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Major advances in the treatment of multiple myeloma (MM) have been achieved
by effective new agents such as proteasome inhibitors, immunomodulatory
drugs, or monoclonal antibodies. Despite significant progress, MM remains still
incurable and, recently, cellular immunotherapy has emerged as a promising
treatment for relapsed/refractory MM. The emergence of chimeric antigen
receptor (CAR) technology has transformed immunotherapy by enhancing the
antitumor functions of T cells and natural killer (NK) cells, leading to effective
control of hematologic malignancies. Recent advancements in gene delivery to
NK cells have paved the way for the clinical application of CAR-NK cell therapy.
CAR-NK cell therapy strategies have demonstrated safety, tolerability, and
substantial efficacy in treating B cell malignancies in various clinical settings.
However, their effectiveness in eliminating MM remains to be established. This
review explores multiple approaches to enhance NK cell cytotoxicity,
persistence, expansion, and manufacturing processes, and highlights the
challenges and opportunities associated with CAR-NK cell therapy against MM.
By shedding light on these aspects, this review aims to provide valuable insights
into the potential of CAR-NK cell therapy as a promising approach for improving
the treatment outcomes of MM patients.
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Abbreviations: MM, multiple myeloma; T-ALL, T-cell acute lymphoblastic leukemia; B-ALL, B-cell acute
lymphoblastic leukemia; B-NHL, B-cell non-Hodgkin lymphomas; iPSC, induced pluripotent stem cell;
CRISPR, clustered regularly interspaced short palindromic repeats; UCB, Umbilical cord blood; PBMC,
peripheral blood mononuclear cell; AML, acute myeloid leukemia; CAR, chimeric antigen receptor; iCAR,
inhibitory CAR.
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1 Introduction

Multiple myeloma (MM) is the second most common
hematologic malignancy characterized by the abnormal
proliferation of clonal malignant plasma cells in the bone
marrow. This results in an overabundance of monoclonal
paraprotein (M protein) in the serum and/or urine, causing renal
dysfunction, anemia, hypercalcemia, and lytic bone disease, which
are the hallmarks of MM (1). The treatment paradigm of MM has
significantly evolved with the introduction of novel agents such as
proteasome inhibitors, immunomodulatory drugs, and monoclonal
antibodies (mAbs). These advancements have led to improved
responses and prolonged overall survival (2). However, despite
these improvements, most patients with MM eventually
experience relapse and succumb to the disease, emphasizing the
urgent need for new strategies that offer long-term survival. Given
the potential role of natural killer (NK) cells in the pathogenesis and
recent treatment successes of MM, NK cell-based immunotherapy
merits further exploration.

NK cells are innate lymphocytes capable of rapidly killing
malignant cells, including MM, without prior sensitization and gene
rearrangement to acquire antigen-specific receptors (3). NK cells
employ death ligands and degranulation to eliminate target cells, in
which their cytotoxic responses are regulated by the fine-tuned
balance between a complex array of inhibitory and activating
receptors (4). In MM, NK cell functionality and immunity are
negatively regulated by myeloma cells and their immunosuppressive
microenvironmental factors (5). The diminished activity and the
reduced number of NK cells isolated from advanced-stage MM are
associated with adverse prognostic factors (6).

The development of CAR-T cell therapy has demonstrated
striking success in treating lymphoid malignancies, including
MM (7-10). The breakthrough of CAR technology has given
rise to numerous CAR-expressing immune cell-based clinical
trials worldwide.

The two current FDA-approved CAR-T cell products for MM,
Idecabtagene Vicleucel (Abecma) and ciltacabtagene autoleucel
(Carvykti), are autologous cellular therapy, thus limiting its use to
patients who have a sufficient number of functional T cells. Given the
limited durability of CAR-T therapy responses in multiple myeloma
and a high relapse rate of 40% to 60% (11), developing alternative
immunotherapeutic treatments is necessary. Allogeneic CAR-T cell
products can be produced to overcome cell insufficiency; however,
this approach may be associated with severe side effects, such as
cytokine release syndrome (CRS), neurotoxicity, and graft-versus-
host disease (GvHD). Additionally, the cumbersome CAR-T cell
manufacturing process often results in delays during cell collection,
production, and delivery, negatively affecting patient outcomes and
limiting accessibility.

Building upon the success of the CAR-T cell strategy, CAR-NK
cell therapy has emerged as a promising candidate for universal
cellular immunotherapy, offering improved safety, efficacy, and
tolerability compared to autologous CAR-T cell strategies (11,
12). Notably, NK cells eliminate target cells in an MHC-
unrestricted manner, making NK cell-based therapy less likely to
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cause GvHD, a common complication of allogeneic cell transfers.
NK cells possess inherent antitumor responses, including ADCC
and degranulation. Thus, incorporating CAR further enhances NK
cell cytotoxicity by directing CAR-NK cells toward target cells.
Unlike CAR-T cells, CAR-NK cells produce a different set of
cytokines (IFN-y and GM-CSF), attributed to the lower incidence
of CRS and neurotoxicity observed in subjects treated with CAR-
NK cells (13). Indeed, allogeneic CAR-NK cells have shown
antitumor efficacy and a high safety profile in patients with
hematological malignancies (13).

In this review, we provide a comprehensive overview of the
CAR-NK approach, highlighting updated strategies to enhance NK
cell potency and persistence, focusing on MM. We discuss ongoing
clinical trials, advancements in NK cell manufacturing, and the
potential translation of these developments into therapeutic
applications. By capitalizing on the distinctive attributes of
CAR-NK cells and leveraging the experience gained from CAR-T
cell therapy, we envision a promising future for CAR-NK
immunotherapy in MM and beyond.

2 Adoptive NK cell therapy
2.1 Principle of CAR generation

Adoptive immune cell transfer has emerged as a
groundbreaking approach that harnesses the power of the
patient’s immune system and genetic engineering to specifically
eliminate tumor cells. The introduction of CARs into immune
effector cells has revolutionized the field of cancer immunotherapy,
enabling these engineered cells to target specific cancer cells based
on antigen recognition. The advent of retroviral vectors in the 1990s
paved the way for T-cell engineering, leading to the development of
the first generation of CAR-T cells (14). These first-generation
CARs exhibit antigen recognition but have limited clinical
effectiveness due to the poor activation and proliferation of those
CAR-expressing T cells. Early chimeric receptors with only TCR -
chain intracellular sequences struggled to fully activate naive T cells,
as they lacked necessary costimulatory signals (15, 16).
Subsequently, integrating a co-stimulatory moiety into CAR
constructs significantly enhanced T-cell functionality, laying the
foundation for the successful CAR-based immunotherapy. Second-
generation CAR incorporates an extra costimulatory signaling
domain, such as CD28 or 4-1BB (CD137), to enhance T cell
activation, persistence, and antitumor activity (17, 18) (Figure 1).
Furthermore, T cells are endowed with more robust antitumor
activities when two costimulatory domains are integrated into the
cassettes forming third-generation CAR (19). These advancements
have also been translated to CAR-NK cells, where incorporating
costimulatory domains significantly enhances NK cell proliferation
and effector function (20).

