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Simple Summary: Natural killer (NK) cells are fundamental cellular elements of the
immune system and the main effectors of the innate immune system, eliminating tumor
cells without prior immunization or pre-activation. In clinical settings, allogeneic NK
cell therapy has demonstrated a clear anti-leukemia efficacy and good safety, with rare
induction of toxic events. Because of their intrinsic biology and favorable safety profile,
NK cells have been explored as a novel cellular platform suitable for the development
of adoptive cellular therapy, and recent studies have evaluated the safety and antitumor
activity of NK cells engineered with chimeric antigen receptor (CAR) machinery to drive
specific targeting and to enhance cytotoxicity. This review analyzes the initial clinical
studies carried out using CAR-NK cells in hematological malignancies, highlighting the
potential advantages of CAR-NK cells compared to CAR-T cells, but also the limitations of
CAR-NK cells and the current strategies attempting to overcome these limitations.

Abstract: The clinical use of T lymphocytes engineered with chimeric antigen receptors
(CARs) has revolutionized the treatment of patients with refractory or relapsed hematologi-
cal malignancies. CAR natural killer (CAR-NK) cells are NK cells engineered with CARs
to specifically target cell antigens expressed on the membrane of tumor cells. CAR-NK
cells could offer some advantages with respect to CAR-T cells, related to their specific
and innate anti-tumor activity, availability as an “off the shelf” cellular therapy, reduced
costs, and improved safety. Promising efficacy of CAR-Nk cell therapy was observed
in clinical trials based on the treatment of some hematological malignancies. However,
to date, the clinical experience of CAR-NK cell therapy has been preliminary, with the
evaluation of only a limited number of patients. Furthermore, CAR-NK cell therapy has
been limited by the short persistence of these cells and by the suboptimal cytotoxic activity
of some CAR-NK preparations. Therefore, studies based on the enrollment of a number of
patients is required to carefully assess and confirm the safety and the efficacy of CAR-NK
cell therapy in hematological malignancies and to compare their efficacy with respect to
allogeneic CAR-T cells.

Keywords: natural killer; chimeric antigen receptor; leukemia; lymphoma; multiple
myeloma; immunotherapy; hematological malignancies

1. Introduction
The capacity of the immune system to mediate the eradication of leukemic cells is

strongly supported by Graft Versus Leukemia (GVL) occurring after allogeneic hematopoi-
etic stem cell transplantation (allo-HSCT). Thus, during recent decades, numerous im-
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munotherapy treatments have been explored in patients affected by hematological ma-
lignancies, ranging from monoclonal antibodies, either free or conjugated with cytotoxic
drugs or with radioactive compounds, bispecific T-cell engagers (mediating both direct
targeting of leukemic cells and driving an immune reaction of anti-leukemia), Chimeric
Antigen Receptor T-cells (CAR-T), and infusions of NK cells and CAR-NK cells [1]. Some
of these treatments are associated with consistent therapeutic responses in hematological
patients, particularly those bearing B-cell malignancies.

The development of Chimeric Antigen Receptor T-cells (CAR-T) has provided an
important contribution to the treatment of hematological malignancies, particularly for
patients with refractory or relapsed disease. The basic structure of CARs involves extracel-
lular receptors containing a single-chain variable fragment able to specifically recognize cell
membrane antigens expressed on the surface of tumor cells, independent of HLA complex
restriction. Each CAR molecule is constituted by four different components: an extracellular
domain involved in antigen binding, a hinge region, a transmembrane region, and one
or more intracellular signaling domains [2,3]. The procedure for engineering CAR-T cells
has evolved over time with the development of five different CAR-T generations, with
a molecular architecture progressively adapted to allow optimal proliferation, decreased
cytotoxicity and increased lifespan in vivo, and a superior antitumor activity with reduced
toxicity in the clinic [3]. CAR-T cells induce potent anti-tumor effects through two main
mechanisms: a direct mechanism through specific targeting and consequent killing of
tumor cells and an indirect mechanism mediated by the activation of a local and systemic
immune anti-tumor response.

CAR-T cell therapy represents an important treatment option for a wide range of B-cell
malignancies with R/R disease, inducing a high rate of responses and durable remissions
in some patients. However, in spite of the very significant successes of CAR-T cell-based
therapy in B-cell malignancies, associated with a less significant success in T-cell and
myeloid malignancies, its widespread diffusion has been limited by some obstacles, mainly
represented by its toxicity, cost, access, technological complexity, and time required for
product preparation [4–6]. In order to bypass these limitations, CAR cell therapy based on
natural killer cells (CAR-NK) is under evaluation as a valuable alternative to CAR-T cell-
based therapy. As will be discussed in this review, several properties of NK cells strongly
support their use for the generation of CAR-NK cells to be evaluated as an alternative to
autologous CAR-T cells for the treatment of hematological malignancies.

This review will analyze recent developments in the therapy of hematological malig-
nancies using CAR-NK cells.

2. Basic Biology of Human NK Cells
Natural killer (NK) cells are a type of cytotoxic cell with a key role in the context

of the innate immune system. NK cells exert a cytotoxic response against virus-infected
cells or tumor cells [7]. These cells are called “natural killers” because they do not require
activation to kill virus-infected or tumor cells. NK cells exert their cytotoxic activity through
inhibitory or activating receptors expressed on their surface [7].

The inhibitory or activating function of NK cell receptors is dictated by their intracellu-
lar domain exerting either an inhibitory or activating function on protein kinase activation.
NK cell inhibitory receptors are represented by KIRs (Killer Immunoglobulin-like Recep-
tors) and CD94/NKG2A: NKG2A recognizes non-classical MHC class I molecules such as
HLA-E [1]. NK cell activation is regulated through fine control of the activity of inhibitory
and activation NK cell receptors and is finalized to exert a cytotoxic activity against cells
that express abnormal proteins and to tolerate self-cells.
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NK lymphocytes represent 5–20% of lymphocytes in blood and other sites. Two main
subsets of NK are described in peripheral blood: one CD56dim corresponding to 90% of
total NK cells, specialized in cytolytic activity and expressing lytic granule components
and a part of NK activating receptors; and the other CD56bright characterized by high
cytokine-secreting capacity [8]. Additional distinctions within the CD56dim population
are made according to the level of expression of CD57 and the absence of CD94-NKG2A
expression, identifying a subset of more mature NK cells (Figure 1).
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Figure 1. Schematic representation of human NK development. Hematopoietic stem cells generate
through their differentiation common lymphoid progenitor (CLP), that in turn differentiates into NK
progenitor that can seed peripheral blood and other tissues and undergo a differentiation process up to
mature NK cells. Three main types of NK cells present in PB are shown: CD56bright, CD56dim/CD57−

and CD56dim/CD57+.

