCs) in the hematopoietic microenviron-
ment [8, 9].

Currently, the conventional treatment options
for AML patients are largely dependent on
hypomethylating agents (e.g., Homoharringto-
nine, Gilteritinib) and intensive chemotherapy
[10-13]. In recent years, noteworthy break-
throughs in stem cell transplantation, includ-
ing hematopoietic stem cells (HSCs) and mes-
enchymal stem/stromal cells (MSCs), have
been demonstrated beneficially for improving
the survival and outcomes of AML patients
[10]. However, the deficiency in matched mar-
row donors, in vitro preparation, graft rejection
and relapse after HSC transplantation (HSCT)
further hinders the extensive application for
AML administration [9, 14].

Differ from the aforementioned regimens (e.g.,
HSCT, MSC infusion), immunotherapy of diverse
categories has been continuously developed
aiming to accomplish effective cancer adminis-
tration, such as monoclonal antibodies (e.g.,
anti-PD-L1, anti-HER-2), cancer vaccines (e.g.,
MRNA vaccine), non-gene-edited immune cells
(e.g., natural killer cells, macrophages, dendrit-
ic cells), and gene-edited immune cells (e.g.,
CAR-T cells, T cell receptor-engineered T (TCR-
T) cells, CAR-macrophage (CAR-M), and CAR-
neutrophil) [15-20]. For instance, Chen et al
emphasized the superior anti-tumor response
of HER2 and CD47 CAR-M therapy against ovar-
ian cancer via macrophage phagocytosis and
the consequent adaptive immune cross-prim-
ing (e.g., enhancing CD8"* T cell activation, and
affecting tumor-associated macrophage (TAM)
phenotype) [21]. Very recently, Chang and the
colleagues recently reported the application
of CAR-neutrophils for the transportation of
tumor-microenvironment responsive nano-dr-
ugs for glioblastoma chemo-immunotherapy
[20]. Interestingly, Yu et al took advantage of
the lentiviral-mediated cell entry by engineer-
ed receptor-ligand interaction (ENTER) and RNA
sequencing-based single-cell readout to deliver
genetic payloads to the indicated antigen-spe-
cific T or B cells (e.g., TCR-T cells) [22]. As to
CAR-T therapy, Sauer et al introduced the novel
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CD70-specific CAR-T cells containing a com-
mon single-chain variable fragment (scFv) for
targeting most leukemic blasts and virus-spe-
cific T cells (VSTs) in AML patients but still
required monitoring of VST responses [23].
Meanwhile, during the past decades, we and
the collaborators also reported the clinical
application of CAR-T cells for conquering nu-
merous hematologic malignancies, including
CD7, CD22, CD19, CD64, CD32b CAR-T cells
for acute lymphoblastic leukemia (ALL) and
relapsed B ALL, acute myeloid leukemia (AML),
and chronic lymphocytic leukemia (CLL), res-
pectively [24-28]. Of note, Kim et al put forward
the proof-of-concept assumptions for enabling
CAR-T-based AML immunotherapy via genetic
inactivation of CD33 in HSCs, which would help
conquer the major impediment of CAR-T appli-
cation [29]. To overcome the restricted efficacy
of CAR-T cells against solid tumors, Ma et al
designed amphiphile CAR-T ligands and en-
hanced CAR-T activity by vaccine boosting
through the chimeric receptor [30]. Even th-
ough, the inherent defects of CAR-T-based regi-
mens are still challenging and further restrict
the extensive application in clinical practice,
including donor limitation, variations in cellular
vitality, uncertain molecular heterogeneity of
AML, the adverse reactions (e.g., CRS, GvHD,
and neurotoxicity), off-target effects, and the
possibility of long-term hematopoiesis inhibi-
tion [16, 31-33].

Natural Kkiller (NK) cells are innate immuocytes
with unique cytotoxicity for the elimination of
tumor cells and pathogenic microorganisms
dispense with recognition of peptide antigens
or prior sensitization [34-38]. NK cells function
via orchestrating diverse modes of action such
as direct cytolytic effect, paracrine effects (e.g.,
GM-CSF, IFN-y), antibody-dependent cell-me-
diated cytotoxicity (ADCC), and manipulating
other immune contextures [39-42]. Considering
the low immunogenicity and the multiple cyto-
toxic effect, more and more investigators have
turned to develop novel targeted immunothera-
py by delivering CAR-construction into NK cells
for the preparation of allogeneic CAR-NK cells
for AML treatment [43-45]. Distinguish from
the aforementioned “immune enhancement”
strategies, CAR-NK cell-based immunotherapy
exempts from the immune-related adverse
events (irAEs) but displays more beneficial tu-
mor response-to-toxicity profile via orchestrat-
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Figure 1. CAR-NK-mediated cellular therapy. Allogeneic NK cells and autologous NK cells are isolated from healthy
donors and AML patients for ex vivo NK cell selection and activation. After CAR engineering, the CAR-NK cells are
turned to further expansion in vitro and systemic infusion into AML patients.

ing the modes of action, including paracrine
(e.g., granzyme, perforin, IFN-y, TNF, GM-CSF),
antibody-dependent cell mediated cytotoxicity
(ADCC), pro-apoptotic approaches (e.g., Fas-
FasL, TRAI-TRAIL), direct cytolytic effect, and
CAR-mediated targeting [46, 47]. In this review,
we mainly summarized the current advances of
CAR-NK cells and the immunotherapy for AML
management from the aspects of cell sources,
target selection, CAR-modification and delivery,
standardization and productization, and pro-
spective and challenges. Overall, our data wo-
uld benefit our understanding towards novel
CAR-NK cell-based innovative immunotherapy
and the concomitant cell product development
for AML administration.

Cell sources for CAR-NK cell manufacturing

Considerable literatures have indicated the
important role of NK cells in clearing the resid-
ual AML cells after HSCT, together with enhanc-
ing the effect of graft-versus-leukemia (GVL)
without aggravating GvHD [34, 48]. Longitu-
dinal studies have indicated the application of
diverse candidate sources for the preparation
of non-gene-edited NK cells and the gene-edit-
ed CAR-NK cells for eliminating pathogenic
microorganisms, malignant tumors and aging
cells, such as the peripheral blood, perinatal
tissue (e.g., umbilical cord blood, placenta
blood, decidual tissue, uterine tissue), stem
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cells (e.g., HSCs, human pluripotent stem cells),
and NK cell lines (e.g., NK-92, YT) (Figure 1)
[37, 49, 50]. For example, Chiossone and the
colleagues reported the in vivo generation of
mature decidual NK cells from resident hema-
topoietic progenitors, which were crucial for
placental development, the maternal-fetal vas-
culature during pregnancy, and preeclampsia
[51-54].

Proverbially, NK cells only occupy a low frequen-
cy in peripheral blood-derived mononuclear
cells (PBMCs) compared with relative fractions
(e.g., T lymphocytes, B lymphocytes, and NKT
cells), which approximately account for 5-20%
of leukocytes including the CD56""€"CD16'"%ee
subpopulation and the CD564™CD16"&" coun-
terpart [17, 55]. To fulfill the allogeneic NK cell-
based immunotherapy, a variety of methodolo-
gies have been developed to gain sufficient
number of activated NK cells in vitro, including
enrichment by magnetic activated cell sorting
(MACS), co-stimulation with feeder cells (e.g.,
K562 cell lines without/with IL-2 and/or IL-15
transfection), monolayer stimulation by cyto-
kine cocktails (e.g., IL-2, IL-7, IL-12, IL-15, 1L-18,
IL-21), antibody coating (e.g., anti-CD3), and
physicochemical irritations (three-dimensional
rotation, bioreactor, hypoxia, nanomaterial sti-
mulation) [16, 17, 55]. For example, we took
advantage of diverse cytokine cocktails for
standardized and convenient NK cell cultiva-
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tion, and eventually obtained 30-fold ampli-
fication activated NK (aNK) cells and a propor-
tion of cytokine-induced memory-like NK cells
(CIML-NKs) endowed with prolonged effector
function and splendid longevity from PBMCs
[56]. Instead, Somanchi and the colleagues
compared the efficacy of a commercial kit
(Miltenyi Biotec, Auburn, CA), EBV-LCL, and
K562-41BBL-mIL15 aAPCs (artificial antigen-
presenting cells) for ex vivo NK cell expansion,
and eventually obtained 100-fold, 490-fold,
and 21,000-fold expansion within 21 days,
respectively [55]. Fallaciously, due to the small
amount and the individual variations, the inabil-
ity to enrich resident NK (rNK) cells and propa-
gate activated NK (aNK) cells in vitro has hin-
dered the large-scale preparation of CAR-NK
cells with high cytotoxicity and cellular vitality
for optimal clinical outcome [57].

In recent years, considerable attention has
been paid to assess the feasibility of the “dis-
carded” perinatal blood for allogeneic HSCs
and CAR-NK cell preparation, including umbili-
cal cord blood and placental blood. Generally,
NK cells in umbilical cord blood and placental
blood occupy approximately 5% and 1% of to-
tal mononuclear cells (MNCs), respectively [16,
17]. Interestingly, both the PBMC-enriched resi-
dent NK (rPB-NK) cells and the umbilical cord
blood-enriched resident NK (rUC-NK) cells are
composed of the CD3CD56'CD16* subset
(>60%) and the CD3CD56'CD16  subset
(<40%), whereas less than 40% are CD3"
CD56*CD16* cells and more than 60% are CD3
CD56*CD16" cells in placental blood-enriched
resident NK (rP-NK) cells instead [17]. Despite
the inferior baseline cytotoxicity of rNKs com-
pared with relative sources (e.g., peripheral
blood, bone marrow), yet this phenomenon in
perinatal blood-enriched rNKs can be largely
overcome after in vitro amplification and activa-
tion [58]. For instance, we recently decoded the
multidimensional biological and transcriptomic
signatures of PB-NK cells and UC-NK cells, resi-
dent NK (rNK) cells and activated NK (aNK)
cells, respectively [59, 60]. With the “3IL" cock-
tail-based stimulation (rhIL-2, rhiL-15, rhIL-18)
for 14 days, we eventually obtained over 200-
fold total cell (CD3" subset and CD3* subset)
expansion, 1800-fold total NK cell (CD3-CD56")
expansion, and 4000-fold total activated NK
cell (CD3CD56*CD16*) expansion from per-
inatal blood-derived MNCs or MACS-enriched
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rNKs, respectively [59, 60]. Compared with
aPB-NKs, both aP-NKs and aUC-NKs revealed
multifaceted superiorities, including juvenility,
robust ex vivo proliferation, equivalent activa-
tion, and better oncolytic and killing ability [60].
For example, Herrera et al compared the effi-
cacy of CAR-NK cells prepared from different
sources upon CD19 positive B-cell lymphoma,
and found that the percentage of CD56* trans-
fected cells from umbilical cord blood (UCB)
was higher than that in peripheral blood at
diverse time points (day 14, 21, 28) after post-
transfection, which indicated the preferable
lifespan of UCB CAR-NK cells [61]. Moreover,
considering the large number of placenta per-
fusate and umbilical cord blood, together with
robust amplification and activation in vitro, pla-
cental blood possesses promising prospects
for large-scale clinical-grade NK cell and CAR-
NK cell preparation for cancer immunotherapy
[16, 43, 57]. Additionally, a certain number of
investigators also employed NK cell lines (e.g.,
NK-92MI cells, YT cells) as cost-effective st-
rategies for exploiting the CAR-NK cell-based
immunotherapy in both subcutaneous tumor
models or 3D organoids and first-in-man clini-
cal trials [62-67].