Further advancements in CAR design have led to the
development of fourth-generation CARs, which involve the
integration of interleukins (i.e., IL-12/15/18/21) into 3rd
generation CAR. This innovation enables CAR-expressing cells to
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Generation of CAR constructs. Legend 1: CAR technology has been intensively innovated, resulting in increasingly effective and targeted antitumor
responses. There are 4 CAR generations characterized by the complexity of the modular system. The first generation is the simplest and also least
effective. Adding costimulatory molecules and payloads augments CAR-mediated antitumor immunity by boosting effector cell activation, expansion,

and durability, forming the next CAR generations.

produce autocrine interleukins, enhancing effector functions and
homing to target sites (21) (Figure 1).

2.2 Engineering CAR to enhance
antitumor activity

2.2.1 Advances in engineering CAR components

CAR technology was initially developed for T cells, thus
transducing a T cell-specific CAR cassette into other effector cells
may not yield desirable antitumor responses due to the distinct
functions of each immune cell class. The success of CAR-based
cellular therapies against malignant diseases is primarily attributed
to the unique design of synthetic constructs. Various design
strategies have been employed to address this challenge, such as
TanCARs, dual CARs, AND-gate CARs, and iCARs (22). Given the
modular structure of CAR, engineering each module may improve
the effector functions of transduced cells.

CD80, CD28 extracellular domains, DAP12, or IgG-based
hinges are usually used in current CAR-NK constructs due to
their edges, such as stability and flexibility. Balancing extracellular
domain-mediated adverse events and signal strength is also very
sophisticated since the complete understanding of NK-specific
extracellular domain remains elusive (23-25).

CARs with multi-specificity scFv structures have been
developed to target different epitopes, overcoming immune
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selection and escape in tumors with heterogeneous antigen
expression (26). The Fv configuration can significantly affect the
efficiency and stability of CAR expression on immune cells, as some
CARs fail to bind to the antigen due to aggregation at the cell
surface. Therefore, stabilizing the Fv structure through the
complementarity-determining region (CDR)-grafting renders
scFvs with enhancing antigen specificity and affinity (27).

The size of transgenes matters when more than one protein
must be expressed in the cellular therapy to elicit effective antitumor
responses (28). Another approach to improve CAR target
recognition is using nanobodies, which are small-size single-
domain antibodies derived from heavy-chain antibodies found in
certain animal species such as camels and sharks (29). Nanobodies,
typically the variable domain on a heavy chain (VHH) of camelid
heavy-chain antibodies, possess clear advantages in size, stable
physiochemical properties, and affinity. Furthermore, VHH
exhibits high solubility due to the absence of a light chain (30).
Importantly, camelid VHH shares significant homology with
human-heavy variable fragments, making them superior to
conventional antibodies derived from mice or other animals.
Replacing scFvs with nanobodies in CAR construction would be a
rational strategy to enhance the CAR-mediated tumor-killing
capacity of effector cells. To simplify CAR constructs used in T
cells targeting MM, single heavy-chain-only domains are generated
to substitute for traditional scFvs of B-cell maturation antigen
(BCMA), the latter is significantly larger and less immunogenic
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(28). Interestingly, NK cells transduced with CARs containing anti-
BCMA and anti-GPRC5D VHHs also yielded sustained anti-MM
responses (31-33).

Nanobodies-based CAR-T approaches targeting antigens of
either liquid or solid tumors, such as VEGFR2, HER2, TAG-72,
PSMA, GPC2, CD38, CD33, CD7, MUC1, EGFR, CD20, PD-L1,
EIIIB, CD105, and BCMA, have demonstrated potential
translational outcomes (34). For instance, targeting the immune
checkpoint PD-L1 using nanobody-based CAR-T cells significantly
reduced tumor growth and prolonged survival. In addition,
directing nanobodies against other components of the tumor
microenvironment (TME), including extracellular matrix (ECM)
and neovasculature, rather than tumor-associated antigens, may be
a promising therapeutic approach. Indeed, CAR-T cells
incorporating nanobodies specific to anti-EIIIB fibronectin
exhibited enhanced tumor infiltration, induction of necrosis, and
reduced stromal ECM and neovasculature in mouse models, leading
to delayed tumor growth (35). Encouraging clinical outcomes have
been observed with VHH-based BCMA-targeted CAR-T cell
therapy for MM, with an overall response rate of 88%, and
complete response in 68% (39/57) of patients, while 63% (36/57)
of refractory/relapsed (R/R) MM patients showed negative minimal
residual disease (36). The compelling results obtained with
nanobodies-based approaches support the broader application of
nanobodies in various CAR-based immunotherapies, offering a
viable treatment for diseases with limited therapeutic alternatives.
Similarly, it is reasonable to expect that VHH-based CAR-NK cell
therapy would generate a deep and durable response in patients
with MM.

In addition to CAR target recognition, extensive research has
focused on optimizing the intracellular signaling moiety, which has
been intensively examined to maximize immunomodulatory signals
mediated by co-stimulatory molecules, often derived from the
CD28 or TNFR gene family (Table 1). The core stimulatory
molecule, CD3(, is an integral component of every CAR
construct due to its essential role in lymphocyte activation and
promoting CD16-mediated antibody-dependent cell-mediated
cytotoxicity (ADCC). Costimulatory proteins from the CD28
family, such as CD28 and ICOS, transmit intracellular signals via
the phosphatidylinositol 3-kinase (PI3K)-Akt pathway, while 4-
1BB, OX40, and CD27 of the TNFR family rely on TRAF proteins
for signal transduction (59). CD28 and 4-1BB are commonly
employed molecules to augment activation signals and redirect
effector cell cytotoxicity towards cancer cells. CD28-integrated
CARs trigger faster T cell activation, proliferation, and cytolysis
but shorter persistence. Conversely, 4-1BB-based CARs enhance
T-cell endurance by promoting oxidative metabolism and
mitobiogenesis, resulting in slower effector responses (60).
Activation through CD3{ and 4-1BB allows genetically modified
NK cells to overcome killer immunoglobulin-like receptors (KIR)-
mediated inhibitory responses in B cell malignancies (61).
Furthermore, 4-1BB signaling activates the PI3K and MEK %
pathways to enhance cell cycle progression, boosting the potency
and persistence of CAR-expressing effector cells to a larger extent
than CD28 (62). 2B4, a member of the SLAM family, is a
costimulatory molecule specific to cytotoxic lymphocytes. Signal
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TABLE 1 CAR-NK platforms to target liquid tumors.