A high dimensional, single-cell study provided a more extensive characterization of
these three NK cell subsets and also identified additional NK subsets, highlighting the
consistent heterogeneity of these cells [9].

In addition to peripheral blood NK cells, there are also tissue-resident NK cells present
in tissues, such as in the lungs, liver, lymph nodes, and uterus [8]. The maturation stage
of NK cells present in the various tissues differs, and the most mature NK cells with the
most pronounced effector function are observed in PB, BM, and lung tissue; precursors and
immature NK cells are preferentially distributed at the level of lymph nodes and intestines
and are characterized by a reduced effector function [10].

Basically, three stages of human NK cell development can be described: a first stage
corresponding to lymphoid cell commitment; a second stage corresponding to commitment
to NK/ILC (Innate Lymphoid Cell) lineages; and a third stage related to commitment to
the NK cell lineage (Figure 1). A recent study suggested the existence of two different
pathways of NK cell development in mice: one related to early NK progenitors (ENKP)
differentiating into NK cells independently of common precursors for ILC (ILCPs); and the
other related to ILCPs differentiating into NK cells [10]. The ENKPs mediate the generation
of the equivalent of human CD56dim NK cells and ILCPs determine the production of the
equivalent of human CD56bright NK cells [11]. These two pathways of NK cell development
seem to be also maintained in humans.

The cytotoxic effects of NK cells are mediated through the formation of a synapse
between NK cells and target cells, promoting activation of NK cells and secretion of the
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content of cytolytic granules contained in NK cells with consequent lysis of target cells,
limiting bystander effects of lytic granules [8].

Several biological and functional properties of NK cells render them particularly
attractive for immune anticancer therapy. In this context, particularly attractive is the
capacity of NK cells to mediate lysis of tumor cells without HLA restriction and to induce
a low risk of graft-versus-host disease (GVHD) when used as immunotherapy agents
compared to T-cell-based immunotherapies. Thus, recent studies have evaluated two
different approaches of cancer immunotherapy based on the use of human NK cells: a
first approach was based on the activation and expansion of NK cells for adoptive transfer
to cancer patients, while a second approach was based on a genetic engineering of NK
cells inducing the expression of antibody chains driving modified NK cells (CAR-NK)
specifically against tumor cells expressing a membrane antigen.

The aim of the present review consists of analyzing the results observed in recent
clinical trials carried out using CAR-NK cells in patients with hematological malignancies.

3. NK Cell Engineering
Several recent review studies have provided a detailed analysis of the procedures used

for the generation of NK-CAR cells suitable for clinical studies [12,13].
Various sources of human NK cells can be used for the generation of NK-CAR cells

(Table 1). Peripheral blood NK lymphocytes represent the most used source, and these cells
can be autologous or allogeneic; in the eventuality of allogeneic NK cells, T lymphocytes
must be carefully removed to reduce the risk of GVHD. Alternative sources of human NK
cells are represented by NK cells obtained in vitro from umbilical cord blood cells or stem
cell-derived NK cells (from embryonic stem cells, hematopoietic stem cells, or induced
pluripotent stem cells (iPSCs)). Each of these different sources of NK cells display some
advantages and some limitations [12,13]. The different sources of human NK cells are
under evaluation in current clinical trials involving CAR-NK cells.

Table 1. Characteristics of NK or NKT cells obtained from different sources. PB, peripheral blood;
UCB, umbilical cord blood; hPSC, human pluripotent stem cells.

Source Advantages Limitations

PB-NK Mature phenotype
High cytotoxic activity

Low presence in PB
Limited

UCB-NK High proliferation
Favorable safety profile

Poor differentiation
Suboptimal cytotoxic activity

hPSC Abundant availability
Low immunologic risk

Safety to be evaluated
Incomplete differentiation
Reduced cytotoxic activity

NK-92 cell line Abundant availability Potential tumorigenic risk
Lack expression of CD16

NKT Mature phenotype
High cytotoxic activity

Limited presence in PB
Limited proliferation and expansion

The engineering of NK cells involves procedures similar to those previously used
for the generation of CAR-T cells. Thus, similarly to CAR-T cells, the functional CAR
molecule expressed in NK cells had a composition similar to that reported for CAR-T cells.
Thus, essentially, the CAR molecule comprises three domains: one extracellular including
a single-chain antibody fragment (scFv) mediating the recognition of the antigen; one
transmembrane region connected to the extracellular domain through a hinge region and
to the intracellular domain; and one intracellular domain involved in cell signaling [12,13].
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4. CD19-CAR-NK
Several studies have supported the rationale of using CAR-NK cells targeting CD19

as a possible alternative to CD19 CAR-T cells. These studies have used NK cells obtained
from different sources.

Some studies were based on NK cells obtained from cord blood. Studies carried
out by Shah et al. showed that it is possible to generate human NK cells starting from
CB mononuclear cell growth in the presence of a feeder of irradiated antigen-presenting
cells and of IL-2; after 1 week of culture, CD3-positive cells were eliminated through
immunomagnetic sorting and, after two weeks of culture, the consistent expansion of
a population of functional CD56+/CD3− human NK cells exhibiting cytotoxic activity
against various tumor targets was observed [14]. These CB-derived NK cells were used in
the context of a phase I study, in association with autologous HSCT in multiple myeloma
patients, and their administration was well tolerated, without major safety concerns [15].
This study provided evidence that CB-derived NK cells can be safely administered to MM
patients up to 1 × 108 cells, thus supporting the clinical use of these cells.

More recently, an efficient cell culture system was developed for optimal expansion
of human natural killer cells grown with a feeder cell support, using a cytokine cocktail
(IL-2 and IL-8) and antibodies (anti-CD16 and anti-NKp46) to sustain their survival and
proliferation [16]. Using these culture conditions, a consistent expansion of a population of
virtually pure, functional CD56+/CD3− NK cells was observed [16].

Wu et al. have evaluated the safety and efficacy of infusions of CB-derived NK
cells after autologous HSCT and compared these to a control group not receiving NK
cell infusions, observing a decrease in relapse rate (9.7% and 24.4%, respectively) and an
improvement of progression-free survival (PFS) at 4 years (84.4% vs. 73.5%, respectively)
and overall survival (OS) at 4 years (100% vs. 78.1%, respectively) [17]. Only mild infusion
reactions were observed in 15.5% of cases.