Of note, current prospective advances have
also highlighted the alternative options of sta-
ble NK cell generation from stem cells includ-
ing hematopoietic stem cells (HSCs) and plu-
ripotent stem cells (PSCs) for CAR-NK cell prep-
aration [68-70]. For instance, Li et al elaborat-
ed the historical overview of allogeneic HSC-
engineered invariant natural killer T (alloHSC-
iNKT) cells with high safety and low immunoge-
nicity for “off-the-shelf” cancer immunotherapy,
which collectively demonstrated the feasibility
of stem cell-based solutions for large-scale
CAR-NK cell preparation and provided the foun-
dation for translational and clinical develop-
ment [71]. Furthermore, Arias et al and Zhu
et al highlighted the latest renewal of HSCs-
and engineered human embryonic stem cells
(hESCs)- or induced pluripotent stem cells
(iPSCs)-based procedures as reliable “off-the-
shelf” CAR-NK cell therapeutics for tackling
seemingly incurable oncological malighancies
and avoiding GvHD and CRS, respectively [68,
72]. Differ from the aforementioned peripheral
blood or perinatal blood with donor-dependent
variability, the homogenous stem cells are ade-
quate for genetic modification at a clonal level
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Figure 2. CAR-NK cell-based cytotherapy for AML. CAR-NK cells are adequate to conquer AML blasts via both CAR-

dependent and CAR-independent manners.

and thus ideal for developing standardized,
large-scale, cutting-edge CAR-NK cell products
and novel therapeutic modalities with the
proof-of-concept safety and efficiency for AML
management [16, 72, 73].

Therapeutic targets for CAR-NK cells

Autogenous and allogeneic NK cells are ad-
vantaged options for cancer immunotherapy
dispense with prior sensitization or manipula-
tion of other immune contextures, whereas the
“tumor escape” and the resultant exemption
from immunological surveillance attributes to
the heterogeneity of cancer cells with genetic
or epigenetic variations largely impact the cyto-
toxicity of NK cells via interdicting the corre-
sponding activating receptors (Figure 2) [17,
39-42, 74, 75]. To conquer the boundedness of
NK cells, pioneering investigators have consid-
ered the costimulatory molecules and tumor-
associated antigens (TAAs) as the first-line de-
cision for cancer immunotherapy [76, 77].

Therewith, a variety of CAR structures in CAR-T
cells have been attempted for direct trans-
fer into CAR-NK cells, including CD19, CD20,
CD22, BCMA, CD28, and CD33 [25, 78, 79]. Of
them, CD33, a myeloid differentiation antigen,
is broadly expressed on AML blasts and during
all stages of physiological myeloid differentia-
tion, and in particular, strongly expressed in
nucleophosphmin-1 (NPM1)-mutated AML cells
[80, 81]. For instance, Dong and the colleagues
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reported the delivery of a neoepitope-specific
CAR into cytokine-induced memory-like (CIML)
NK cells, which revealed potent activity against
NPM1 mutated AML both in vitro and in vivo
[82]. Christodoulou et al verified that CD123
CAR-NKs with interleukin (IL)-15 expression
revealed enhanced persistence and a highly
activated and proliferative signature of anti-
AML activity in vitro and in vivo over the non-
transduced NK cells and 4-1BB.{ CAR-NK cells
[43]. Instead, Du et al demonstrated that CAR-
NK cells with ectopic NKG2D and IL-15 co-
expression revealed enhanced tumor control in
vivo and prolonged survival of xenograft KG-1
AML mice [83]. Interestingly, our group for the
first time reported the preclinical feasibility of
CD64 as a novel potential target for AML man-
agement dispense with ablation of HSCs [27].
Overall, as shown in Table 1, a variety of CAR-
transduced therapeutic targets have been
extensively explored in both preclinical and
clinical investigations, which will facilitate the
robust development of the complementary and
potentially “off-the-shelf” CAR-NK cell-based
immunotherapy for AML treatment.

CAR-modification and clinical trials

Genetically modified CAR-NK cells have accel-
erated the application of cancer immunothera-
py for AML management, which largely attri-
butes to the major histocompatibility complex
(MHC) mismatch and multitudinous modes of
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Table 1. Therapeutic targets of CAR-structures for AML

into T cell-targeted lipid

nanoparticles (LNPs), which

Study

Targets Cell sources stage Reference thus provided novel thera-
CD13, TIM3 CARTs  Preclinical  Ref.[127] peutic platforms for further
CD123 CARNKs  Preclinical Ref. [43] del\lxelopmg n V:V_O CAR-NK
CD33, CD123 CAR-Ts Clinical Ref.[80,81, 128)  CC'S to treat multisystem di-

o sorders including the refrac-
NKG2D CAR-NKs Preclinical Ref. [2, 83]

o tory and recurrent AML (r/r
CD27,CD70 CAR-Ts Preclinical Ref. [88] AML) [89]
CD19, CD33, CD123 CAR-NKs, CAR-Ts Preclinical  Ref. [84, 129]
NPM1c CAR-Ts Preclinical Ref. [77] Generally, the CAR-structure
CD19, CD20, CD93, PD-1 CAR-Ts Clinical Ref. [90] is composed of three key
CD7 CAR-Ts Preclinical Ref. [130] components, including the
TIM3, CLL-1, CD38 CAR-Ts Preclinical Ref. [2] extracellular domain for anti-
CD64 CAR-Ts Preclinical Ref. [27] gen recognition, the trans-

action, including both the CAR-dependent and
the CAR-independent patterns [84]. Differ from
CAR-T cells with high-efficiency CAR delivery,
the preparation of CAR-NK cells with consider-
able CAR expression is challenging because
the standard techniques for efficiently and
genetically engineering the parental NK cells
are still largely obscure [84]. For the purpose,
talented investigators are devoted themselves
to developing novel alternative strategies. On
the one hand, Soldierer and the colleagues
modified the CAR constructs in recognizing tar-
get antigens for AML (e.g., CD19, CD33, and
CD123) to facilitate efficient detection of CAR
NK cell products with high purity (>95%) based
on CD34 microbead-assisted selection [84].
On the other hand, diverse novel technologies
have been employed for improving the delivery
efficiency of CAR-structure into NK cells, in-
cluding CRIPSR/Cas9 (clustered regularly in-
terspaced short palindromic repeats/CRISPR-
associated nuclease 9), TALENs (transcription
activator-like effector nucleases), virus (e.g.,
lentivirus, adenovirus, retrovirus), electropora-
tion, PiggyBack system, and lipid nanoparticles
(LNPs) [85-87]. For instance, Du and the col-
leagues took advantage of the PiggyBack sys-
tem for NKG2D CAR delivery into NK cells for
treating relapsed or refractory AML [83]. Very
recently, Leick et al reported a CD27-based
enhanced CAR for targeting CD70 in AML by uti-
lized the orthogonal approaches for the design
of transmembrane-modified regions to allevi-
ate cleavage of the extracellular portion [88].
Of note, for generating transient anti-fibrotic
CAR-T cells in vivo for cardiac injury treatment,
Rurik et al even delivered the modified mRNA
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membrane domain, and the
intracellular domain [17]. To
date, the CAR-structure has developed for five
generations, including the first-generation with
an intracellular signal component CD3(, the
second-generation with a single costimulatory
molecule (e.g., 4-1BB, CD28), the third-genera-
tion with diverse co-stimulatory domains, the
fourth-generation with cytokine production-in-
ducing effect (e.g., IL-12, 1L-18), and the fifth-
generation with suicide genes for avoiding
hyper-cytotoxicity or incorrect insertions of CAR
into TRAC gene for inactivation of TCRa and
TCRp [16, 90]. Simultaneously, current advanc-
es have also suggested the re-designment of
CAR-NK cells with enhanced cytotoxicity and
INF-y secretion for facilitating the antitumor
efficacy via modifying NK cell signaling-associ-
ated domains (e.g., DAP-10, 2B4, DAP-12) [91].