Type of Target Intracellular References

Cancer Antigen Domain

MM CD138 CD3¢ 37)

MM CS1 CD28-CD3(¢ (38)

MM NKG2D 4-1BB-CD3( (39)

MM BCMA 2B4-CD3{, (40, 41)

MM BCMA unknown (42)

MM BCMA unknown (31)
GPRC5D

MM GPRC5D unknown (43)
CD38

MM BCMA unknown (44)

T-ALL CD5 CD28-4-1BB-CD3({ (45)

B cell CD19 CD28-4-1BB-CD3( (46)

lymphoma

B-ALL CD19 4-1BB-CD3( (47)

B-ALL CD19 CD28-CD3( (48)

B-cell leukemia CD19 CD28-CD3( (49)

4-1BB-CD3(

B-ALL CD19 4-1BB-CD3( (50)

B-ALL CD19 CD28-CD3( (51)

B-lineage CD19 CD3¢ (52)

leukemia

B-ALL FLT3 CD28-CD3( (53)

CLL CD19 CD28-CD3(-IL15 (54)

B-NHL CD20 4-1BB-CD3( (55)

Burkitt CD20 4-1BB-CD3( (56)

lymphoma

Burkitt CD38 CD28-4-1BB-CD3( (57)

lymphoma

NHL CD4 CD28-4-1BB-CD3{, (58)

transduction through 2B4 requires the recruitment of SLAM-
associated protein (SAP) for NK cell activation (63).

CD28/4-1BB/2B4/CD3{ CAR-NK cells have shown potent
anti-MM response in various in vitro and in vivo settings (23, 31,
32, 42). For example, CD3(, and 4-1BB have been incorporated into
CAR-NKG2D to promote the antitumor activity of NK cells (39,
64). 2B4-based CAR-NK cells were found to elicit potent effector
response and durable anti-MM activity, supporting the translation
of FT576 (BCMA CAR-NK) (44). The FDA-approved Abecma and
Carvykti for R/R MM contain CD3( and 4-1BB (65, 66). Overall,
this indicates each malignancy requires a specific incorporation of
CD3{ backbone and co-stimulatory protein(s) in CAR constructs to
each type of effector cells, and the various combination of CD28/4-
1BB/2B4/CD3( is preferably used as intracellular domains of CAR-
NK cell therapy.

As cytotoxicity of NK cells relies on the balance between
inhibitory and activating receptors, disrupting such balance would
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enable the innate lymphocytes to be more aggressive toward
malignant cells. However, each subset of NK cells displays a
distinct phenotype. Depletion of NKG2A, a constitutively
expressed inhibitory receptor, was demonstrated to be a potential
strategy to enhance the cytotoxicity of memory-like NK cells but
not conventional NK cells (67). When the receptor is suppressed,
NKG2A-mediated cytotoxic functions are unleased, leading to
better recognizing and cytotoxic responses. NKG2A-deficient NK
cells display enhanced IFN-y production, a crucial proinflammatory
cytokine in activating cellular immunity and stimulating antitumor
responses (68, 69). Blocking NKG2A expression or its interaction
with HLA-E has shown positive outcomes in preclinical studies and
early-phase clinical trials as a strategy for enhancing anti-tumor
immune responses (67). This suggests multidimensional and
thorough analyses are needed to elucidate the physiological role
of those receptors, thereby precisely targeting and exploiting
therapeutic effects in different cancer settings.

An advanced CAR-based strategy involves reducing fratricide
(cells to kill their siblings) of bioengineered immune cells without
compromising CAR-mediated antitumor responses, in which both
inhibitory CAR (iCAR) and activating CAR (aCAR) are
incorporated into NK cells (70). Trogocytosis is a rapid process of
surface protein uptake cells (71). Both CAR19-transduced T cells
and NK cells undergo trogocytosis in cancer settings, but the
antigen-uptake action is less dramatic in the former. A positive
correlation between trogocytic antigen acquisition and reduction of
CD19 mediated through immunologic synapse formation is
observed (70). This study proves that mitigating the fratricide of
NK cells is feasible without impairing key anti-tumor activities
through implementing a novel dual CAR system in which iCAR-
mediated responses overdrive a CAR-induced immunomodulatory
consequence. Logic-gated strategies can be applied but not limited
to NK cells to further enhance the anti-MM activity of CAR-
modified immune cells. Overall, elucidating the fundamental roles
of inhibitory and activating receptors of NK cells in the context of
cell-cell interaction and cellular homeostasis would critically drive
the development of sustained NK cell-based immunotherapy.

The safety concerns associated with adoptive cellular therapy,
such as an incomplete understanding of CAR-expressing cell
behavior, uncontrolled immune responses, and the risk of
lymphoma caused by infected allogeneic lymphocytes after
infusion, are critical areas for advancing translational research.
One strategy to address these concerns is incorporating an
inducible suicide switch, such as the inducible caspase-9 (iCasp9)
system, into CAR-expressing cells. This allows swift elimination of
the cells through activation of the suicide switch using a specific
chemical inducer of dimerization (54). Indeed, iCasp9 has been
integrated into CAR19 to ensure the safety of CAR-NK cell therapy
in humans (13).

An out-of-the-box strategy has been tested to produce CAR-
expressing cells to obviate some medical complications associated
with allogeneic transfusion. For heavily treated patients, the number
of effector cells is frequently insufficient for conducting adoptive
immune cell therapy. This resolves the need for an innovative
approach that enables limited effector cells to expand, acquire
transgenes, and exhibit newly desirable functionalities. Unlike
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most of the traditional methods to generate CAR-T in vitro,
CD19-targeted CAR T cells are generated in vivo by the use of T
cell-specific lentiviral vectors (LVs) CD4 and/or CD8-LV indicating
an unconventional way to produce CAR-expressing immune cells
(72-74). Macrophages emerge as the potential barrier for
gene transfer, engineering the vector surface to reduce the
immunogenicity of the carriers overcomes the macrophage
obstacle resulting in more efficient gene transduction (74). A
similar approach can be used to generate CAR-NK in situ. For
example, envelope proteins are first modified to suit the delivery to
NK cells. NK cell specificity can be obtained by fusing the envelop
proteins with a NK-specific scFv (for example, NKG2D scFv).
Although promising, in vivo generation of CAR-expressing cells
using viral or non-viral particles requires thorough engineering and
preclinical testing (i.e., antitumor efficacy, cytokine profile, yield of
gene transfer, biodistribution, immunogenicity, and off-target
transfer) before translating to human use.

2.2.2 CRISPR-based editing to improve NK cell
effector response

The translational development of genetically modified NK cells
NK has been hindered by the intrinsic susceptibility of NK cells to
exotic genetic materials. Advances in genome editing and viral-
based delivery resolve challenges associated with editing and CAR
transduction into NK cells, respectively. Efficient CRISPR platforms
have been developed to genetically manipulate NK cells for
immunotherapy (75-77).

Traditional viral vectors face several concerns, including safety,
scalability, and transduction efficiency. To overcome these challenges,
more effective viral vector-based transfection systems, such as Baboon
envelope pseudotyped lentiviral vectors, and non-viral gene delivery
methods like electroporation, transposon systems, and nanoparticles,
have been established and reported elsewhere (78-81). Thus, the
therapeutic potency of adoptive NK cells can be enhanced by CRISPR
editing. In this section, we focus on CRISPR platform to edit the NK
cell genome for therapeutic purposes.