A recent study showed that NK cells obtained in CB cultures originate from CD56−

progenitor cells, CD3−, CD14−, CD19−, HLA-DR−, CD34−, and CD7+ [18].
Using CB-derived NK cells, Liu et al. have reported the generation of CAR-NK cells

engineered to target CD19 through transduction with a retroviral vector encoding the
genes for anti-CD19 CAR, the CD28 and CD3ξ signaling endomain, interleukin-15 (IL-
15), and inducible suicide gene caspase-9 [19]. In this study, CB NK cells were purified
by CD3, CD19, and CD14 selection and the culture of CD3−, CD19−, and CD14− cells
in the presence of engineered K562 feeder cells expressing membrane-bound IL-21 and
4-1BB ligand and exogenous IL-2; on day 6, cells were transduced with the CD19 CAR
vector and expanded for an additional 9 days and then harvested for fresh infusion on day
15 [19]. A total of 11 patients with CD19-positive refractory/relapsed (R/R) hematological
malignancies were included in the study (5 with CLL, 6 with lymphoma, either large B-cell
lymphoma (LBCL) (2 patients) or follicular lymphoma (FL) (4 patients) [19] (Table 2). The
patients received a single infusion of CD19-CAR-NK cells either at 1 × 105 or 1 × 106 or
1 × 107 cell/kg of body weight after lymphodepleting chemotherapy with fludarabine
and cyclophosphamide [19]. At a median follow-up of 13.8 months, 73% of patients had
an objective response, with 7/8 of responding patients achieving a complete remission
(CR); 5/8 responding patients received post-remission therapy [19]. No events related
to cytokine release syndrome (CRS), neurotoxicity, or GVHD were reported [19]. In vivo
expansion of infused CAR-NK cells was observed as early as 3 days post-infusion and
CAR-NK cells were detected for at least 12 months after infusion [19].
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Table 2. Main clinical studies evaluating CAR-NK cell therapy in hematological malignancies.

CAR-NK Cell
Therapy NCT Identifier Patients (Disease

and Number)
Membrane

Target
NK Cell
Source Efficacy Toxicity

CAR19/IL-15
NK cells NCT03056339

B-cell tumors
(LG-NHL,

DLBCL, CLL)
37

CD19 Umbilical
cord blood

ORR 49% CR 30%
LG-NHL (100%; 83%)

CLL (67%; 50%)
DLBCL (41%; 29%)

One case CRS,
no ICANS

TAK-007 NCT050220015
B-cell tumors
(LBCL, NHL)

27
CD19 Umbilical

cord blood

LBCL (ORR 50%; CR
21%)

iNHL (ORR 78%; CR
56%)

Three cases
CRS, no
ICANS

CAR19bBBz
NK cells NCT05472558

B-cell tumors
(R/R LBCL)

9
CD19 Umbilical

cord blood

ORR 66.7%
CR 55.6%

mPFS 9 mo
OS at 12 mon 58.3%

No CRS, no
ICANS

NKX019 NCT05020678
B-cell tumors

(14 NHL, 5ALL,
CLL)

CD19 Peripheral
blood

ORR 71%
NHL ORR 77%; CR

57%

Five cases
CRS, no
ICANS

FT596 NCT04245722

B-cell and CLL
Regimen A and B
(without or with

Rituximab,
respectively)

CD19 iPSC

fNHL ORR 100%; CR
85%

LBCL ORR 38%; CR
25%

CRS 6% reg A
13% reg B

FT576 NCT05182073
Multiple
myeloma

9
BCMA iPSC ORR 22% No CRS; no

ICANS

NKX101 NCT04623944 AML and MDS
6 NKG2D Peripheral

blood

CR 66%
CR with MRD
negative 50%

No CRS; no
ICANS

CD33CAR-
NK cells NCT05008575 AML CD33 Umbilical

cord blood CR 60% No CRS; no
ICANS

More recently, the final results of this trial were published, including 26 patients
of the expansion cohort treated at 1 × 107 CD19 CAR-NK (11 patients) or at 8 × 107

CVD19 CAR-NK dose (15 patients) [20]. Thus, the final analysis of the study was based
on 37 heavily pretreated patients with R/R B-lymphoid malignancies; objective responses
were observed in 100% of patients with low-grade non-Hodgkin lymphoma (NHL), 67% of
chronic lymphocytic leukemia (CLL) patients without transformation, and 41% of patients
with diffuse large B-cell lymphoma (DLBCL); CR rates were 83% in low-grade NHL, 50% in
CLL, and 29% in DLBCL [20]. Two parameters related to cord blood units used for NK cell
preparation appeared to represent key determinants of the response observed: CAR-NK
cells obtained from a cord blood unit (CBU) with nucleated red blood cells ≤ 8 × 107 and
a collection-to-cryopreservation time ≤ 24 h (“optimal CBUs) were predictors for better
outcomes [20]. Only NK cells obtained from optimal CBUs were highly effective in cytotoxic
activity [20]. Furthermore, trogocytosis appeared to be a predictor of relapse. Trogocytosis
was defined as the process consisting of the transfer of the target antigen from the tumor to
the CAR effector cells, determining a reversible transcriptional downregulation in tumor-
cell antigen expression [21,22]. Furthermore, trogocytosis also causes self-recognition and
fratricide by sibling cells [21,22]. The analysis of the treated patients showed that they
can be subdivided into TROGhigh exhibiting high CD19 expression on CAR-NK cells and
TROGlow with low/absent trogocytic CD19 expression: patients with TROGhigh had a
worse 1-year OS compared to those with TROGlow [21,22].
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A recent study reported the preliminary results on the safety and efficacy of TAK-007
in adult patients with R/R LBCL and indolent-NHL in the context of a phase II study
(NCT050220015) [23] (Table 2). TAK-007 is an off-the-shelf, allogeneic, cryopreserved, CB-
derived, CD19-targeting CAR-NK, produced by Tanaka Company. A total of 27 patients
were enrolled into dose escalation (9 patients) and dose expansion (18 patients); two
TAK-007 doses were evaluated: 200 × 106 or 800 × 106 cells per patient. No responses
were observed in the 3 LBCL patients receiving the lower dose, while 7/14 LBCL patients
receiving the higher dose had a response (21% at CR); among 9 NHL patients, 78% had
a response (56% at CR) [23]. The safety profile was acceptable and mainly related to
lymphodepletion chemotherapy and disease conditions; CRS was observed in three patients
of grade 1 or 2 [23]. The responses seen in this trial were not particularly durable and it
was suggested that the higher dose of TAK-007 (800 × 106 cells) could be administered in
more than one dose, thus resulting in a higher efficacy.