As to CAR-NK cell-based immunotherapy for
AML administration, there are only 9 interven-
tional clinical trials with 297 enrolled cases
have been registered according to the Cli-
nicalTrials.gov (https://www.clinicaltrials.gov/)
database under the administration of National
Institute of Health (NIH), and most of the trials
are launched by China with the recruiting status
(Figure 3, up to January 9%, 2023). The majority
of the trials is in the Phase | and Phase I/Il stag-
es for evaluating the safety and efficacy of
CAR-NK cell-based cytotherapy by targeting
CD33/CLL1 (NCT05215015, NCT02944162,
NCT05008575), CD123 (NCT05574608), NK-
G2D (NCT05247957), and CD70 (NCTO509-
2451) (Table 2). The parameters for evaluating
CAR-NK cell-based outcomes mainly including
incidence of dose limiting toxicity (DLT), overall
survival (0S), progression free survival (PFS),
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Figure 3. The worldwide distribution of CAR-NK cell-based trials for AML administration. According to the ClinicalTri-
als.gov website (https://clinicaltrials.gov/), a total number of 9 trials has been registered worldwide (up to Feb. 28™,
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Table 2. CAR-NK cell-based clinical trials for AML administration

NCT No. Status Targets Phases Enroliment Locations
NCT05215015 Recruiting CD33/CLL1 Early Phase 1 18 China
NCT05574608 Recruiting CD123 Early Phase 1 12 China
NCT02944162 Unknown CD33 Phase 1, 2 10 China
NCT04623944 Recruiting NKX101 Phase 1 90 USA
NCT05247957 Terminated NKG2D Not Applicable 9 China
NCTO5008575 Recruiting CD33 Phase 1 27 China
NCT05601466 Recruiting QN-023a Phase 1 18 China
NCT05665075 Recruiting QN-023a Phase 1 19 China
NCT05092451 Recruiting CAR-70/1L15 Phase 1, 2 94 USA

minimal residual disease (MRD), complete
response (CR), objective response rate (ORR),
duration of overall response (DOR), the phar-
macokinetics (PK) and plasma concentration
of CAR-NK cells, cytokine release, adverse
events (AEs) according to CTCAE (version 5.0),
percentage of subjects receiving HSCT, the
area under the concentration time-curve (AUC),
the immunogenicity features and host immune
response. Nevertheless, the rare tumor-specif-
ic cell-surface antigens also restricts the broad-
ness and specificity of CAR-NK cell application
in clinical trials [21, 46, 92].
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CAR-NK cell-mediated immunology in AML

NK cells in AML patients are often dysfunction-
al compared to the counterparts in healthy
donors [93]. It is evident that the incapacita-
tion of NK cells during tumor progression is not
only manifested in the relative resistance of
AML blasts to NK cell targeting, but also in the
regulation of NK cell function in the AML
immune microenvironment.

For the past decades, the concomitant molecu-
lar mechanisms including soluble factors, cell-

Am J Cancer Res 2023;13(11):5559-5576
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Figure 4. NK cells and the regulatory cell populations in the AML microenvironment. The interaction network of NK
cells, the regulatory cell populations (MDSCs, Treg cells), and AML blasts in the AML microenvironment.

to-cell interactions, and other regulatory ele-
ments in the AML microenvironment have been
extensively described (Figure 4). For instance,
some investigators have reported the frequent
downregulation of activated NK cell receptors
in AML (e.g., NKG2D, DNAM-1, and the NCRs),
which positively correlates to the leukemia bur-
den in the patients [94-96]. Soluble NKG2D
ligands (NKG2DL) shedded by the tumor cells
and tumor surface NKG2D could trigger the
NKG2D reduction in NK cells [97, 98]. The
NKG2D receptor can also be downregulated by
hypoxia and cytokines (e.g., TGF-B) [99]. The
antigen CD155 expressed on AML blasts and
MDSCs contributes to the downregulation of
DNAM-1 on NK cell surface and renders tumor
cells resistant to NK cell targeting [100].
Expression of NCRs is reduced in an effect reli-
ant on NK and blast cell contact, which allows
leukemic blasts to avoid NK cell recognition
[94].

A series of hypotheses have been identified for
the explanation of the escape of myeloid malig-
nancies from NK cell recognition. For instance,
NKG2A expression is commonly upregulated by
increased levels of IFN-y and IL-10 in AML blast,
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which thus results in the upregulation of HLA-E
(NKG2A ligand) on tumor cells [94, 101]. Be-
sides, AML Blast cells release diverse soluble
agonists for the upregulation of the aryl hydro-
carbon receptor (AHR) in NK cells, which facili-
tate microRNA29b expression and leads to
incomplete maturation and poor cytotoxicity
[104]. Upregulation of the immunosuppressive
cell surface glycoprotein CD200 expression on
AML blasts or LSCs can help tumor cells escape
from NK cell-mediated lysis by interaction with
CD200R on NK cell surface [102]. A population
of hypo-functional NK cells with KIR expression
frequently arise in AML patients, which partially
explains the absence of respective ligands in
their complement of self HLA molecules [103].

Of note, AML blasts are also adequate to hinder
NK cell activity by recruiting diverse immuno-
suppressive cells. For example, soluble NKG2-
DL promotes the expansion of myeloid-derived
suppressor cells (MDSCs) and skews macro-
phages to the more immune suppressive alter-
native phenotype via activation of STAT3 [104].
Tumor-induced MDSCs contribute to the inhibi-
tion of NK cells by producing a range of sub-
stances, including TGF-B, IL-10, reactive oxygen
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species (ROS), and arginase [105]. Instead,
regulatory T cell (Treg) expansion is supported
by blast cell production of indoleamine 2,3-
dioxygenase (IDO) [106]. These inhibitory cell
subsets inhibit NK cell activity via a variety of
mechanisms, including membrane-bound TGFf3
release and restriction of IL-2 bioavailability
[107]. Meanwhile, hypoxia is associated with
various inhibitory NK cellular effects, including
the decreased activation receptor expression
and impaired IFN-y production [108].

Standardization and productization

Cell-based therapy, including stem cell the-
rapy and cellular immunotherapy, is “live drug”-
based medical therapeutics, which largely de-
pends on cellular vitality and clinical therapeu-
tic scheme. For instance, we and Zhang et veri-
fied the variations in the outcomes of mice with
acute graft-versus-host disease (aGvHD) and
acute liver failure (ALF) after MSC transplanta-
tion due to the heterogeneity caused by donor
sources and continuous passages, respectively
[109, 110]. Similarly, as to CAR-NK cell prepara-
tion and the subsequent cellular immunothera-
py, establishment of the guidelines and stan-
dardizations is the prerequisite for further
clinical application and large-scale industrial-
ization of new drug application (NDA).

To fulfill the objective of large-scale and clini-
cal-grade CAR-NK cells for adoptive immuno-
therapy as well as novel therapeutic products
of AML, there're several core issues should be
adequately concerned. Firstly, a public cell
bank of “seeds” is the cornerstone for the fol-
low-up standardized NK cell preparation for
oncological surveillance. Of the aforemen-
tioned cell sources, perinatal blood and stem
cells display higher feasibility over those from
the adult tissues (e.g., bone marrow, peripheral
blood) as seed cells for heterogeneous and
standard CAR-NK cell generation [16, 17]. As
to seed cells from perinatal blood, the general
requirements should encompass the aspects
of quality control (QA) and quality assurance
(QC), including informed consent and immune
characteristics from healthy donors, blood col-
lection under sterile conditions, dynamic moni-
toring during cold chain transport, sterility and
virus testing (e.g., hepatitis B virus, cytomega-
lovirus, syphilis), living cell number in total
mononuclear cells (TNCs) or resident NK (rNK)
cells or hematopoietic stem cells (HSCs), cellu-
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lar vitality (e.g., proliferation, apoptosis, senes-
cence), labeling requirements, and cryopreser-
vation. As to those from stem cells, a series of
consensus and general requirements for stem
cells have been released [16, 17, 111, 112].
For example, the Chinese Society for Stem Cell
Research (CSSCR) published the first general
guidelines for stem cell research and produc-
tion in China entitled “General requirements for
stem cells”, which detailed described the clas-
sification, ethical requirements, quality require-
ments, QC requirements, detection control re-
quirements, and waste disposal requirements
of stem cells [111]. Meanwhile, we and other
investigators have also put forward various
guidelines of diverse stem cell-based applica-
tion and investigational new drug (IND) such as
human pluripotent stem cells (hPSCs), HSCs
and MSCs, which help assure the feasibility
and consistency of the safety and quality of
the stem cell seeds for CAR-NK cell induction
[112-115].

Secondly, all intermediate manufacturing stag-
es for large-scale ex vivo CAR-NK cell prepara-
tion should under GMP conditions and follows
standard specifications, including seed cell
thawing, GMP-grade cytokines (e.g., rhlL-2, rhlL-
15), serum-free medium (e.g., X-VIVO medium,
AIMV medium, SCGM medium), CAR-delivery
reagents, CAR-NK cell enrichment, and the rel-
evant pharmaceutic excipients [17, 116]. For
example, Spanholtz and the colleagues verified
the generation of GMP-grade NK cells with high
purity and potency, and thus met the basic
benchmarks for allogeneic CAR-NK cell-based
cell products [117, 118]. Simultaneously, stan-
dard operating procedures (SOPs) and the
molecular mechanisms for explaining CAR-NK
cell function are also urgently needed for large-
scale cell product development, such as the
purity, specific subpopulations for specific indi-
cations, cellular vitality, cytokine release, man-
ufacturing control, oncolytic activity towards
AML cells, and transcriptomic characteristics.
For example, we and other investigators indi-
cated a variety of non-gene-edited NK cell sub-
sets or gene-edited CAR-NK cells for AML ad-
ministration, including the NKG2C* memory-
like NK cells and the CD94/NKG2C*FceRly
long-lived subset [16, 17, 119, 120].

Thirdly, for further IND development, CAR-NK
cells should fulfill the principles, including the
guidance, quality management, regulations,
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processes, pre-IND meeting, and IND applica-
tion for obtaining the permission for launching
clinical trials [241, 113]. Therefore, all proce-
dures in the intermediate stages during indus-
trialization and IND application must follow the
successive guidelines for drug development,
such as the basic research stage, pharmacy
stage, pharmacology stage, toxicology stage,
IND application stage, and clinical trials stage
[16, 113, 121]. For instance, we and the col-
laborator took advantage of diverse biological
tests and single-cell RNA sequencing technolo-
gy for the decoding of the multifaceted biologi-
cal and transcriptomic profiling of adoptive NK
cells and CAR-NK cells, which would collectively
facilitate the further development of the stan-
dardization and productization for the safety
and efficacy assessment of CAR-NK cell-based
regimens and cell products.