The combination of genome editing and CAR technology
presents a novel approach to enhance the metabolic fitness and
the antitumor activity of CAR-expressing cells. CRISPR-Cas9
enables targeted insertion of the CAR construct into a specific
genomic locus, minimizing the risk of insertional mutagenesis and
off-target effects. As various tumor intrinsic and extrinsic resistance
mechanisms can cripple NK cell function (82), CRISPR/Cas9-based
precision genome editing serves as a potent tool to overcome
functional exhaustion, limited migration, and impaired
persistence. Using the Cas9 platform, the CD38 knockout rate of
peripheral blood NK cells was relatively high (>80%). When whole
genome sequencing was performed to identify mutations that may
result from off-target editing, only 4 off-target genes with potentially
high-impact mutations (startloss, stopgain, and frameshift) were
found in target NK cells, demonstrating the high efficacy of the
CRISPR/Cas9 platform (83). The generated CD38” NK cells resist
to daratumumab-induced conjugation and fratricide. These CD38™""
NK cells also demonstrate enhanced ADCC activity against MM
cell lines with low CD38 expression and MM cells obtained from a
non-responsive daratumumab (DARA)-treated patient, compared
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to CD38 wild-type NK cells. The deletion of CD38 resulted in
reprogramming key metabolic events, such as increased
mitochondrial respiration and oxidative phosphorylation, likely
contributing to their enhanced functional longevity against MM
(83). These findings suggest CD38-depleted NK cells could benefit
DARA-treated patients with residual low CD38-expressing MM
cells. Another CRISPR/Cas9 engineering application in the CAR-
NK approach involves targeting the CIS protein (encoded by CISH),
a component of the IL-15 signaling axis, to enhance in vivo
persistence and cytotoxic functionality (84). The CISH knockout
rate was also encouraging (>80%), while the CAR transduction
efficiency and cell viability reached >90%. The CAR expression was
stable over time in transduced cells. To mitigate off-target editing
events mediated by CRISPR-Cas9 RNP complexes, genome-wide
off-target effects of CISH gRNAs are assessed using guide-seq and
rhAmpSeq technologies in HEK293 cells. Although Cas9 exhibited
alow frequency of off-target events with the utilized CRISPR RNAs,
the off-target events were further reduced to less than 0.5% by
employing a high-fidelity Cas9 protein (84). This IL-15 signaling-
targeted approach enhances NK cell-mediated antitumor responses,
leading to the complete elimination of lymphoma grafts.

To further boost ADCC, suppressing NK cell inhibitory
signaling using a highly efficient CRISPR/Cas9 platform was also
reported, in which the editing efficiency achieved >80% with >98%
transfection efficiency and 90% cell viability (76). Knockout of
ADAMI17 (a negative regulator of ADCC) or CRISPR knock-in of
a non-cleavable CD16a variant increased ADCC. However, the
capacity of tumor cells to suppress NK cell-mediated ADCC via
inducing inhibitory signals, including PD-L1 and PD-1 interaction,
makes targeting PD-1 on NK cells a viable approach. Indeed,
knockout of PD-1 significantly enhanced NK cell-mediated
ADCC to cancer cells (76). Collectively, these data indicate the
clinical translation potential of the CRISPR/Cas9 platform to
improve the clinical efficacy of adoptive NK cell therapy.

Although powerful, CRISPR/Cas9 technology requires double-
stranded breaks for editing properly. This may cause genome
instability. Base editing has been developed with enormous
potential in treating genetic diseases, especially point mutation-
associated disorders. Unlike other DNA manipulation methods,
base editing enables precise and irreversible conversion of DNA
base without causing DNA breaks, thus preserving chromosomal
stability (85, 86). Promising preclinical results have paved the way
for base-edited CAR-T clinical trials (87, 88). For the first time, the
CRISPR-guided base editing approach was proven effective in
human applications to treat relapsed CD7-expressing T-ALL (89).
Base editing has also been applied to improve effector functions of
NK cells with high editing rates and knockout protein levels (90).
Targeting multiple genes (i.e., ARH, CISH, KLRGI, TIGIT, KLRCl,
PDCD1, and CD16A) that inhibit NK cell effector function did not
affect the base editing efficiency (95%) in NK cells, while deletion of
CD16A significantly increased NK cell-mediated ADCC (90). As
the safety and feasibility of this editing technology are demonstrated
in T cells, NK cell-based immunotherapy would likely gain
translational advancement for clinical use by titrated and timed
depleting inhibitory signals or enhancing metabolic fitness.
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2.3 Metabolic engineering to increase
antitumor functionality and persistence
of NK cells

Modulating NK cell metabolism has been a strategic approach
to enhance the therapeutic efficacy of adoptive NK cell therapy
(54, 91-93). Cytokines (i.e., IL-12, IL-15, IL-18, TGF-f) and other
vital metabolic regulators of the innate lymphocytes are often
manipulated (Figure 2).

IL-12, a pro-inflammatory cytokine, plays a central role in
regulating innate and adaptive immunity and essentially involves
in the generation of memory-like NK cells (94, 95). Integrating IL-
12 into CAR-T exodomain reprograms cellular functional capacity
by converting CD8" T cells to multi-functional NK-like cells.
Intriguingly, simultaneous signaling coordinated by the CD28-{
CAR and ILI12 is required for potent antitumor activity (91).
Similarly, MUC16-targeted CD28-{ CAR T cells failed to reduce
xenograft tumors, but the addition of IL12 endowed the CAR-T
cells with eftective tumor control (96). Given that IL-12 plays a role
in the secretion of IFN-v and control of NK cell proliferation and
cytotoxicity, incorporating IL-12 into CD28-{ CAR construct
would be a promising strategy to enhance NK cell
antitumor response.

IL-18 is a pleiotropic cytokine that activates NK and cytotoxic T
cells (97). IL-18 augments IFN-y production in NK cells and CD16-
mediated cytolytic activity (98). This cytokine also strongly
promotes NK cell proliferation and confers NK cells an APC-like
phenotype to eliminate tumor cells effectively (99). Due to its
essential roles in immune cells’ development and antitumor
activity, IL-18 is incorporated into CAR-T constructs to promote
T cells’ proliferation, persistence, and antitumor activity (93, 100).
Similar to IL-12, how IL-18 incorporation modulates effector
functions, expansion, and persistence of adoptive NK cells
remains encouraged to be investigated.

IL-15 is one of the best-studied signaling molecules of CAR
technology with somewhat contradictory data (13, 54, 101, 102). In
a preclinical study, 2B4. CAR but not 4-1BB CAR-NK cells
displayed improved AML-killing efficacy. The secreted IL-15
augmented CAR-NK cell expansion and anti-AML cytotoxicity
but caused systemic toxicity, which was attributed to the dramatic
proliferation of NK cells associated with high circulating IL-15 and
other proinflammatory cytokines levels causing early death in one
of two used mice models (101). In CAR-NK therapy, IL-15 is the
only interleukin whose presence is proven to contribute to clinical
efficacy (13). Moreover, IL-15 significantly contributes to
overcoming the loss of metabolic fitness, a primary drug-
resistance mechanism in CAR-NK cell therapy (103). These
findings set the notion for targeting the cytokine signaling axis to
enhance the therapeutic effects of adoptive NK cell transfer.