Another recent study reported the preliminary results on safety and efficacy of
an off-the-shelf immunotherapy product obtained through the generation of anti-CD19
CAR-modified NK cells (CD19-BBz-CAR-NK) by transduction of cord blood-derived NK
cells [24]. Preclinical studies have shown the efficacy of these CAR-NK cells, thus support-
ing a phase I clinical study (NCT05472558) aiming to assess the safety and preliminary the
efficacy of repetitive administrations of CD19bBBz CAR-NK cells in R/R LBCL patients [24].
None of the nine treated patients exhibited CRS or neurotoxicity events; at day 30, the
overall response rate (ORR) was 66.7%, with 55.6% of patients achieving a CR; at a median
follow-up time of 12 months, the median PFS (mPFS) was 9 months and the overall survival
rate was 58.3% [24].

Another study used NKX019, allogeneic human NK cells generated from healthy
donor NK cells engineered with a CD19-targeting CAR-containing CD3zeta and OX40
costimulatory domain and a separate membrane bound for IL-15 activation; preclinical
studies have supported a potent in vitro and in vivo cytotoxicity of NKX019 cells [25]. In
phase I of this study, after three days of lymphodepletion, the patients received NKX019 at
three dose levels (3 × 108, 1 × 109 or 1.5 × 109 CAR-NK cells/dose × 3 doses on days 0, 7, 14
of a 28-day cycle [25]. A total of 19 subjects were enrolled in this study (14 NHL and 5 ALL
or CLL). The treatment was well tolerated with myelotoxicity related to lymphodepletion
chemotherapy and no events related to CRS neurotoxicity [25]. Significant clinical responses
were observed only among NHL patients: 2/4 at 3 × 108 dose level, 5/6 at 1 × 109 and
3/4 at 1.5 × 109 [25]. Eight patients achieved a CR, and among these patients, three with
iNHL relapsed after more than 6 months of remission [25]. Enrollment along the expansion
cohorts is ongoing and the 1.5 × 109 cells dose in CAR-T-naïve LBCL, CAR-T-exposed
LBCL, and in combination with rituximab will be evaluated.

A recent study reported the results of a phase I clinical trial investigating the safety and
efficacy of CAR-NK cells generated from human NK cells derived from induced pluripotent
stem cells iPSCs) [26]. This study is based on FT596, an allogeneic immunotherapy product
generated from a clonal master iPSC line expressing a CD19-targeting CAR containing the
NKG2D signaling domain coupled to the 2B4 and CD3ζ signaling domains, a high-affinity
CD16 receptor (inducing antibody-dependent cell cytotoxicity), and an IL-15/IL-15R fusion
protein promoting cytokine-independent persistence [26]. The design of the study was
based on cycles of treatment, each involving lymphodepleting chemotherapy (cyclophos-
phamide and fludarabine), followed by FT596 administered at various doses, without
(regimen A) or with Rituximab (regimen B); patients tolerating therapy and receiving some
clinical benefit may receive a second cycle of treatment [26]. A total of 86 B-cell lymphoma
patients were enrolled, 18 in regimen A and 68 in regimen B; these patients received a
median of four lines of prior therapies and 38% received previous CAR-T cell therapy [26].
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The treatment was well tolerated and the CRS of grade 1 or 2 was observed in 6% of
patients in regimen A and 13% of patients in regimen B; no neurotoxicity events were
reported [26]. In patients with follicular lymphoma, the ORR was 100% and the CRR 85%;
after a median follow-up of 15 months, the median duration of response was 16.9 months;
in patients with LBCL, the ORR was 38% and the CRR 25%, with a median duration of
response not reached at a median follow-up of 9.1 months; in a subset of LBCL patients,
excluding de novo DLBCL, ORR and CRR were 82% and 64%, respectively; two patients
underwent hematopoietic stem cell transplantation (HSCT) in complete remission; in other
B-cell lymphoma patients (CLL, mantle cell lymphoma, marginal zone lymphoma), overall
response rate (ORR) was 52% and complete response rate (CRR) 26% [26]. Interestingly, in
20 LBCL patients who received prior CAR-T cell therapy, the CRR was 30% [26]. A total of
20 patients received a second cycle of FT596 treatment: those achieving a CR in the first
cycle maintained the response in the second cycle [26].

Some experimental studies have defined new treatment strategies using CD19 CAR-T
or CAR-NK cells that could improve therapeutic efficacy. Koh et al. have shown that
co-treatment of CD19 CAR-T or CD19 CAR-NK cells with anti-CD19 potentiates the killing
activity on tumor targets [27]. This effect results from two different mechanisms: the anti-
CD19 CAR, although it interferes with tumor binding by CAR cells, favors the detachment
of anti-CD19 CAR cells from target cells, thus, facilitating improved serial killing; the
reduced interaction between CAR cells and tumor targets reduces CAR-induced trogocyto-
sis [27]. The co-treatment with anti-CD19 monoclonal antibodies and CD19 CAR cells has
a biphasic effect characterized by an early reduction in antitumor activity, followed by a
sustained prolonged exposure to target cells [27].

Preclinical studies have shown that CD19 CAR-NK cells expressing IL-21 showed
a greater proliferation in vivo and superior cytotoxicity, compared to CART-NK cells
expressing IL-15 and, therefore, are candidates for clinical studies in patients with B-cell
hematological malignancies [28].

A recent study reported the results of a meta-analysis of the studies performed in-
volving CD19 CAR-NK cells, involving the cumulative analysis of four studies including a
total of 81 patients with B-cell hematological malignancies (78% NHL and 22% lymphoid
leukemias) [29]. The ORR was 52%, with 37% of CR [29].

5. NK and CAR-NK Cells in AML Therapy
5.1. Studies Involving NK-Expanded Cells

Several studies have explored the potential therapeutic use of expanded NK cells or
CAR-NK cells in R/R AML patients.

Initial studies have explored the possible therapeutic efficacy of either autologous
or allogeneic NK cells in R/R AML patients. Studies using autologous NK cells have
shown only a limited therapeutic efficacy in AML patients. Initial studies showed that
haploidentical, donor-related NK cells (2 × 107 cells/Kg) infused to R/R AML patients after
intensive lymphodepleting chemotherapy (cyclophosphamide and fludarabine) resulted in
in vivo infusion of NK cells and remission in 5 out 19 patients; all patients received subcu-
taneous IL-2 administration after cell infusion [30]. Subsequent studies have confirmed the
anti-leukemic activity of allogeneic NK cells in AML patients [31,32].