Fourthly, in the context of the intractable clonal
heterogeneity and tumor microenvironment
(TME) complexity, the next-generation of com-
prehensive regimens for ultimately once and
for all conquering the inflexible AML should
orchestrate the traditional remedies and the
novel cancer immunotherapies, including sur-
gery, chemoradiotherapy, immune checkpoint
inhibitors, transplantation of non-gene-edited
immune cells or gene-edited CAR-T cell and
CAR-NK cells [16, 122-124]. Meanwhile, the
potential complications during CAR-T cell-based
immunotherapy should also be systematically
tested and eluded during CAR-NK cell-based
treatment algorithms for AML, such as aGvHD,
CRS, immune-related adverse events (irAEs),
and immune effector cell-associated neurotox-
icity syndrome (ICANS) [40]. Of note, Bacha-
nova et al found that the efficacy of the infused
haploidentical NK cells against AML was weak-
en by recipient Treg (regulatory T cells), which
highlighted the feasibility of complete clear-
ance rate of refractory AML by depleting the
Treg with IL-2-diphtheria fusion protein (IL2DT)
in host [17, 125].

Prospective and challenges

For decades, immunotherapy has highlighted
the feasibility of efficient administration of
diverse hematologic malignancies, and in par-
ticular, the great success of CAR-T cell-based
regimens have strikingly upgraded the level
of cancer immunotherapy [84]. However, the
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intractable untoward effects of CAR-T cells
(e.g., GvHD, CRS, neurotoxicity) continually
frustrate cancer patients, which commonly
result in high recurrence and mortality rates.
Therewith, more and more researchers turn to
genetically modified NK cells as alternative
and “off-the-shelf” CAR immune effector cells,
which are adequate to across HLA barriers
without causing the aforementioned untoward
effects [84]. In details, CAR-NK cells are ade-
quate to recognize and eliminate AML cells with
high specificity and cytotoxicity on the basis of
the surface antigens exclusively expressed on
cancer cells. CAR-NK cells are less toxic than
CAR-T cells and minimally cause CRS or ICANS,
which are the most common and serious side
effects associated with CAR-T cell therapy
[126]. CAR-NK cells reveal a lower risk of off-
target effects as CAR-T cell therapy because
CAR-NK cells exempt from major histocompati-
bility complex (MHC) matching [2]. AML cells
can suppress the immune system, making
them resistant to conventional therapies [16].
CAR-NK cells have efficiently ameliorated this
immunosuppressive effect and thus enhance
the killing effect upon AML cells. Differ from
CAR-T cells, CAR-NK cells have gotten rid of the
matching restrictions, which thus eliminate the
need for individualized preparation for AML
patients [90, 126]. Overall, CAR-NK cells have
possessed significant advantages (e.g., high
specificity, cytotoxicity, and resistance to immu-
nosuppression), which collectively make them
as a promising option for AML treatment, in
particular, in patients who endure the toxicity of
CAR-T cell therapy (Table 3).

Differ from the advantages of genetically modi-
fied T cells (e.g., TCR-T cells, CAR-T cells), the
high-efficiency and cost-effective procedures
as well as the standardization for suitable
CAR-NK cell products preparation is still chal-
lenging [84]. Of note, Soldierer et al recently
reported the optimal lentiviral delivery into pri-
mary human NK cells by comparing viral entry
enhancers and lentiviral pseudotypes, and
modifying the internal promoters for lentiviral
CAR construct [84]. With the aid of CD34 mic-
robead-assisted enrichment, CAR-NK cell prod-
ucts with over 95% purity could be prepared
for potential clinical usage or preclinical test-
ing the cytotoxicity of CAR-NK cells upon pri-
mary AML blasts and AML cell lines [84].
Nevertheless, the more efficient alternative
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Table 3. Comparison of CAR-T cells and CAR-NK cells in cancer immunotherapy

Parameter CAR-T cells

CAR-NK cells

Cell sources

Transduction efficiency Higher

In vitro expansion Better
In vivo persistence Better
Safety GVHD, CRS and neurotoxicity [127]

Killing capacity
dent manner, slow Killing response

Mostly autologous T cells for avoiding GVHD

PBMCs, UC-MNCs, p-MNCs, NK cell lines, iPSCs,
hESCs, HSCs

Lower

Worse

Worse, limited in-vivo survival without cytokines [127]
No

Kill tumor cells carrying TAA in a MHC-indepen-  Kill tumor cells regardless of their MHC status, rapid

killing response

technologies and platforms for overcoming
the shortcomings in delivering CAR construct
including the liposome nanoparticles (LNP)
and CRISPR/Cas9-based genetic engineering
approaches are urgently needed to eradicate r/
rAML [126].

State-of-the-art literatures have indicated the
promising effect of CAR-NK cells in pioneering
clinical trials. Interestingly, Valeri et al found
that the impact of downregulation or loss of
CAR upon CAR-NK cell-based cytotherapy was
minimal, which was distinguish from the CAR-T
cell therapy for oncotherapy [126]. Of note,
considering the lessons from CAR-T cell treat-
ment, the potential emergence of CAR-NK cell-
related therapeutic resistance should also be
envisioned [126]. Additionally, the influence of
tumor microenvironment (TME) upon CAR-NK
cell-based cancer immunotherapy and the
resultant “tumor escape” during AML should
also be paid attention to [16]. Meanwhile, there
are still several challenges need to be over-
come for CAR-NK therapy to become a stan-
dard treatment for AML [126]. One of the main
challenges is identifying the optimal target
antigen for CAR-NK cells in AML [4, 81]. Unlike
solid tumors, AML cells express a wide range of
antigens, and not all of them are suitable for
targeting with CAR-NK cells [32]. Furthermore,
the heterogeneity of AML cells can also pose a
challenge, as not all AML cells express the
same antigens [2].

Cellular viability is the prerequisite for CAR-NK
cell-based cancer immunotherapy and stem
cell-based regenerative medicine [16, 110].
Despite the exploratory research of diverse
sources for CAR-NK cell preparation, yet the
inherent defect in in vivo persistence largely
hinders the large-scale application of CAR-NK
cells in clinical practice [17]. For the purpose,
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Du et al recently took advantage of the piggy-
back system for the co-expression CAR-NKG2D
and IL-15, which could further augment the
anti-AML activity and in vivo persistence of
PB-NK cells [17]. Simultaneously, we recently
reported the application of cytokine cocktail-
based cell programming strategy for high-effi-
ciency generation of NK cells from periphe-
ral blood and perinatal blood (umbilical cord
blood, placental blood) within 14 days [56, 59,
60]. Of note, human pluripotent stem cells (e.g.,
hiPSCs, hESCs) with self-renewal and multi-lin-
eage differentiation capacity have been recog-
nized as advantageous sources for hemato-
poietic stem cell (HSC) preparation and the
subsequent CAR-NK cell generation [43, 68].

Overall, adoptive CAR-NK cell-based cancer
immunotherapy has become a revolutionary
new pillar and extensively expanded the thera-
peutic landscape in metastatic solid tumors
and hematological malignancies including re-
fractory and recurrent AML (r/rAML). To fulfill
the clinical demands and new drug applica-
tion, it's of great importance to systematic
and detailed dissection of the biofunction and
underlying molecular mechanisms from the
aspects of cell sources, target selection, CAR-
modification and delivery, therapeutic applica-
tion in clinical trials, together with the standard-
ization and productization of CAR-NK products.
In the near future, the comprehensive treat-
ment options for efficiently conquering AML are
hopeful by combining traditional remedies with
the novel CAR-NK cell-based immunotherapy.

Acknowledgements

This work was supported by grants from
National Natural Science Foundation of China
(82260031), Project funded by China Post-
doctoral Science Foundation (2023M730723),

Am J Cancer Res 2023;13(11):5559-5576



CAR-NKs for AML immunotherapy

and Postdoctoral Program of Natural Science
Foundation of Gansu Province (23JRRA1319),
The 2022 Master/Doctor/Postdoctoral progr-
am of NHC Key Laboratory of Diagnosis and
Therapy of Gastrointestinal Tumor (NHCDP-
2022004, NHCDP2022008, NHCDP2022014,
NHCDP2022022), the project Youth Fund sup-
ported by Shandong Provincial Natural Science
Foundation (ZR2020QC097), Jiangxi Provincial
Leading Talent of “Double Thousand Plan”
(jxs92023102017), Science and technology
projects of Guizhou Province (QKH-J-ZK[2021]-
107), The general program of General Hospital
of Western Theater Command (2021-XZYG-
B32), Natural Science Foundation of Jiangxi
Province (20224BAB206077), Key Project
funded by Department of Science and Tech-
nology of Shangrao City (2020AB002, 2022-
A001, 2020K003, 2021F013, 2022AB003),
Young Science and Technology Talent Support
Project of Gansu Association for Science and
Technology (GXH202220530-17), Natural Sci-
ence Foundation of Gansu Province (21JR7R-
A594, 21JR11RA186, 20JR10RA415), Gansu
Provincial Hospital Intra-Hospital Research
Fund Project (22GSSYB-6, 21GSSYB-8, 22G-
SSYC-20, 20GSSY5-2). The coauthors thank
the members in Gansu Provincial Hospital, The
Second Hospital of Shandong University, The
First Affiliated Hospital of Shandong First
Medical University, Hefei Institute of Physical
Science in Chinese Academy of Sciences, and
Chinese Academy of Medical Sciences & Pek-
ing Union Medical College (CAMS & PUMC) for
their technical support. In particular, we thank
Professor Xiaoming Feng in Institute of He-
matology & Blood Diseases Hospital, CAMS &
PUMC for providing constructive suggestions.

Disclosure of conflict of interest

None.

Abbreviations

AML, Acute myeloid leukemia; CAR-T, chimeric
antigen receptor-transduced T; hPSCs, human
pluripotent stem cells; hiPSCs, human induced
pluripotent stem cells; hESCs, embryonic stem
cells; MSCs, mesenchymal stem/stromal cells;
allo-HSCT, allogeneic hematopoietic stem cell
transplantation; CAR-NK, CAR-transduced NK;
GVvHD, graft-versus-host disease; CRS, cytokine
release syndrome; AML-MRC, AML with myelo-
dysplasia-related changes; BM-MSCs, bone

5570

marrow-derived mesenchymal stem/stromal
cells; scFv, single-chain variable fragment;
VSTs, virus-specific T cells; ALL, acute lympho-
blastic leukemia; CLL, chronic lymphocytic leu-
kemia; irAEs, immune-related adverse events;
ADCC, antibody-dependent cell mediated cyto-
toxicity; GVL, graft-versus-leukemia; MACS,
magnetic activated cell sorting; CIML-NKs,
cytokine-induced memory-like NK cells; MNCs,
mononuclear cells; PSCs, pluripotent stem
cells; TAAs, tumor-associated antigens; NPM1,
nucleophosphmin-1; MDSCs, myeloid-derived
suppressor cells; IDO, indoleamine 2,3-dioxy-
genase; ALF, acute liver failure; SOP, standard
operating procedures; TME, tumor microenvi-
ronment; ICANS, immune effector cell-associat-
ed neurotoxicity syndrome; MHC, major histo-
compatibility complex.