One such translational approach is the knockout of CISH, a
critical negative regulator of IL-15 signaling. Ablation of the CIS
checkpoint lifted the restraint on IL-15 signaling, resulting in
increased basal glycolysis, glycolytic capacity, maximal
mitochondrial respiration, and ATP-linked respiration (104). As
the role of IL-15 in NK cell metabolism is regulated by mTOR
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FIGURE 2

Bioengineering approaches to enhance NK cell function. Legend 2: various molecular approaches can be deployed to empower NK cells with novel
functionalities and enhance NK cell-based tumor-killing capacity. Optimizing target recognition and binding of CAR-NK therapy through targeting
multiple cancer antigens and taking advantage of inhibitory KIR signals are major strategies to boost NK cell cytotoxicity toward cancer cells. In
addition, negative regulators of NK cell metabolism are another primary target to improve antitumor activity.

activation, inhibition of mTORCI completely neutralized glycolysis
and oxidative phosphorylation levels in the CIS-deficient iPSC-
derived NK (iNK) cells compared with wild-type, demonstrating
the mTOR pathway mediates the improved metabolic fitness and
enhanced effector function. Rather than only targeting cancer cell-
intrinsic factors, reprogramming effector cell metabolism via
inhibiting intracellular immune checkpoints is a notable strategy
to complement existing advanced adoptive immunotherapies.
TGF-B is an immune checkpoint of the TME and can suppress
the anti-tumor activity of NK cells in the TME. Upregulation of
TGEF-B is associated with reduced granule exocytosis, tumor-killing
activity, and IFN-y secretion of NK cells by down-regulating their
activating receptors, including NKG2D, NKp30, and DNAM-1
(105). TGE-B further impairs IFN-y and ADCC of NK cells by
inhibiting CD16 (106). Given such critical roles, blocking TGF-f in
combination with a tumor target recognition platform (i.e., CAR
technology) would further promote NK cell metabolic and
antitumor responses. Indeed, TGF-B was intervened using small
molecule inhibitors (GC1008, LY3022859) to reduce tumor burden
and metastasis (107). An interleukin (IL)-15 superagonist/IL-15
receptor o fusion complex (IL-15SA/IL-15RA) functions as an
inhibitor of TGF-B1 signaling to inhibit Smad2/3-induced
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transcription, resulting in the rescue of NK cell cytotoxic
function (108).

Genetic modification of the TGF-J3 receptor is an alternative to
exert activating signals instead of TGF-B-mediated inhibitory
responses in TGF-f-secreting malignancies. Indeed, imprinting a
mutant TGF-B dominant-negative to NK-specific activating
domains renders the modified TGF-f3 receptor-expressing NK
cells potent cytotoxicity against neuroblastoma, conferring
significant protection to mice (109).

Glycoengineering has been developed to complement genetic
engineering to augment immune cell-mediated antitumor response.
CD22-targeted glycoengineered NK cells were generated using
modified sialic acid derivatives, MPB-sia 1 and BPC-sia 2. The
glycoengineered NK-92 cells showed enhanced binding affinity and
cytotoxicity against CD22-positive lymphoma cells, effectively
protecting B-cell lymphoma-challenged mice (110). As the
expression of target protein in the chemically engineered cells is
transient, this novel and simple platform would find a more
prominent application niche in enhancing the homing and
cytotoxic activity of CAR-expressing immune cells.

Collectively, these convincing preclinical results strongly
support the premise of exploring and targeting key negative
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metabolic modulators of immune cells to overcome the TME and
improve patient outcomes.

2.4 CAR-NK cell vs. CAR-T cell therapy in
multiple myeloma

Advantages of adoptive T cells over NK cells include the potent
cytotoxicity, specificity, and ease of genetic manipulation, while the
presence of TCR in T cells essentially hinders their allogeneic
application. NK cells, on the other hand, are entitled to off-the-
shelf features (Table 2). The integration of CAR has offered NK cells
unique functionalities that are not available in primary NK cells,
including antigen specificity, tumor trafficking, better persistence,
and expansion.

Development of the NY-ESO-1-targeted TCR-T therapy in MM
was discontinued after showing good clinical response (111). In
contrast, BCMA CAR-T cell products have already earned FDA
approval in R/R MM. The hematological malignancy still returns to
CAR-T-cell-infused patients after 12-13 months, albeit with a high
response rate (10, 112). This fuels the optimization of the current
CAR-T platform as well as identifying better alternatives. CAR-NK
cell therapies in MM are in the very early development stage with
actively ongoing research.

Antigen escape and the hostile TME are determined as the
significant causes of the therapeutic resistance of MM in response to
CAR-T immunotherapeutic treatment. To tackle antigen
downregulation, CAR-T cell targeting other MM-associated
epitopes (i.e. CD138, CD38, CD19, GPRC5D, SLAMF7/CS1,
APRIL, TACI, CD229, CD56, MUC1, NKG2D ligands, integrin
B7, Kappa light chain, FcRH5, CCR10 and CD44v6) rather than
BCMA alone have exhibited encouraging results (113). Likewise,
CAR-NK cells target the same MM-associated antigens, including
CD38, CD138, BCMA, and SLAMF7/CS1, and also have shown
preclinical activity (6, 114).

A NK-specific BCMA-targeted CAR constructed from 4
transgenes and intracellular signaling modalities derived from

TABLE 2 CAR-NK vs CAR-T cell therapy.

Cellular  Target

therapy  antigens Advantages Disadvantages
CAR-T Surface - Potent cytotoxicity - High relapse rate
TAAs - Durable clinical - Mainly autologous
response - CRS
- Single infusion - Neurotoxicity
- Long-term benefit due | - Poor tumor
to “living drug” nature trafficking capacity
- High cost
CAR-NK Surface - High safety profile - Resistance to
TAAs with no CRS, genetic engineering

neurotoxicity, and - Poor tumor

GvHD in an allogenic trafficking capacity

setting - Requiring more
- Inherent antitumor clinically
functionality demonstrated

- Off-the-shelf efficacy
manufacturing
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NKG2D, 2B4, and CD3{ has shown translational results with
potent antitumor activity against MM in various mice models
(40). The integration of non-cleavable CD16 (hnCD16) to the
cassette and knockout of CD38 substantially increased ADCC-
mediated antitumor response and mitigated fratricide,
respectively, while the expression of membrane-bound IL-15
fusion promotes iNK cell metabolic fitness (40). To enhance
therapeutic efficacy, the tumor necrosis factor-related apoptosis-
inducing ligand (sTRAIL) is integrated into the CAR-BCMA
construct to induce apoptosis in TRAIL-R upregulated cancer
cells. The notion of more significant antitumor responses derived
from the multimodality approach is also supported by the
preclinical study’s findings, in which a dramatic synergistic cell
lysis effect toward MM was obtained by using a combination of the
engineered NK-92 cells therapy combined with targeted inhibitors
(Bortezomib or y-secretase inhibitors) (42). Given the therapeutic
relevance of targeting BCMA in MM, several groups have generated
dual CAR targeting BCMA and other antigens of interest, such as
MICA/MICB or GPRC5D, to address the efficacy limitations of
CAR-T (31-33). These dual-targeting CARs also empowered NK
cells with potent and durable antitumor response against MM cell
lines that highly or poorly express the antigenic proteins.