More recent studies have reported the use of allogeneic NK cells, replacing IL-2 with
other cytokines such as IL-15 or IL-21 to avoid the toxic effects of IL-2 and its concurrent
stimulation of host regulatory T cells. Thus, Cooley et al. showed that haploidentical
NK cell infusions administered together with IL-15 induced complete remissions in 35%
R/R AML patients [33]. IL-15 administration induced a better level of in vivo expansion
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of infused NK cells compared with previous studies using IL-2, but induced CRS when
administered subcutaneously [33].

The administration of donor-derived NK cells, expanded ex vivo in the presence of
membrane-bound IL-21, was safe and associated with improved relapse rate and disease-
free survival [34].

A randomized clinical trial showed that the infusion after HSCT of donor-derived NK
cells ex vivo expanded in the presence of IL-15 and IL-21 reduced disease progression [35].
Single-cell RNA sequencing studies showed that the patients receiving NK cell infusion
showed a marked increase in memory-like cells, with a consequent expansion of CD8+

effector-memory T lymphocytes [35]. An updated analysis of this study showed that the
PFS at 10 years was 25% and 12% for the NK group and the control group, respectively; the
OS at 10 years was 29% and 12% for the NK group and the control group, respectively [36].

A phase I clinical trial evaluated the response of 12 R/R AML patients to the treatment
based on six infusions of NK cells obtained from haploidentical donors and expanded
in vitro using K562 feeder cells engineered to express membrane-bound IL21 and 4-1BBL;
58% for the treated patients responded to treatment with A CR; five responding patients
proceeded to a haploidentical transplant from the same donor; 1-year OS for the whole
group was 41.7% and 57% for patients who responded with CR [37].

5.2. Cytokine-Induced Memory-like Natural Killer Cells

NK cells are traditionally considered as cells mediating innate immunity. However,
a consistent number of studies have shown that NK cells can acquire a memory of a
prior activation event mediated by cytokine pre-activation using cytokines such as IL-15,
IL-18, IL-12, and can respond more strongly upon subsequent challenges [38]. Several
studies have supported the efficacy of memory-like natural killer (MLNK) cells. Human
MLNK cells showed enhanced IFN-γ production and cytotoxicity against human AML
blasts in vitro [39]. MLNK cells infused into mice xenotransplanted with human AML
cells reduced leukemia burden and improved survival [39]. MLNK cells were used in the
context of a phase I trial involving the infusion of donor NK cells obtained by activation
of purified CD56+CD3− NK cells for 12–16 h with IL-12, IL-15, and IL-18 (three patients
at 0.5 × 106/Kg; three patients at 1 × 106/Kg; and three patients with all NK cells gener-
ated) after lymphodepletion preconditioning; after adoptive transfer, low-dose rhIL-2 was
administered [30]. A total of 55% of ORR and 45% of CR + CRi rate were observed [39].
Mass cytometry analysis showed that NKG2A median expression in vivo was significantly
increased after NK cell infusion in patients with treatment failure; treatment in vitro of
MLNK cells with blocking NKG2A antibodies significantly increased NK cell IFN-γ pro-
duction and restored a normal cytotoxic activity [40]. Berren-Elliott explored the safety
and the efficacy of donor-derived MLNK cells on day +7 after HLA-haploidentical HSCT;
15 patients received for 3 weeks post-HSCT N-803 (IL-15 superagonist) [41]. The treatment
was well tolerated and 87% of patients achieved a composite CR [41]. In conclusion, same-
donor-derived MLNK cell infusions with 3 weeks of a IL-15 superagonist seem to improve
the response to reduced-intensity conditioning haplo-HSCT for AML patients [41].

Bedmarski et al. evaluated the safety and the efficacy of donor-related MLNK cell
infusions in nine pediatric AML patients relapsing after HSCT; after infusion, MLNK
cells expanded in vivo and maintained their phenotype ≥ 3 months [42]. Four of eight
evaluable patients achieved a CR at day 28; two patients maintained a durable response for
≥3 months with one patient in remission for ≥2 months [42].

Rutella et al. reported the development of WU-NK-101 (W-NK1), an off-the-shelf
adoptive MLNK cell therapy [43]. This immunotherapy product was obtained from con-
ventional human NK cells stimulated to express increased levels of activation markers and
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immune-suppressive receptors [44] and capable of bypassing immunosuppressive effects
exerted by AML cells through the secretion of a variety of cytokines and chemokines able
to reprogram the tumor microenvironment [45]. The phase I clinical trial (NCT05470140)
explored the safety and the efficacy of WU-NK-101 cells in R/R AML patients, showing
an acceptable safety profile and preliminary evidence of safety and efficacy. Nine patients
received WU-NK-101 cells at dosage levels 300 × 106, 900 × 106, and 1.8 × 109 cells, with
three patients at each dose level [46]. In patients treated at higher dosages, the ORR was
50%, with only one severe treatment adverse event (grade < 3 anemia) and no severe CRS
and ICANS [46]. Sequential analysis of key cytotoxic and maturation markers showed
increased expression of CD16, Nkp44, 2B4, NKp80, CD45RA, and KIR receptors compared
to baseline WU-NK-101 cells [46].

5.3. NK-CAR in AML Patients

A target for AML immunotherapy is represented by CD33, a myeloid-specific trans-
membrane sialic acid-binding receptor expressed at higher levels on AML blasts and
leukemic stem cells but at lower levels on normal HSCs/HPCs. Preclinical studies based on
blood-derived primary NK cells, engineered to express CAR-targeting CD33, have shown
consistent antitumor activity in models of CD33-positive leukemias and primary AML
blasts [47].

A phase I clinical study reported the results of 10 R/R AML patients undergoing
treatment with CD33 CAR-NK cells obtained through engineering of cord blood-derived
NK cells [47]. The patients received one or more infusions of CD33 CAR-NK cells after
lymphodepleting chemotherapy; the treatment was well tolerated and 70% of patients
developed grade 1 CRS [48]. By day 28 of treatment, 60% of patients achieved MRD-
negative CR; the majority of responding patients relapsed within a few months [48].

Since CD33 CAR-NK cell efficacy could be limited by inhibitory receptors expressed in
human NK cells (such as NKG2A) and their targets expressed on leukemic blasts (such as
HLA.E), Bexte et al. generated CD33 CAR-NK cells combined with CRISPR/Cas9-mediated
gene disruption of the NKG2A-encoding KLRL1 gene; the CD33 CAR-NK-gene edited
cells displayed potent anti-leukemic cell activity and transcriptional activation following
AML exposure [49]. For their properties, these CAR-NK cells have the potential to bypass
immune suppression in AML [49].