Address correspondence to: Dr. Leisheng Zhang,
The Second Hospital of Shandong University,
Cheeloo College of Medicine, Shandong University,
No. 247 Beiyuan Street, Tiangiao District, Jinan
250033, Shandong, China. Tel: +86-531-88197777;
ORCID: 0000-0001-6540-0943; E-mail: leisheng_
zhang@163.com; Hui Cai, National Health Com-
mission (NHC) Key Laboratory of Diagnosis and
Therapy of Gastrointestinal Tumor, Gansu Provincial
Hospital, Lanzhou 730000, Gansu, China. E-mail:
caialonteam@163.com; Jianhui Yan, Department of
General Practice, Affiliated Hospital of Xiangnan
University, Chenzhou 423099, Hunan, China. E-mail:
236006053@qqg.com; Ping Wang, Department of
Neurology, The Second Hospital of Shandong
University, Jinan 250033, Shandong, China. E-mail:
wping0108@163.com; Baoquan Song, National
Clinical Research Center for Hematologic Diseases,
Jiangsu Institute of Hematology, The First Affiliated
Hospital of Soochow University, Suzhou 215006,
Jiangsu, China. E-mail: song-baoquan@suda.edu.cn

References

[1]  Pelcovits A and Niroula R. Acute myeloid leuke-
mia: a review. R | Med J (2013) 2020; 103: 38-
40.

[2] Gurney M and O’'Dwyer M. Realizing innate po-
tential: CAR-NK cell therapies for acute my-
eloid leukemia. Cancers (Basel) 2021; 13:
1568.

[3] De Kouchkovsky | and Abdul-Hay M. ‘Acute my-
eloid leukemia: a comprehensive review and
2016 update’. Blood Cancer J 2016; 6: e441.

[4] Lonetti A, Pession A and Masetti R. Targeted
therapies for pediatric AML: gaps and perspec-
tive. Front Pediatr 2019; 7: 463.

Am J Cancer Res 2023;13(11):5559-5576


mailto:leisheng_zhang@163.com
mailto:leisheng_zhang@163.com
mailto:caialonteam@163.com
mailto:236006053@qq.com
mailto:wping0108@163.com
mailto:song-baoquan@suda.edu.cn

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

5571

CAR-NKs for AML immunotherapy

Padmakumar D, Chandraprabha VR, Gopinath
P, Vimala Devi ART, Anitha GRJ, Sreelatha MM,
Padmakumar A and Sreedharan H. A concise
review on the molecular genetics of acute my-
eloid leukemia. Leuk Res 2021; 111: 106727.
Kishtagari A, Levine RL and Viny AD. Driver mu-
tations in acute myeloid leukemia. Curr Opin
Hematol 2020; 27: 49-57.

Koenig KL, Sahasrabudhe KD, Sigmund AM
and Bhatnagar B. AML with myelodysplasia-re-
lated changes: development, challenges, and
treatment advances. Genes (Basel) 2020; 11:
845.

Zhang W, Liu C, Wu D, Liang C, Zhang L, Zhang
Q, Liu Y, Xia M, Wang H, Su P, Feng S, Han M,
Zhou J, Wang F and Jiang E. Decitabine im-
proves platelet recovery by down-regulating
IL-8 level in MDS/AML patients with thrombo-
cytopenia. Blood Cells Mol Dis 2019; 76: 66-
71.

Zhang L, Chi Y, Wei Y, Zhang W, Wang F, Zhang
L, Zou L, Song B, Zhao X and Han Z. Bone mar-
row-derived mesenchymal stem/stromal cells
in patients with acute myeloid leukemia reveal
transcriptome alterations and deficiency in cel-
lular vitality. Stem Cell Res Ther 2021; 12:
365.

Liu H. Emerging agents and regimens for AML.
J Hematol Oncol 2021; 14: 49.

Swaminathan M and Wang ES. Novel therapies
for AML: a round-up for clinicians. Expert Rev
Clin Pharmacol 2020; 13: 1389-1400.

Zhang Y, Li N, Chang Z, Wang H, Pei H, Zhang
D, Zhang Q, Huang J, Guo Y, Zhao Y, Pan Y,
Chen C and Chen Y. The metabolic signature of
AML cells treated with homoharringtonine.
Front Oncol 2022; 12: 931527.

Fleischmann M, Schnetzke U, Hochhaus A and
Scholl S. Management of acute myeloid leuke-
mia: current treatment options and future per-
spectives. Cancers (Basel) 2021; 13: 5722.
Cornelissen JJ and Blaise D. Hematopoietic
stem cell transplantation for patients with AML
in first complete remission. Blood 2016; 127:
62-70.

Daver N, Alotaibi AS, Bucklein V and Subklewe
M. T-cell-based immunotherapy of acute my-
eloid leukemia: current concepts and future
developments. Leukemia 2021; 35: 1843-
1863.

Zhang L, Meng Y, Feng X and Han Z. CAR-NK
cells for cancer immunotherapy: from bench to
bedside. Biomark Res 2022; 10: 12.

Zhang L, Liu M, Yang S, Wang J, Feng X and
Han Z. Natural Killer cells: of-the-shelf cytother-
apy for cancer immunosurveillance. Am J Can-
cer Res 2021, 11: 1770-1791.

Tabata R, Chi S, Yuda J and Minami Y. Emerg-
ing immunotherapy for acute myeloid leuke-
mia. Int J Mol Sci 2021; 22: 1944.

(19]

[20]

[21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

Valent P, Bauer K, Sadovnik |, Smiljkovic D, Iva-
nov D, Herrmann H, Filik Y, Eisenwort G, Sperr
WR and Rabitsch W. Cell-based and antibody-
mediated immunotherapies directed against
leukemic stem cells in acute myeloid leuke-
mia: perspectives and open issues. Stem Cells
Transl Med 2020; 9: 1331-1343.

Chang Y, Cai X, Syahirah R, Yao Y, Xu Y, Jin G,
Bhute VJ, Torregrosa-Allen S, Elzey BD, Won YY,
Deng Q, Lian XL, Wang X, Eniola-Adefeso O and
Bao X. CAR-neutrophil mediated delivery of tu-
mor-microenvironment responsive nanodrugs
for glioblastoma chemo-immunotherapy. Nat
Commun 2023; 14: 2266.

ChenYY, Zhu X, Liu H, Wang C, Chen Y, Wang H,
Fangy, Wu X, XuY, Li C, Lv X, Huang J, Han X, Li
R, Hong W, Yu Z, Wei W and Tu J. The applica-
tion of HER2 and CD47 CAR-macrophage in
ovarian cancer. J Transl Med 2023; 21: 654.
Yu B, Shi Q, Belk JA, Yost KE, Parker KR, Li R,
Liu BB, Huang H, Lingwood D, Greenleaf WJ,
Davis MM, Satpathy AT and Chang HY. Engi-
neered cell entry links receptor biology with
single-cell genomics. Cell 2022; 185: 4904-
4920.e4922.

Sauer T, Parikh K, Sharma S, Omer B, Sedloev
D, Chen Q, Angenendt L, Schliemann C,
Schmitt M, Muller-Tidow C, Gottschalk S and
Rooney CM. CD70-specific CAR T cells have po-
tent activity against acute myeloid leukemia
without HSC toxicity. Blood 2021; 138: 318-
330.

Pan J, Tan Y, Wang G, Deng B, Ling Z, Song W,
Seery S, Zhang, Peng S, Xu J, Duan J, Wang Z,
Yu X, Zheng Q, Xu X, Yuan Y, Yan F, Tian Z, Tang
K, Zhang J, Chang AH and Feng X. Donor-de-
rived CD7 chimeric antigen receptor T cells for
T-cell acute lymphoblastic leukemia: first-in-
human, phase | trial. J Clin Oncol 2021; 39:
3340-3351.

Pan J, Niu Q, Deng B, Liu S, Wu T, Gao Z, Liu Z,
Zhang Y, Qu X, Zhang Y, Liu S, Ling Z, Lin Y,
ZhaoY, SongY, Tan X, ZhangY, Li Z, Yin Z, Chen
B, Yu X, Yan J, Zheng Q, Zhou X, Gao J, Chang
AH, Feng X and Tong C. CD22 CAR T-cell thera-
py in refractory or relapsed B acute lympho-
blastic leukemia. Leukemia 2019; 33: 2854-
2866.

Tan Y, Pan J, Deng B, Ling Z, Song W, Xu J,
Duan J, Wang Z, Yu X, Chang AH and Feng X.
Toxicity and effectiveness of CD19 CAR T ther-
apy in children with high-burden central ner-
vous system refractory B-ALL. Cancer Immunol
Immunother 2021; 70: 1979-1993.

Sun X, Wang G, Zuo S, Niu Q, Chen X and Feng
X. Preclinical evaluation of CD64 as a potential
target for CAR-T-cell therapy for acute myeloid
leukemia. J Immunother 2022; 45: 67-77.
Tan'Y, Cai H, Li C, Deng B, Song W, Ling Z, Hu
G, Yang Y, Niu P, Meng G, Cheng W, Xu J, Duan

Am J Cancer Res 2023;13(11):5559-5576



[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

5572

CAR-NKs for AML immunotherapy

J, Wang Z, Yu X, Feng X, Zhou J and Pan J. A
novel full-human CD22-CAR T cell therapy with
potent activity against CD22(low) B-ALL. Blood
Cancer J 2021; 11: 71.