Poor infiltration of effector cells to tumor sites is one limitation
of cellular immunotherapy (115). Ex vivo manipulation of
lymphocytes downregulates CXCR4, a crucial homing molecule
for lymphocytic cell trafficking to the bone marrow by binding
to CXCL12/SDF-1a (116). Enforced expression of the
chemoattractant protein may improve lymphocyte retention in
bone marrow and disease control. Indeed, increased migration
toward bone marrow niche-expressing chemokine CXCL12/SDF-
1o of CXCR4-modified NK cells in vitro and a surged infiltration in
bone marrow compartments in vivo were observed. Interestingly,
intravenous injection of the CXCR4 and anti-BCMA CAR-NK cells
significantly decreased tumor burden and prolonged survival of
MM-grafted mice (117).

SLAMF7/CS-1, a highly expressed protein in MM cells but low
in most immune cells and healthy tissues, may promote MM cell
adhesion, clonogenic growth, and tumorigenicity, making them a
rational target of MM (38, 118, 119). CS-1 was manipulated to
improve therapeutic efficacy as well as prevent fratricide in CAR-T
cells (119); however, deletion of CS-1 only protected the CAR-T
cells from fratricide but did not enhance tumor control compared to
CS-1-expressing CAR-T cells. In the CAR-NK setting, the function
of CS1-scFv is amplified through a 2nd gen CAR construct
containing an intracellular signaling domain of CD28-CD3(.
CS1-specific CAR-NK cells exhibited potent antitumor responses
against MM primary cells and cell lines, and adoptive transfer of the
CAR-NK cells suppresses MM proliferation in a xenograft model.
The degree of therapeutic effect of ablating CS-1 expression in CS-1-
CAR-NK cells remains uninvestigated.

Another therapeutic target antigen for MM is CD138. This
protein is often overexpressed on the MM cell surface, and blocking
CD138 sensitizes myeloma cells to chemotherapy (120).

CARI138 T cells using NK-92-derived anti-CD138 scFv, CD8a,
4-1BB, and CD3( are safe, tolerable, and have first shown a glimpse
of clinical effect (121). NK92 cells were modified to express CD138-
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targeted CAR in both in vitro and in vivo models (37). This 1st gen
CAR is constructed from an anti-CD138 scFv sequence fused with
CD3( to successfully render NK92 cells with enhanced antitumor
activity toward CD138-expressing MM cells, surprisingly unaffected
by irradiation. This preclinical study leaves a plenty of room for
improvement as other CAR components, such as additional
costimulatory domain, homing factor, or autologous interleukin,
were not incorporated in the original synthetic construct. However,
targeting CD138 is problematic due to the reduced expression of
CD138 on primary MM cells in patients with relapsed/progressive
disease (122). This may be the reason why CD138 has not been
further clinically tested in MM using cellular immunotherapy.

Other overexpressed antigens on viral infected or aberrant cells
are NKG2DLs. The epitopes are not usually expressed in healthy
tissues, thus can be a feasible target. By another approach,
autologous NK cells are taken out of MM patients and then
undergo activation and expansion (AE) before being imprinted
with a novel NKG2DL-specific CAR containing the extracellular
domain of the NKG2D receptor (39). The CAR-NK platform
showed translational implications accompanied by cytotoxicity
toward MM cells but not normal cells and administration of
MM-engrafted mice with the CAR-NK cells resulted in effective
control of MM growth. Although the exact CAR-NKAE-mediated
killing mechanism is unknown, the CAR-expressing NKAE cells
exhibited increased expression of genes involved in cell activation,
migration, exocytosis, and immune effector process.

Efforts in the therapeutic development of CAR-NK cell therapy
for MM can also shift to other surface antigens such as CD229,
integrin 37, CD70, and CD126 due to their prognostic value, and
role in plasma cell biology.

3 Adoptive NK cell manufacturing:
retaining effector functions after
freeze-thaw cycles

Fresh CAR-based cellular immunotherapy such as CAR-T and
CAR-NK cell products are required to infuse to patients,
complicating and limiting the accessibility of adoptive immune
cell therapy. An off-the-shelf approach is ideal to replace current
adaptive immune cell therapy platform to timely provide banked
cells to patients in need, lower cost of manufacturing and handling
risk, and to conduct multi-site studies. As a result, retaining effector
functions of adoptive NK cells after freeze-thaw cycles is critical.

To meet the unmet demand for immune cell-based anticancer
therapy and to reduce the risk of human-related factors, it is
necessary to automatically produce a large number of effector
cells for downstream manufacturing and processing. The
prevalent method involves growing the separated NK cells in a
stationary culture and moving them to rock bioreactors, efficiently
supporting and maintaining large cell populations (123). A rocking
motion bioreactor enables gentle mixing of the cell culture,
promoting homogeneity and preventing cell settling. This helps
maintain NK cell viability while supporting efficient nutrient and
gas exchange, providing a controlled environment for cell growth
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and optimizing culture conditions, including temperature, pH, gas
exchange, and nutrient supply (124). The feasibility of a
decentralized manufacturing process for CAR-T cells using an
automated closed system in a developing country setting positions
the feasibility of that high-volume production of CAR-expressing
cells for clinical use (125-127).

Optimizing storage and handling conditions for CAR-NK cells
is needed to preserve cytotoxic and effector functions of banked cells
(128, 129). Several factors are known to influence cryopreserved
cells’ post-thaw recovery and functionality, including the selection
of cryoprotective agents and the cooling rate during freezing,
storage, and thawing conditions. The rate at which the
temperature decreases during freezing significantly affects post-
thaw survival, emphasizing the importance of controlled-rate
freezing for optimal outcomes. Proper storage conditions, such as
temperatures below -150°C, are essential for maintaining cell
stability (130).

Next, cryopreservation of NK cell-based therapies is challenging
because cryopreserved effector cells often exhibit poor post-thaw
viability, loss of motility, reduced expression of activating receptors,
and functionality compared to fresh cells (131) (132-134). The
reduced proliferation and cytotoxicity post-thaw can negatively
impact their therapeutic efficacy, leading many clinical trials
to opt for fresh NK cells despite the logistical difficulties
associated with maintaining fresh cells (135, 136). Efforts have
been made to optimize cryopreservation methods and develop
alternative preservation techniques to address the challenges in
cryopreserving innate and adaptive lymphocytes.