A recent study reported a unique approach aiming to develop CAR-NK cells enabled
with the capacity to recognize multiple tumor antigens on the membrane of leukemic cells
(to bypass the problem of tumor heterogeneity) and to detect the presence of a protective
antigen on the membrane of healthy cells, thus avoiding their inappropriate killing due
to on-target/off-tumor expression of tumor antigens [50]. This technology was explored
in the context of an AML model developing CAR-NK engineered with a logic CAR to
target CD33 and/or FLT3 on the membrane of leukemic cells and with a not-logic gate,
with inhibitory CAR enabling CAR-NK to target endomucin, a protective antigen unique
to normal HSCs [50]. This CAR-NK represented a clinical candidate, SENT-202, for the
treatment of patients with hematological malignancies. On December 2024, the Senti Bio
Company announced the results observed in the first three patients in the context of the
results of a phase I clinical trial involving the evaluation of SENTI-202 in R/R AML patients:
these first three patients were treated at the lowest dose of CAR-NK cells (1 billion cells)
after lymphodepletion with Fludarabine/Cytarabine; the treatment was well tolerated with
adverse events mainly related to lymphodepleting chemotherapy; 2/3 patients achieved a
MRD-negative CR after one or two cycles of treatment and remained in CR at the latest
follow-up (3–4 months later); 1/3 patients were resistant to the treatment [50].
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Recent studies have reported the development of a new type of CAR-NK cells. This
new generation of CAR-NK cells exploits the unique properties of NKT cells, a rare lym-
phocyte cell population present in peripheral blood and characterized by an invariant
T cell receptor alpha chain and coexpression of NK markers [51]. These cells, through
their TCR, recognize the non-polymorphic HLA complex-like molecule CD1d and pos-
sess potential characteristics suitable for therapeutic use since they possess tumor-killing
activity and do not induce GvHD [51]. Li et al. developed a clinically guided culture
method for the generation of allogeneic NKT cells and their CAR-engineered products,
defined as CAR-NKT cells, through the integration of NKT TCR into human HSC and
HPCs, followed by their differentiation into mature NKT cells using an ex vivo feeder-free
cell culture system [51]. Li et al. recently reported the development of CAR-NKT cells
engineered to target human CD33. These cells display prominently NK-like properties,
with high cytotoxic activity; they kill primary AML and MDS cells with a high efficacy,
through different targeting mechanisms; they target a population of leukemic cells, such as
leukemia stem and progenitor cells characterized by a lower CD33 expression; and they
also exhibit bone-marrow homing capacity mediated by chemokine receptors, CXCR4 and
CCR5 [52]. Furthermore, these cells synergize with hypomethylating agents used in the
treatment of AML and MDS [52]. Finally, these cells display a minimal off-tumor target
toxicity and a low alloreactivity [52]. These properties strongly support the clinical use of
CD33 NKT cells.

As mentioned above, FLT3 represents another potentially relevant target for CAR-NK
cells. FLT3 is a membrane receptor frequently mutated in AML, and its targeting using CAR-
T cells remains challenging for its presence on healthy HSCs/HPCs. Manson et al. reported
the development of CAR-NK cells targeting FLT3, obtained through the engineering of
primary human NK cells with a CAR recognizing FLT3 and secreting IL-15 [53].

The NKG2D receptor expressed on the membrane of NK cells interacts with different
NKG2D ligands (NKG2DL) expressed on various types of tumor cells. NKG2DLs are
expressed on bulk AML cells, but their expression is low or absent on leukemia stem
cells and this was considered a potential mechanism of escaping from NK cell-mediated
killing [54]. The NKX101 is an allogeneic, off-the-shelf, CAR-NK cell therapy targeting
NKG2DL engineered to also express membrane-bound IL-15 [55]. Preclinical studies
have shown that NKX101 exerts a marked cytotoxicity against leukemic cells expressing
NKG2DL. A phase I clinical study evaluating the safety and efficacy of NKX101 in R/R
AML patients showed that 4/6 patients achieved CR + CRi, with 3/6 patients having
MRD negativity [55]. The treatment was well tolerated and no patient reported CRS or
neurotoxicity events [55].

CD123 (IL3RA, an alpha subunit of the interleukin 3 receptor) is a well-known target
for AML immunotherapy due to its higher expression on leukemic blasts compared to
normal hematopoietic cells [56]. Previous studies using CAR-T cells targeting CD123 have
shown target toxicities related to a side effect of normal HSCs and endothelial cells [56].
A recent study showed that these limitations of CD123-CAR-T cells can be bypassed by
CD123-CAR-NK cells that do not display any significant toxicity against normal HSCs and
endothelial cells [57].

Two ongoing clinical studies are evaluating the safety and the therapeutic efficacy of
allogeneic CD123 CAR-NK cells in R/R AML patients (NCT05574608 and NCTo6201247).
Preclinical studies have supported the evaluation of CD123 CAR-NK in combination with
the trifunctional engager NKp46-CD16a-NK cell-engager targeting CD123 [58,59].

The C-type lectin-like moleculae-1 (CLL-1, CLEC12A) is a membrane antigen highly
expressed on leukemic stem cells and on leukemic blasts, but not on normal HSCs. For
these properties, CLL-1 is a potential target for AML immunotherapy. CLL-1 CAR-T cell
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therapy was evaluated in R/R AML patients reporting a high rate of ORRR 73%, with 40%
of patients achieving CR + CRi); however, the treatment was associated with a consistent
toxicity, with 36% of patients reporting grade 3–4 CRS and 96% of patients developing
severe granulocytopenia (grade 3–4) [60]. To limit toxicity, a new CAR structure was
generated by incorporating inhibitory structures CD15/CD16 to limit the effects of CAR-T
on granulocytes [61].

Preclinical studies have reported that the generation of CAR-NK cells targeting CLL-1
using CAR constructs with CLL-1-specific scFv of various sizes and flexibility allowed the
generation of CLL1 CAR-NK cells exhibiting cytotoxicity against primary AML blasts, but
devoid of toxicity against allogeneic normal HSPCs [62]. These CLL1 CAR-NK cells are can-
didates for the immunotherapy of R/R AML patients [62]. Currently, three different CAR-
NK trials are ongoing that involve either the use of cll1 CAR-NK alone (NCT060227853) or
CLL1 together with CD33 (NCT05987696 and NCT 05215015).