Kim MY, Yu KR, Kenderian SS, Ruella M, Chen
S, Shin TH, Aljanahi AA, Schreeder D, Klichin-
sky M, Shestova O, Kozlowski MS, Cummins
KD, Shan X, Shestov M, Bagg A, Morrissette
JJD, Sekhri P, Lazzarotto CR, Calvo KR, Kuhns
DB, Donahue RE, Behbehani GK, Tsai SQ, Dun-
bar CE and Gill S. Genetic inactivation of CD33
in hematopoietic stem cells to enable CAR T
cell immunotherapy for acute myeloid leuke-
mia. Cell 2018; 173: 1439-1453, e1419.

Ma L, Dichwalkar T, Chang JYH, Cossette B, Ga-
rafola D, Zhang AQ, Fichter M, Wang C, Liang S,
Silva M, Kumari S, Mehta NK, Abraham W, Thai
N, Li N, Wittrup KD and Irvine DJ. Enhanced
CAR-T cell activity against solid tumors by vac-
cine boosting through the chimeric receptor.
Science 2019; 365: 162-168.

Wei W, Yang D, Chen X, Liang D, Zou L and
Zhao X. Chimeric antigen receptor T-cell thera-
py for T-ALL and AML. Front Oncol 2022; 12:
967754.

Albinger N, Pfeifer R, Nitsche M, Mertlitz S,
Campe J, Stein K, Kreyenberg H, Schubert R,
Quadflieg M, Schneider D, Kuhn MWM, Penack
0, Zhang C, Moker N and Ullrich E. Primary
CD33-targeting CAR-NK cells for the treatment
of acute myeloid leukemia. Blood Cancer J
2022; 12: 61.

Hansrivijit P, Gale RP, Barrett J and Ciurea SO.
Cellular therapy for acute myeloid Leukemia -
Current status and future prospects. Blood
Rev 2019; 37: 100578.

Xu J and Niu T. Natural killer cell-based immu-
notherapy for acute myeloid leukemia. J Hema-
tol Oncol 2020; 13: 167.

O’Brien KL and Finlay DK. Immunometabolism
and natural killer cell responses. Nat Rev Im-
munol 2019; 19: 282-290.

Gauthier L, Morel A, Anceriz N, Rossi B,
Blanchard-Alvarez A, Grondin G, Trichard S, Ce-
sari C, Sapet M, Bosco F, Rispaud-Blanc H,
Guillot F, Cornen S, Roussel A, Amigues B,
Habif G, Caraguel F, Arrufat S, Remark R, Ro-
magné F, Morel Y, Narni-Mancinelli E and Vivier
E. Multifunctional natural killer cell engagers
targeting NKp46 trigger protective tumor im-
munity. Cell 2019; 177: 1701-1713, e1716.
Huntington ND, Cursons J and Rautela J. The
cancer-natural killer cell immunity cycle. Nat
Rev Cancer 2020; 20: 437-454.

Orr MT and Lanier LL. Natural killer cell educa-
tion and tolerance. Cell 2010; 142: 847-856.
Galon J, Angell HK, Bedognetti D and Marinco-
la FM. The continuum of cancer immunosur-
veillance: prognostic, predictive, and mecha-
nistic signatures. Immunity 2013; 39: 11-26.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Kennedy LB and Salama AKS. A review of can-
cer immunotherapy toxicity. CA Cancer J Clin
2020; 70: 86-104.

Vivier E. What is natural in natural killer cells?
Immunol Lett 2006; 107: 1-7.

Xia J, Minamino S and Kuwabara K. CAR-ex-
pressing NK cells for cancer therapy: a new
hope. Biosci Trends 2020; 14: 354-359.
Christodoulou |, Ho WJ, Marple A, Ravich JW,
Tam A, Rahnama R, Fearnow A, Rietberg C, Ya-
nik S, Solomou EE, Varadhan R, Koldobskiy MA
and Bonifant CL. Engineering CAR-NK cells to
secrete IL-15 sustains their anti-AML function-
ality but is associated with systemic toxicities.
J Immunother Cancer 2021; 9: e003894.
Caruso S, De Angelis B, Del Bufalo F, Ciccone
R, Donsante S, Volpe G, Manni S, Guercio M,
Pezzella M, laffaldano L, Silvestris DA, Sinibal-
di M, Di Cecca S, Pitisci A, Velardi E, Merli P,
Algeri M, Lodi M, Paganelli V, Serafini M, Rimi-
nucci M, Locatelli F and Quintarelli C. Safe and
effective off-the-shelf immunotherapy based
on CAR.CD123-NK cells for the treatment of
acute myeloid leukaemia. J Hematol Oncol
2022; 15: 163.

Leotta S, Condorelli A, Sciortino R, Milone GA,
Bellofiore C, Garibaldi B, Schinina G, Spadaro
A, Cupri A and Milone G. Prevention and treat-
ment of acute myeloid leukemia relapse after
hematopoietic stem cell transplantation: the
state of the art and future perspectives. J Clin
Med 2022; 11: 253.

Sanmamed MF and Chen L. A paradigm shift
in cancer immunotherapy: from enhancement
to normalization. Cell 2018; 175: 313-326.
Arranz L. The hematology of tomorrow is here-
preclinical models are not: cell therapy for he-
matological malignancies. Cancers (Basel)
2022; 14: 580.

Ruggeri L, Capanni M, Urbani E, Perruccio K,
Shlomchik WD, Tosti A, Posati S, Rogaia D, Fra-
ssoni F, Aversa F, Martelli MF and Velardi A.
Effectiveness of donor natural killer cell allore-
activity in mismatched hematopoietic trans-
plants. Science 2002; 295: 2097-2100.
Subrakova VG, Kulemzin SV, Belovezhets TN,
Chikaev AN, Chikaev NA, Koval OA, Gorchakov
AA and Taranin AV. shp-2 gene knockout up-
regulates CAR-driven cytotoxicity of YT NK
cells. Vavilovskii Zhurnal Genet Selektsii 2020;
24: 80-86.

Moffett A and Colucci F. Uterine NK cells: ac-
tive regulators at the maternal-fetal interface. J
Clin Invest 2014; 124: 1872-1879.

Chiossone L, Vacca P, Orecchia P, Croxatto D,
Damonte P, Astigiano S, Barbieri O, Bottino C,
Moretta L and Mingari MC. In vivo genera-
tion of decidual natural killer cells from resi-
dent hematopoietic progenitors. Haematologi-
ca 2014; 99: 448-457.

Am J Cancer Res 2023;13(11):5559-5576



(52]

(53]

[54]

[55]

(56]

(57]

(58]

[59]

[60]

[61]

[62]

[63]

CAR-NKs for AML immunotherapy

Sones JL, Lob HE, Isroff CE and Davisson RL.
Role of decidual natural Killer cells, interleu-
kin-15, and interferon-gamma in placental de-
velopment and preeclampsia. Am J Physiol
Regul Integr Comp Physiol 2014; 307: R490-
492,

Matson BC and Caron KM. Uterine natural kill-
er cells as modulators of the maternal-fetal
vasculature. Int J Dev Biol 2014; 58: 199-204.
Zhang X and Wei H. Role of decidual natural
killer cells in human pregnancy and related
pregnancy complications. Front Immunol
2021; 12: 728291.

Somanchi SS, Senyukov VV, Denman CJ and
Lee DA. Expansion, purification, and functional
assessment of human peripheral blood NK
cells. J Vis Exp 2011; 2540.

Liu M, Meng Y, Zhang L, Han Z and Feng X.
High-efficient generation of natural killer cells
from peripheral blood with preferable cell vital-
ity and enhanced cytotoxicity by combination
of IL-2, IL-15 and IL-18. Biochem Biophys Res
Commun 2021; 534: 149-156.

Kang L, Voskinarian-Berse V, Law E, Reddin T,
Bhatia M, Hariri A, Ning Y, Dong D, Maguire T,
Yarmush M, Hofgartner W, Abbot S, Zhang X
and Hariri R. Characterization and ex vivo ex-
pansion of human placenta-derived natural
killer cells for cancer immunotherapy. Front Im-
munol 2013; 4: 101.

Balassa K and Rocha V. Anticancer cellular im-
munotherapies derived from umbilical cord
blood. Expert Opin Biol Ther 2018; 18: 121-
134.

Gao H, Liu M, Zhang Y, Zhang L and Xie B. Mul-
tifaceted characterization of the biological and
transcriptomic signatures of natural killer cells
derived from cord blood and placental blood.
Cancer Cell Int 2022; 22: 291.

Zhang L, Liu M, Song B, Miao W, Zhan R, Yang
S, Han Z, Cai H, Xu X, Zhao Y, Han Z, Guo T, Yao
Jand Huang Q. Decoding the multidimensional
signatures of resident and expanded natural
killer cells generated from perinatal blood. Am
J Cancer Res 2022; 12: 2132-2145.

Herrera L, Santos S, Vesga MA, Anguita J, Mar-
tin-Ruiz |, Carrascosa T, Juan M and Eguizabal
C. Adult peripheral blood and umbilical cord
blood NK cells are good sources for effective
CAR therapy against CD19 positive leukemic
cells. Sci Rep 2019; 9: 18729.

Cao B, Liu M, Huang J, Zhou J, Li J, Lian H,
Huang W, Guo Y, Yang S, Lin L, Cai M, Zhi C, Wu
J, Liang L, Hu Y, Hu H, He J, Liang B, Zhao Q
and Zhu K. Development of mesothelin-specif-
ic CAR NK-92 cells for the treatment of gastric
cancer. Int J Biol Sci 2021; 17: 3850-3861.
Tang X, Yang L, Li Z, Nalin AP, Dai H, Xu T, Yin J,
You F, Zhu M, Shen W, Chen G, Zhu X, Wu D

5573

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

and Yu J. First-in-man clinical trial of CAR NK-
92 cells: safety test of CD33-CAR NK-92 cells
in patients with relapsed and refractory acute
myeloid leukemia. Am J Cancer Res 2018; 8:
1083-1089.

Liu M, Huang W, Guo Y, Zhou Y, Zhi C, Chen J,
Li J, He J, Lian H, Zhou J, Ye X, Hu Y, Hu H, Liu
Z, Huang J, Lin L, Cai M, Wang X, Huang J,
Zhang Z, Zhu K, Zhao Q and Cao B. CAR NK-92
cells targeting DLL3 kill effectively small cell
lung cancer cells in vitro and in vivo. J Leukoc
Biol 2022; 112: 901-911.