Adding an optimal amount of osmolytes enables cells and
tissues to endure unfavorable conditions and stresses. The
universal use of dimethyl sulfoxide (DMSO) has been challenged
by its cytotoxicity and adverse events upon administration of
thawed cells to patients. Prolonged exposure time to DMSO
directly impacts cell viability and functionality, highlighting the
demand for DMSO-free cryoprotectants (137). Each osmolyte has a
unique role in maintaining cell viability. For example, sugars
support the stabilization of the cell membrane, glycerol helps to
stabilize cellular proteins, while amino acids prevent sugar
precipitation. Indeed, a combination of the aforementioned
osmolytes improved stabilizing Jurkat cells and mesenchymal
stromal cells during freezing (138). Furthermore, higher glycerol
concentrations increased post-thaw cell recovery. Similarly, DMSO-
free media may enhance the preservation of dendritic cells by
preventing DMSO-induced cytoskeleton depolymerization, thus
improving post-thaw cell function (139). New cryopreservation
and thawing technologies, such as LN2-free controlled-rate
freezers and dry thawing devices, have been developed to acquire
more consistent and standardized methods for freezing and
thawing, reducing contamination risks and improving cell
recovery (140). A simple and effective particle-based method to
expand and cryopreserve NK cells is stimulating the cells with
PM21 particles (prepared from K562-mb21-41BBL cells) (141,
142). Based on several lines of evidence, it is hinted that adding
PM21 particles preserve cytotoxicity and expression of activating
receptors of the stimulated NK cells compared to fresh NK cells.
This suggests that osmolytes jointly function to improve post-thaw
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recovery by limiting the crystallization of intracellular water, thus
in-depth understanding of how osmolytes act in concert is valuable
to enhance cell viability.

Functional NK cells can be obtained from various sources,
including the NK-92 cell line, peripheral blood cells, umbilical
cord blood (CB), and iPSCs. The generation of iPSC-derived
effector cells, including T cells, NK cells, macrophages and
neutrophils, represents a significant progress in improving the
accessibility of adoptive immune cell therapy.

Large-scale off-the-shelf iNK cell production has been established
(143, 144), in which transcriptional profiling shows a considerable
similarity between iNK and peripheral blood NK cells. Importantly,
innate and modified receptor-mediated antitumor activity are also
retained after a freeze-thaw cycle. This innovative platform overcomes
the limitations associated with traditional NK cell sources, such as
inconsistency and finite cell quantities, by providing a consistent and
virtually limitless supply of functional NK cells. CAR-iNK cells have
shown considerably encouraging results in preclinical studies, and their
use can simplify the manufacturing process and enhance the
consistency of the final product (145). Given these engineered
homogenous NK cells can be produced in advance and stored for
use as needed, this makes them a suitable off-the-shelf product to
reduce cost and waiting time for patient, promoting treatment

10.3389/fonc.2023.1275076

accessibility to a larger patient population (41). Moreover, this iPSC-
derived cell therapy synergizes with anti-PD-1, bolstering antitumor
responses via recruiting and corporating with T cells (143). iNK cell-
based therapies have entered clinical trials (NCT03841110,
NCT04023071) as monotherapy or in combination with ICIs for
cancer treatment with high expectations. A direct comparison
between CAR-NK and CAR-iNK cell therapy is described in
Figure 3. Given the noticeable limitations of irradiated NK-92 cells
and CB/PB-derived NK cells, it is likely that iPSC-NK cells would
triumph in adoptive NK cell therapy.

In another context, Fate Therapeutics has developed a
cryopreservation method that enables high-cell density fill (HD-
fill) doses of engineered iNK cells to be administered to patients
(146). Although the formulation was not revealed, this platform
demonstrated a comparable recovery and viability between
standard and HD-fill densities, accompanied by retained
transgene expression and cytotoxicity. Moreover, HD-fill
bioengineered iNK cells can be preserved in liquid nitrogen and
deep freezers (-80°C), which are available at most hospitals
worldwide. These findings may pave the way for the
implementation of advances in cryopreservation in clinical trials,
but it would probably take several more years to have obtained
credible cryopreservation methods for human use.
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CAR-iNK vs. CAR-NK cell therapy. Legend 3: CAR-INK vs. CAR-NK cell therapy. CAR-modified NK cells can be manufactured from different sources,
including whole blood, UCB, and NK cell lines. For CAR-INK cells, whole blood from donors is collected and then subjected to gradient density to
collect the buffy coat that contains PBMCs. Next, PBMCs undergo reprogramming through multiple selection steps to become iPSCs which are
transduced with CAR constructs and expand to a desirable number. These CAR-iPSCs are then differentiated into homogenous, ready-to-infuse
CAR-iNK cells. NK cells are first isolated for CAR-NK cells generated from more traditional sources. Next, synthetic constructs are integrated into the
NK cells, followed by expansion, purification, and quality control before infusing them into patients.
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4 Adoptive NK cell therapy in
clinical trials

Adoptive NK cell therapy is growing at an exponential pace
(Table 3). Before 2019 there were only 4 CAR-NK clinical trials, and
after 2019 the number soared to more than 40. Half of the CAR-NK
trials are in phase I/II and actively recruiting patients, 14 in the early
phase I, two completed trials (NCT03056339 and NCT02944162),
and one terminated. Clinical trials involving CD7, CD19, GPRC5D
and/or BCMA-targeted CAR-T cells, and CD19-targeted CAR-NK
cells have delivered encouraging results in treating hematological
malignancies (89, 147). Among the CAR-NK constructs, CD19
remains the preferred target, with 20 trials conducted on patients
with B cell lymphoma.

Early crucial data on 11 heavily pretreated R/R CLL or non-
Hodgkin lymphoma patients showed objective responses (OR) in 8
patients, CR in 7 patients upon infusing with CB-derived CAR19

TABLE 3 CAR-NK clinical trials.

Target antigens, CAR construct &

10.3389/fonc.2023.1275076

allogeneic NK cells (13). These results imply that CB-NK cells
support CAR’s stable and efficient expression with promising
preliminary efficacy and minimal safety concerns. NCT04245722
also targeted CD19 to treat BCLs and CLL (148). In two treatment
regimens comprised of CAR-NK products and chemotherapy,
clinical benefit was observed in 9 patients (5 from regimen A, and
4 from regimen B), of which 7 had CR. CAR-T immunotherapy is
considered the last therapeutic option for patients with R/R tumors,
leaving CAR-T-treated relapsed patients virtually incurable.
Interestingly, 2/4 CAR-T-treated relapsed patients had CR.
Although the sample size is small, this may indicate another
milestone for CAR-NK therapy. However, detailed medical and
physiological reports of enrolled patients have not been disclosed.
Thus, deciphering the working mechanism responsible for the
preliminary therapeutic responses (e.g., FI596 monotherapy, or
rituximab combination) is required for further development of the
CAR-NK therapy.