5.4. CD70 Targeting with CAR-NK Cells

CD70 is a normally transiently expressed type 2 membrane protein on activated T-cells,
B-cells, or dendritic cells, but is upregulated in many hematological malignancies and is a
potential target for the treatment of these tumors.

The targeting of CD70 using monoclonal antibodies (Cusatuzumab) in association
with hypomethylating agents was explored in elderly AML patients [63,64]. Preclinical
studies have supported the rationale of targeting AML using CD70-specific CAR-T cells.
Particularly, CD70-specific CAR-T cells were able to target AML cells, sparing normal
HSCs [64]. However, CD70-specific CAR-T cells failed to completely eliminate leukemia
in vivo, suggesting the need for combinatorial associations to improve the therapeutic
effect [64]. In line with these observations, CD70 CAR-T cells engineered to secrete anti-
CD33/anti-CD3 dual-targeting antibodies display potent anti-AML activity and are able
to bypass CD70 antigen escape [65]. Recent studies have reported the development and
evaluation in clinical models of CD70-targeting CAR-NK cells. Thus, Guo et al. reported
the development of IL-15-secreting CD70 CAR-NK cells derived from CB mononuclear
cells, exhibiting a pronounced in vitro and in vivo target-dependent cytotoxicity; repetitive
administrations of CD70 CAR-NK cells resulted in durable remissions in mouse models of
xenotransplanted CD19− B-cell lymphomas [66]. These observations support the clinical
use of CD70 CAR-NK cells, particularly in patients relapsing after CD19 CAR-T cell therapy
with CD19-negative disease [66]. Another recent study, based on the development of
multi-edited iPSC-derived CAR-NK cells engineered to express CD70 CAR, high-affinity
non-cleavable CD16, and IL-15R/IL-15 fusion protein, showed the pronounced cytotoxic
activity of these CD70 CAR-iNK cells, also exhibiting the capacity to target and eliminate
recipient alloreactive T cells expressing high levels of CD70 [67].

A recent study showed that CD70 can be a feasible target for the treatment of MM
patients, including those who have failed BCMA targeted therapy [68]. Thus, a preclinical
study showed that MM cells, including those of patients relapsing after anti-BCMA targeted
therapy, are efficiently killed by CD70 CAR-NK cells [68]. Based on the results, a phase I/II
clinical trial (NCT05092451) was initiated and is recruiting patients.

5.5. CAR-NK Cells in Multiple Myeloma

Multiple myeloma (MM) treatment has consistently evolved and, particularly, for R/R
patients, the treatment with CAR-T cells targeting the B cell receptor-maturation antigen
(BCMA) was successfully introduced.

CAR-NK cells targeting various antigens expressed on the membrane of MM cells
have been developed, but currently, very few patients have been treated using these agents.
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CAR-NK cells specifically targeting BCMA have been developed either from PB or CB and
have shown an efficient killing activity against MM cells, representing potential candidates
for immunotherapy in MM patients [69,70]. Alternatively, the development of BCMA-
targeting CAR-NK cells using the NK-92 cell line as the NK source was reported; these cells
exhibited a potent anti-MM activity both in vitro and in vivo MM models [71,72].

FT576 is a CAR-NK product based on the engineering of iPSC-derived NK cells to
target BCMA. FT576 was preliminarily evaluated in the contest of a phase I study and
was administered as a monotherapy or in combination with the anti-CD38 monoclonal
antibody Daratumumab to R/R MM patients; the preliminary results observed in nine
patients showed a good safety profile and an ORR of 22% [73].

Another study reported the development of novel NK-CAR with dual targeting
capacity against BCMA and GPRC5D; dual BCM5A/GPRC5D dual-targeted CAR-NK
cells improved animal survival and reduced tumor relapse compared to single-targeting
CAR-NK cells [74].

Finally, a recent study reported the development of human iPSC-derived NK cells
engineered to express an anti-GPRC5D CAR; the resulting off-the-shelf anti-GPRC5D iPSC-
derived CAR-NK cells displayed a potent anti-MM cytotoxic activity and could represent a
potential therapy for MM [75].

5.6. Limitations of CAR-NK Cells

Despite the consistent potentialities of NK-CAR therapies, several challenges signifi-
cantly limit the expansion of their clinical applications.

In this context, a major limitation derives from their limited expansion and life span,
with a short in vivo persistence. (Table 3) The activation of NK cells results in a short
persistence in circulation that is no longer than 2–3 weeks [76]. To improve the survival of
CAR-NK cells, various strategies have been developed, particularly those based on the use
of cytokines. Essentially, these studies have shown that culturing NK cells with IL-2 and
IL-15 improves expansion rates, while the presence of IL-12 and IL-21 enhances cytotoxic
function [77].

Table 3. Main factors limiting CAR-NK cell therapy.

Limitations Possible Solutions

Short persistence in vivo

Lymphodepleting conditioning
Multiple infusions of CAR-NK cells

Exogenous cytokine support
Autonomous cytokine production (e.g., IL-15)

Use of CIML (cytokine-induced memory-like cells)
Design of activation-inhibitory CARs

Suboptimal antitumor cytotoxicity
Dual or multi-specific CAR-NK cells

Gene editing of CAR-NK cells using CRISPR
CAR with different affinities

Manufacturing (limited expansion) Improvement of NK cell expansion using cytokines or feeder cells

Tumor microenvironment (TME)
Targeting of inhibitory cells in the TME

Targeting of inhibitory pathways in the TME
Targeting of specific NK inhibitory checkpoints

To improve the survival of CAR-NK cells, various strategies have been developed,
particularly those based on IL-15. IL-15 is a cytokine essential for the development and
homeostasis of NK cells, memory CD8 T cells, and group 1 ILC cells. A study carried out
on CB-derived NK cells transduced with a CAR19 vector showed that the incorporation of
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IL-15 in the transducing CAR vector resulted in enhanced in vitro and in vivo expansion
and persistence in xenograft mouse models [78].

Li et al. have extended these observations through their study of NK-CAR cells
engineered to express CAR19 alone, IL-15 alone, and CAR19 and IL-15: the overexpression
of CAR 19 and IL-15 resulted in the generation of CAR-NK cells with increased proliferation,
enhanced antitumor activity, higher metabolic fitness, improved glycolytic activity, higher
MYC expression, improved persistence and survival in vivo, and longer-lasting anti-tumor
response [79].