Schnalzger TE, de Groot MH, Zhang C, Mosa
MH, Michels BE, Roder J, Darvishi T, Wels WS
and Farin HF. 3D model for CAR-mediated cyto-
toxicity using patient-derived colorectal cancer
organoids. EMBO J 2019; 38: €100928.

Teng JM, Liu XR, Mills GB and Dupont B. CD28-
mediated cytotoxicity by the human leukemic
NK cell line YT involves tyrosine phosphoryla-
tion, activation of phosphatidylinositol 3-ki-
nase, and protein kinase C. J Immunol 1996;
156: 3222-3232.

Schirrmann T and Pecher G. Specific targeting
of CD33(+) leukemia cells by a natural killer
cell line modified with a chimeric receptor.
Leuk Res 2005; 29: 301-306.

Arias J, Yu J, Varshney M, Inzunza J and Nalvar-
te I. Hematopoietic stem cell- and induced plu-
ripotent stem cell-derived CAR-NK cells as reli-
able cell-based therapy solutions. Stem Cells
Transl Med 2021; 10: 987-995.

Hockemeyer D and Jaenisch R. Induced plu-
ripotent stem cells meet genome editing. Cell
Stem Cell 2016; 18: 573-586.

Yamanaka S. Pluripotent stem cell-based cell
therapy-promise and challenges. Cell Stem
Cell 2020; 27: 523-531.

Li YR, Zhou Y, Kim YJ, Zhu Y, Ma F, Yu J, Wang
YC, Chen X, Li Z, Zeng S, Wang X, Lee D, Ku J,
Tsao T, Hardoy C, Huang J, Cheng D, Montel-
Hagen A, Seet CS, Crooks GM, Larson SM, Sa-
sine JP, Wang X, Pellegrini M, Ribas A, Kohn
DB, Witte O, Wang P and Yang L. Development
of allogeneic HSC-engineered iNKT cells for
off-the-shelf cancer immunotherapy. Cell Rep
Med 2021; 2: 100449.

Zhu H and Kaufman DS. Engineered human
pluripotent stem cell-derived natural Killer
cells: the next frontier for cancer immunother-
apy. Blood Sci 2019; 1: 4-11.

Shin MH, Kim J, Lim SA, Kim J, Kim SJ and Lee
KM. NK cell-based immunotherapies in can-
cer. Immune Netw 2020; 20: e14.

Kaiser BK, Yim D, Chow IT, Gonzalez S, Dai Z,
Mann HH, Strong RK, Groh V and Spies T. Di-
sulphide-isomerase-enabled shedding of tu-
mour-associated NKG2D ligands. Nature
2007; 447: 482-486.

Am J Cancer Res 2023;13(11):5559-5576



[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

(86]

5574

CAR-NKs for AML immunotherapy

Urosevic M and Dummer R. Human leukocyte
antigen-G and cancer immunoediting. Cancer
Res 2008; 68: 627-630.

Morgan MA, Buning H, Sauer M and Scham-
bach A. Use of cell and genome modification
technologies to generate improved “off-the-
shelf” CAR T and CAR NK cells. Front Immunol
2020; 11: 1965.

Xie G, Ivica NA, Jia B, Li Y, Dong H, Liang Y,
Brown D, Romee R and Chen J. CAR-T cells tar-
geting a nucleophosmin neoepitope exhibit
potent specific activity in mouse models of
acute myeloid leukaemia. Nat Biomed Eng
2021; 5: 399-413.

Brudno JN and Kochenderfer JN. Recent ad-
vances in CAR T-cell toxicity: mechanisms,
manifestations and management. Blood Rev
2019; 34: 45-55.

Depil S, Duchateau P, Grupp SA, Mufti G and
Poirot L. ‘Off-the-shelf’ allogeneic CAR T cells:
development and challenges. Nat Rev Drug
Discov 2020; 19: 185-199.

Laszlo GS, Estey EH and Walter RB. The past
and future of CD33 as therapeutic target in
acute myeloid leukemia. Blood Rev 2014; 28:
143-153.

Ranieri R, Pianigiani G, Sciabolacci S, Perriello
VM, Marra A, Cardinali V, Pierangeli S, Milano
F, Gionfriddo I, Brunetti L, Martelli MP and Fali-
ni B. Current status and future perspectives in
targeted therapy of NPM1-mutated AML. Leu-
kemia 2022; 36: 2351-2367.

Dong H, Ham JD, Hu G, Xie G, Vergara J, Liang
Y, Ali A, Tarannum M, Donner H, Baginska J,
Abdulhamid Y, Dinh K, Soiffer RJ, Ritz J, Glim-
cher LH, Chen J and Romee R. Memory-like NK
cells armed with a neoepitope-specific CAR ex-
hibit potent activity against NPM1 mutated
acute myeloid leukemia. Proc Natl Acad SciU S
A 2022; 119: €2122379119.

Du Z, Ng YY, Zha S and Wang S. piggyBac sys-
tem to co-express NKG2D CAR and IL-15 to
augment the in vivo persistence and anti-AML
activity of human peripheral blood NK cells.
Mol Ther Methods Clin Dev 2021; 23: 582-
596.

Soldierer M, Bister A, Haist C, Thivakaran A,
Cengiz SC, Sendker S, Bartels N, Thomitzek A,
Smorra D, Hejazi M, Uhrberg M, Scheckenbach
K, Monzel C, Wiek C, Reinhardt D, Niktoreh N
and Hanenberg H. Genetic engineering and
enrichment of human NK cells for CAR-en-
hanced immunotherapy of hematological ma-
lignancies. Front Immunol 2022; 13: 847008.
Doetschman T and Georgieva T. Gene editing
with CRISPR/Cas9 RNA-directed nuclease.
Circ Res 2017; 120: 876-894.

Fajrial AK, He QQ, Wirusanti NI, Slansky JE and
Ding X. A review of emerging physical transfec-

(87]

(88]

(89]

[90]

(93]

(94]

[95]

[96]

tion methods for CRISPR/Cas9-mediated gene
editing. Theranostics 2020; 10: 5532-5549.
Bak RO, Gomez-Ospina N and Porteus MH.
Gene editing on center stage. Trends Genet
2018; 34: 600-611.

Leick MB, Silva H, Scarfo |, Larson R, Choi BD,
Bouffard AA, Gallagher K, Schmidts A, Bailey
SR, Kann MC, Jan M, Wehrli M, Grauwet K,
Horick N, Frigault MJ and Maus MV. Non-cleav-
able hinge enhances avidity and expansion of
CAR-T cells for acute myeloid leukemia. Cancer
Cell 2022; 40: 494-508, €495.

Rurik JG, Tombacz |, Yadegari A, Mendez Fer-
nandez PO, Shewale SV, Li L, Kimura T, Soli-
man QY, Papp TE, Tam YK, Mui BL, Albelda SM,
Pure E, June CH, Aghajanian H, Weissman D,
Parhiz H and Epstein JA. CAR T cells produced
in vivo to treat cardiac injury. Science 2022;
375: 91-96.

Vishwasrao P, Li G, Boucher JC, Smith DL and
Hui SK. Emerging CAR T cell strategies for the
treatment of AML. Cancers (Basel) 2022; 14:
1241.

Wrona E, Borowiec M and Potemski P. CAR-NK
cells in the treatment of solid tumors. Int J Mol
Sci 2021; 22: 5899.

Glienke W, Esser R, Priesner C, Suerth JD,
Schambach A, Wels WS, Grez M, Kloess S, Ar-
seniev L and Koehl U. Advantages and applica-
tions of CAR-expressing natural Killer cells.
Front Pharmacol 2015; 6: 21.

Rey J, Fauriat C, Kochbati E, Orlanducci F,
Charbonnier A, D’Incan E, Andre P, Romagne F,
Barbarat B, Vey N and Olive D. Kinetics of
cytotoxic lymphocytes reconstitution after in-
duction chemotherapy in elderly AML patients
reveals progressive recovery of normal pheno-
typic and functional features in NK cells. Front
Immunol 2017; 8: 64.

Fauriat C, Just-Landi S, Mallet F, Arnoulet C,
Sainty D, Olive D and Costello RT. Deficient ex-
pression of NCR in NK cells from acute myeloid
leukemia: evolution during leukemia treat-
ment and impact of leukemia cells in NCRdull
phenotype induction. Blood 2007; 109: 323-
330.

Sanchez-Correa B, Morgado S, Gayoso |, Ber-
gua JM, Casado JG, Arcos MJ, Bengochea ML,
Duran E, Solana R and Tarazona R. Human NK
cells in acute myeloid leukaemia patients:
analysis of NK cell-activating receptors and
their ligands. Cancer Immunol Immunother
2011; 60: 1195-1205.

Stringaris K, Sekine T, Khoder A, Alsuliman A,
Razzaghi B, Sargeant R, Pavlu J, Brisley G, de
Lavallade H, Sarvaria A, Marin D, Mielke S, Ap-
perley JF, Shpall EJ, Barrett AJ and Rezvani K.
Leukemia-induced phenotypic and functional
defects in natural killer cells predict failure to

Am J Cancer Res 2023;13(11):5559-5576



CAR-NKs for AML immunotherapy

achieve remission in acute myeloid leukemia.
Haematologica 2014; 99: 836-847.

[97] Hilpert J, Grosse-Hovest L, Grunebach F,
Buechele C, Nuebling T, Raum T, Steinle A and
Salih HR. Comprehensive analysis of NKG2D
ligand expression and release in leukemia: im-
plications for NKG2D-mediated NK cell re-
sponses. J Immunol 2012; 189: 1360-1371.

[98] Song H, Kim J, Cosman D and Choi I. Soluble
ULBP suppresses natural killer cell activity via
down-regulating NKG2D expression. Cell Im-
munol 2006; 239: 22-30.

[99] Lee JC, Lee KM, Kim DW and Heo DS. Elevated
TGF-betal secretion and down-modulation of
NKG2D underlies impaired NK cytotoxicity in
cancer patients. J Immunol 2004; 172: 7335-
7340.

[100] Kearney CJ, Ramsbottom KM, Voskoboinik I,
Darcy PK and Oliaro J. Loss of DNAM-1 ligand
expression by acute myeloid leukemia cells
renders them resistant to NK cell killing. Onco-
immunology 2016; 5: e1196308.

[101] Nguyen S, Beziat V, Dhedin N, Kuentz M, Ver-
nant JP, Debre P and Vieillard V. HLA-E upregu-
lation on IFN-gamma-activated AML blasts im-
pairs CD94/NKG2A-dependent NK cytolysis
after haplo-mismatched hematopoietic SCT.
Bone Marrow Transplant 2009; 43: 693-699.

[102] Coles SJ, Wang EC, Man S, Hills RK, Burnett
AK, Tonks A and Darley RL. CD200 expression
suppresses natural killer cell function and di-
rectly inhibits patient anti-tumor response in
acute myeloid leukemia. Leukemia 2011; 25:
792-799.

[103] Bernson E, Hallner A, Sander FE, Wilsson O,
Werlenius O, Rydstrom A, Kiffin R, Brune M,
Foa R, Aurelius J, Martner A, Hellstrand K and
Thoren FB. Impact of killer-immunoglobulin-
like receptor and human leukocyte antigen
genotypes on the efficacy of immunotherapy in
acute myeloid leukemia. Leukemia 2017; 31:
2552-2559.

[104] Xiao G, Wang X, Sheng J, Lu S, Yu X and Wu JD.
Soluble NKG2D ligand promotes MDSC expan-
sion and skews macrophage to the alternative-
ly activated phenotype. J Hematol Oncol 2015;
8:13.

[105] Sarhan D, Cichocki F, Zhang B, Yingst A, Spell-
man SR, Cooley S, Verneris MR, Blazar BR and
Miller JS. Adaptive NK cells with low TIGIT ex-
pression are inherently resistant to myeloid-
derived suppressor cells. Cancer Res 2016;
76: 5696-5706.

[106] Curti A, Trabanelli S, Salvestrini V, Baccarani M
and Lemoli RM. The role of indoleamine 2,3-di-
oxygenase in the induction of immune toler-
ance: focus on hematology. Blood 2009; 113:
2394-2401.

5575

[107] Ghiringhelli F, Menard C, Terme M, Flament C,
Taieb J, Chaput N, Puig PE, Novault S, Escudier
B, Vivier E, Lecesne A, Robert C, Blay JY, Ber-
nard J, Caillat-Zucman S, Freitas A, Tursz T,
Wagner-Ballon O, Capron C, Vainchencker W,
Martin F and Zitvogel L. CD4+CD25+ regula-
tory T cells inhibit natural killer cell functions in
a transforming growth factor-beta-dependent
manner. J Exp Med 2005; 202: 1075-1085.

[108] Balsamo M, Manzini C, Pietra G, Raggi F, Blen-
gio F, Mingari MC, Varesio L, Moretta L, Bosco
MC and Vitale M. Hypoxia downregulates the
expression of activating receptors involved in
NK-cell-mediated target cell killing without af-
fecting ADCC. Eur J Immunol 2013; 43: 2756-
2764.

[109] Zhang Y, Li Y, Li W, Cai J, Yue M, Jiang L, Xu R,
Zhang L, Li J and Zhu C. Therapeutic effect of
human umbilical cord mesenchymal stem cells
at various passages on acute liver failure in
rats. Stem Cells Int 2018; 2018: 7159465.

[110] Zhao Q, Zhang L, Wei Y, Yu H, Zou L, Huo J,
Yang H, Song B, Wei T, Wu D, Zhang W, Zhang
L, Liu D, Li Z, Chi Y, Han Z and Han Z. System-
atic comparison of hUC-MSCs at various pas-
sages reveals the variations of signatures and
therapeutic effect on acute graft-versus-host
disease. Stem Cell Res Ther 2019; 10: 354.

[111] Hao J, Ma A, Wang L, Cao J, Chen S, Wang L, Fu
B, Zhou J, Pei X, Zhang Y, Xiang P, Hu S, Li Q,
Zhang Y, Xia Y, Zhu H, Stacey G, Zhou Q and
Zhao T. General requirements for stem cells.
Cell Prolif 2020; 53: €12926.

[112] Nan X, Zhang B, Hao J, Yue W, Fu B, Qu M,
Zhang Y, Wang H, Fang F, Wei J, Li Q, Hu S, Yu
J, Gao Y, Liu Q, Cao J, Wang L, Peng Y, Zhu H,
Liang L, Ma A, Zhou J, Zhao T and Pei X. Re-
quirements for human haematopoietic stem/
progenitor cells. Cell Prolif 2022; 55: €13152.

[113] Zhao Q, Han Z, Wang J and Han Z. Develop-
ment and investigational new drug application
of mesenchymal stem/stromal cells products
in China. Stem Cells Transl Med 2021; 10 Sup-
pl 2: S18-S30.

[114] Wang A, Zhang L, Zhao M and Yu H. Quality
control analysis of mesenchymal stem/stro-
mal cells during investigational new drug ap-
plication for GvHD administration in China.
Curr Stem Cell Res Ther 2023; 18: 1032-1040.

[115] Chen J, Liu L, Ma R, Pang A, Yang D, Chen X,
Wei J, He Y, Zhang R, Zhai W, Ma Q, Jiang E,
Han M, Zhou J and Feng S. Outcome of autolo-
gous stem cell transplantation in patients with
favorable-risk acute myeloid leukemia in first
remission. Cancer Cell Int 2022; 22: 332.

[116] McKenna DH Jr, Sumstad D, Bostrom N, Ka-
didlo DM, Fautsch S, McNearney S, Dewaard
R, McGlave PB, Weisdorf DJ, Wagner JE, Mc-
Cullough J and Miller JS. Good manufacturing

Am J Cancer Res 2023;13(11):5559-5576



CAR-NKs for AML immunotherapy

practices production of natural killer cells for
immunotherapy: a six-year single-institution
experience. Transfusion 2007; 47: 520-528.

[147] Miller JS, Oelkers S, Verfaillie C and McGlave P.
Role of monocytes in the expansion of human
activated natural Killer cells. Blood 1992; 80:
2221-2229.

[118] Spanholtz J, Preijers F, Tordoir M, Trilsbeek C,
Paardekooper J, de Witte T, Schaap N and Dol-
stra H. Clinical-grade generation of active NK
cells from cord blood hematopoietic progenitor
cells forimmunotherapy using a closed-system
culture process. PLoS One 2011; 6: e20740.

[119] Hu Y, Tian ZG and Zhang C. Chimeric antigen
receptor (CAR)-transduced natural killer cells
in tumor immunotherapy. Acta Pharmacol Sin
2018; 39: 167-176.

[120] Capuano C, Battella S, Pighi C, Franchitti L, Tur-
riziani O, Morrone S, Santoni A, Galandrini R
and Palmieri G. Tumor-targeting anti-CD20 an-
tibodies mediate in vitro expansion of memory
natural Killer cells: impact of CD16 affinity liga-
tion conditions and in vivo priming. Front Im-
munol 2018; 9: 1031.

[121] Yu H, Feng Y, DuW, Zhao M, Jia H, Wei Z, Yan S,
Han Z, Zhang L, Li Z and Han Z. Off-the-shelf
GMP-grade UC-MSCs as therapeutic drugs for
the amelioration of CCl4-induced acute-on-
chronic liver failure in NOD-SCID mice. Int Im-
munopharmacol 2022; 113: 109408.

[122] Ikeda H. T-cell adoptive immunotherapy using
tumor-infiltrating T cells and genetically engi-
neered TCR-T cells. Int Immunol 2016; 28:
349-353.

[123] Abril-Rodriguez G and Ribas A. Snapshot: im-
mune checkpoint inhibitors. Cancer Cell 2017;
31: 848-848, el.

[124] Ghiringhelli F. Combinations of chemotherapy
or radiotherapy with checkpoint inhibitors. Biol
Aujourdhui 2018; 212: 77-79.

5576

[125] Bachanova V, Cooley S, Defor TE, Verneris MR,
Zhang B, McKenna DH, Curtsinger J, Panos-
kaltsis-Mortari A, Lewis D, Hippen K, McGlave
P, Weisdorf DJ, Blazar BR and Miller JS. Clear-
ance of acute myeloid leukemia by haploidenti-
cal natural killer cells is improved using IL-2
diphtheria toxin fusion protein. Blood 2014;
123: 3855-3863.

[126] Valeri A, Garcia-Ortiz A, Castellano E, Cordoba
L, Maroto-Martin E, Encinas J, Leivas A, Rio P
and Martinez-Lopez J. Overcoming tumor resis-
tance mechanisms in CAR-NK cell therapy.
Front Immunol 2022; 13: 953849.

[127] He X, Feng Z, Ma J, Ling S, Cao Y, Gurung B, Wu
Y, Katona BW, O’Dwyer KP, Siegel DL, June CH
and Hua X. Bispecific and split CAR T cells tar-
geting CD13 and TIM3 eradicate acute myeloid
leukemia. Blood 2020; 135: 713-723.

[128] Pratap S and Zhao ZJ. Finding new lanes: chi-
meric antigen receptor (CAR) T-cells for my-
eloid leukemia. Cancer Rep (Hoboken) 2020;
3:el1222.

[129] EI Khawanky N, Hughes A, Yu W, Myburgh R,
Matschulla T, Taromi S, Aumann K, Clarson J,
Vinnakota JM, Shoumariyeh K, Miething C, Lo-
pez AF, Brown MP, Duyster J, Hein L, Manz MG,
Hughes TP, White DL, Yong ASM and Zeiser R.
Demethylating therapy increases anti-CD123
CAR T cell cytotoxicity against acute myeloid
leukemia. Nat Commun 2021; 12: 6436.

[130] Gomes-Silva D, Atilla E, Atilla PA, Mo F, Tashiro
H, Srinivasan M, Lulla P, Rouce RH, Cabral
JMS, Ramos CA, Brenner MK and Mamonkin
M. CD7 CAR T cells for the therapy of acute my-
eloid leukemia. Mol Ther 2019; 27: 272-280.

Am J Cancer Res 2023;13(11):5559-5576