However, studies carried out in R/R AML patients receiving adoptive NK cell therapy
with haploidentical cells showed that systemic IL-15 administration resulted in reduced
clinical activity compared with IL-2, through a mechanism related to the promotion of
recipient CD8 T-cell activation, accelerating donor NK cell rejection [80]. A possible strategy
to prevent the rejection of allogeneic NK cells by the host immune cells would consist of
knocking out the expression of HLA class I molecules in NK cells by gene editing [80]. On
the other hand, continuous treatment with IL-15 causes exhaustion of human NK cells
through the induction of a metabolic defect [81].

Another strategy to improve antitumor efficacy and in vivo persistence of CAR-NK
cells consists of performing repeated, multiple infusions of these cells.

Studies carried out using CAR-T cells in hematological patients have shown that
CAR-T cell levels following infusion are a very important determinant factor predicting
response durability [3]. CAR-T cell levels observed during the first month of infusion
are associated with improved clinical responses [3]. The extrapolation of this important
observation to clinical studies with CAR-NK cells suggests that the levels of CAR-NK cells
after infusion may represent one of the key factors in the anti-tumor response. However, the
studies performed using CAR-NK cells involve different CAK-NK cell products with only
a limited number of patients, often heterogeneous for tumor type, with a short follow-up,
thus, rendering an analysis of the role of CAR-NK expansion after infusion as a determinant
of the clinical response difficult. In this context, it is important to note that the only study
reporting a consistent number of B-lymphoma patients treated with iPSC-derived CD19
CAR-NK cells showed a clear relationship between CAR-NK cell dose-infused and their
in vivo expansion, but failed to show a clear correlation between CAR-NK expansion and
anti-tumor response [26]. Studies carried out using CB-derived CAR-NK cells showed
significant anti-tumor effects with CAR-NK doses of 1 × 106/Kg or higher [19]. Future
studies will be required to determine optimal cell doses for different types of CAR-NK cells
and for different types of patients.

A potential limiting factor is represented by the difficulty in manufacturing large
amounts of CAR-NK cells due to their limited in vitro expansion. Thus, among all existing
sources of NK cells, CB-derived NK cells offer several advantages, including the consistent
availability of UCB in cord blood banks, their non-cancerous origin, and their high prolif-
eration potential. However, the limited number of cells available in a single CB unit and
the functional immaturity of the expanded CB NK cells represent an important limitation
to large-scale expansion of CB NK cells [82]. In an attempt to bypass these limitations,
recent studies have reported the development of feeder-free cell culture systems for ex vivo
production of NK cells from UCB suitable for immunotherapy [83,84]. Other studies have
reported the development of feeder-free cell culture systems to expand and to genetically
modify PB-NK cells with high proliferative capacity, preserving the responsiveness of their
native activating receptors [85].

The balance between inhibitory and activating receptors determines the cytotoxic
activity of NK cells; therefore, their anti-tumor activity can be potentiated either by over-
expressing activating receptors or by knocking out inhibitory receptors through genome
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engineering, using CAR transgenesis and CRISPR-Cas9-mediated gene editing in NK cells
using retroviral particles [86]. Particularly, using this technology, it was reported that
the generation of CD33-specific CAR-NK cells combined with CRISPR-Cas9-based gene
disruption of the NKG2A-encoding KLRC1 gene resulted in the generation of CAR-NK
cells with enhanced cytotoxicity against CD33-positive AML blasts [49]. Thus, the over-
coming CAR-NK inhibition mediated by the HLA-E -NKG2A immune checkpoint induces
a significant enhancement of CAR-NK-mediated cytotoxicity.

Tumor environments may exert an inhibitory activity on CAR-NK cells and may repre-
sent a significant challenge for effective immune killing. Thus, targeting cancer-associated
fibroblasts represents a potentially important strategy to potentiate the antitumor activity
of CARs targeting BCMA in multiple myeloma [87]. Manipulation of CAR-NK expansion
conditions may reduce the inhibitory activity exerted by the tumor microenvironment [88].
Some factors released in the tumor microenvironment, such as transforming growth factor-
beta (TGF-β), exert a significant immunosuppressive effect. Thus, the knockdown of TGF-β
receptor II on NK cells partially overcomes the inhibitory effect of the tumor microenviron-
ment, without affecting the anti-leukemia activity of NK cells [89].

6. Conclusions
CAR-NK cell therapy has the potential to address several unmet needs in the treat-

ment of hematological malignancies. Particularly, CAR-NK cell therapy may offer several
relevant advantages compared to CAR-T cell therapy, such as an improved safety, a time-
lier access to treatment, and reduced costs (Table 4). However, the therapeutic effects of
CAR-NK cell therapy were evaluated only in a limited number of patients, with a short
follow-up, and preliminary evidence suggests, in most instances, a short duration of re-
sponses. Therefore, studies in a large number of patients with a longer follow-up are
absolutely required. Future studies need also to address the problem of whether single
or multiple CAR-NK cell infusions are required for optimal and lasting antitumor effects.
Furthermore, the various studies used different NK cell sources and it is currently unclear
which NK cell source is optimal for the various subsets of hematological malignancies; the
procedures of isolation and expansion of NK cells must be standardized.

Table 4. Comparison of the characteristics of autologous CAR-T, allogeneic CAR-T, and allogeneic
CAR-NK cell therapies.

Autologous CAR-T Allogeneic CAR-T Allogeneic CAR-NK

Mechanism of
antitumor effects

Specific (CAR-dependent)
MHC-independent

Specific (CAR-dependent)
MHC-independent

Specific and non-specific
(CAR-dependent and
CAR-independent)
MHC independent

Antitumor efficacy High High High

In vivo persistence Long
Limited due to
host-mediated immune
rejection

Short

Risk of CRS or ICANS Moderate/High Moderate/High Low

Risk of GvHD No High Low

Off-the-shelf No potential High potential High potential

Time for production Long Short Short

Economic cost High Low Low
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Table 4. Cont.

Autologous CAR-T Allogeneic CAR-T Allogeneic CAR-NK

Clinical efficacy
High clinical activity
against hematological
malignancies

High clinical activity
against hematological
malignancies

Promising clinical activity
in some hematological
malignancies

Regulatory status Six approved products Still under evaluation in
clinical trials

Still under evaluation in early
clinical use

Finally, CAR-NK cell therapies face some important challenges related to a short
persistence of infused CAR-NK cells, limited NK cell expansion, and reduced cytotoxicity
of CAR-NK cells generated from some NK cell sources. Current studies have addressed
these problems and have, in part, bypassed these limitations.

Until new studies clearly support the safety and efficacy of CAR-NK cells in some
hematological malignancies, this therapy will remain limited to the treatment of patients
with relapsed/refractory diseases, including those who have failed autologous CAR-T
cell therapy.
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