Sources of NK

Cancer type

transfection method cells

Phase I-1I Jun 2017 - CD19-CD28-zeta-2A-iCasp9-IL15 CB B-lymphoid malignancies (ALL, NCT03056339
Mar 2023 Retroviral vector CLL, NHL)

Phase II Mar 2020 - CD19-NKG2D-2B4- CD3{-IL-15/R-hnCD16 iPSC R/R BCLs and CLL NCT04245722
May 2039 Lentiviral vector

Phase I May 2021 - Construct not disclosed Haploidentical NK cells B-cell NHL NCT04887012
May 2024 Target CD19

Lentiviral vector

Phase I Oct 2021 - Construct not disclosed CB R/R AML NCT05247957

(Terminated) = Dec 2022 Target NKG2DL

Phase I Sep 2022 - Construct not disclosed CB B-cell NHL NCT05472558
Sep 2025 Target CD19

Early phase I = Jan 2023 - Construct not disclosed N/A R/R diffuse large BCL NCT05673447
Dec 2024 Target CD19

Phase 1/I1a Jun 2022 - Claudiné CAR-NK expressing IL7/CCL19 and/or PB CLDNG6+ advanced solid tumors | NCT05410717
May 2034 scFvs against PD1/CTLA4/Lag3

Early phase I~ Oct 2022 - Construct not disclosed N/A R/R AML NCT05574608
Oct 2024 Target CD123

Early phase I Mar 2023 - Construct not disclosed N/A R/R B-cell ALL, BCL, CLL NCT05739227
May 2025 Target CD19

Phase I Dec 2021 - Construct not disclosed N/A Refractory metastatic colorectal NCT05213195
Jun 2024 Target NKG2DL cancer

Phase I Jan 2023 - Construct not disclosed NK-92 cell line R/R solid tumors NCT05528341
Nov 2023 Target NKG2D

Phase I Dec 2022 - Construct not disclosed N/A Adult R/R B-cell hematologic NCT05645601
Dec 2024 Target CD19 malignancies

Early phase I = Nov 2020 - Construct not disclosed N/A AML NCT05215015
Nov 2022 Dual target CD33/CLL1

Not Mae 2023 — Construct not disclosed N/A Platinum-resistant recurrent NCT05776355

applicable Sep 2024 Target NKG2D ovarian cancer

Early phase I~ Dec 2021 - Construct not disclosed N/A Advanced solid tumors NCT05194709
Dec 2022 Target 5T4

(Continued)
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TABLE 3 Continued

10.3389/fonc.2023.1275076

Target antigens, CAR construct &  Sources of NK Cancer type NCT
transfection method cells number
Not Mar 2023 - Construct not disclosed N/A R/R AML NCT05734898
applicable Sep 2024 Target NKG2D
Early phase I Dec 2020 - Construct not disclosed N/A R/R NHL NCT04639739
Dec 2023 Target CD19
Early phase I = Mar 2019 - Construct not disclosed N/A R/R BCL NCT03692767
Nov 2021 Target CD22
Early phase I = Mar 2019 - Construct not disclosed N/A R/R BCL NCT03690310
Nov 2021 Target CD19
Phase I Dec 2021 - Construct not disclosed N/A R/R AML NCT05008575
Dec 2023 Target CD33
Early phaseI ~ Nov 2022 - Construct not disclosed N/A R/R multiple myeloma NCT05652530
Nov 2023 Target BCMA
Early phase I =~ Mar 2019 - Construct not disclosed PB Ovarian epithelial cancer NCT03692637
Nov 2021 Target mesothelin
Phase [ Jan 2018 - Construct not disclosed N/A Metastatic solid tumors NCT03415100
Dec 2019 Target NKG2DL
Phase I Sep 2022 - Construct not disclosed N/A Extensive stage small cell lung NCT05507593
Jun 2023 Target DLL3 cancer
Early phase I Oct 2021 - Construct not disclosed UB and CB R/R multiple myeloma NCT05008536
Sep 2023 Target BCMA
Phase I May 2019 - Construct not disclosed N/A Solid tumor NCT03940820
Phase II May 2022 Target ROBO1
Phase I May 2019 - Construct not disclosed NK-92 cell line R/R multiple myeloma NCT03940833
Phase IT May 2022 Target BCMA
Phase I May 2022 - Construct not disclosed N/A ALL, CLL, NHL NCT05410041
May 2024 Target CD19
Phase IT Dec 2021 - Construct not disclosed N/A Recurrent/metastatic gastric or NCT04847466
Dec 2025 Target PD-L1 head and neck cancer
Early phase I~ Feb 2019 - Construct not disclosed N/A R/R BCL NCT03824964
Jan 2021 Dual-target CD19/CD22
Phase I Apr 2021 - Construct not disclosed CB ALL, CLL, NHL NCT04796675
mar 2024 CD19-IL15
Retroviral vector
Phase I Sep 2020 - NKG2D-CD134 (0X40)- CD3( -IL-15 NK cells from haplo- R/R AML NCT04623944
Jul 2038 matched donors Refractory myelodysplastic
syndromes
Phase I Aug 2021 - CD19-CD134 (0X40)-CD3(-IL-15 N/A R/R NHL, CLL, B cell ALL NCT05020678
Dec 2038
Phase I Jul 2022 - T Construct not disclosed N/A R/R ALL NCT05563545
Nov 2022 target CD19
Completed Oct 2016 - CD33-CD28-CD137 (4-1BB) NK-92-MI cell line R/R CD33+ AML NCT02944162
Phase 1 Sep 2018 Lentiviral vector (expressing human IL-2)
Phase IT
Phase I Dec 2022 - CD19/CD70-IL-15 CB B cell NHL NCT05667155
Dec 2025 Lentiviral vector
Phase I Sep 2016 — CD19-TCR{-CD28-CD137 (4-1BB) Allogenic NK-92 cell line Various subsets of lymphoma NCT02892695
Phase II Sep 2019
Phase I May 2019 - Target ROBO1 N/A Pancreatic cancer NCT03941457
Phase IT May 2022
(Continued)
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TABLE 3 Continued

10.3389/fonc.2023.1275076

Target antigens, CAR construct & @ Sources of NK Cancer type NCT
transfection method cells number

Phase I May 2019 - ROBO1 CAR-NK/T cells N/A ROBOI1+ cancers NCT03931720

Phase II May 2022

Early phase I~ Feb 2023 — $Z011 CAR-NK N/A Advanced triple-negative breast NCT05686720
Jun 2024 cancer

Phase I Dec 2022 - Anti-CD19 universal CAR-NK N/A B-cell lymphoblastic leukemia/ NCT05654038

Phase II Dec 2024 lymphoma

Early phase I =~ Dec 2018 - Name: TABP EIC N/A Metastatic castration-resistant NCT03692663
Jun 2024 Target PSMA prostate cancer

Phase I Oct 2019 - CD19-CD28-(-2A-iCasp9-IL15 CB CD19+ B cell lymphomas NCT03579927

Phase IT Oct 2019 CB-derived

Phase I Dec 2022 - Construct not disclosed Allogeneic NK cells from R/R AML adult NCT05665075
Dec 2025 Target CD33 donors

Phase I Oct 2022 - Construct not disclosed Allogeneic NK cells from R/R AML adult NCT05601466
Oct 2025 Target CD33 donors

Phase I Nov 2021 - Construct not disclosed NA B cell ALL NCT05379647
Dec 2024 Target CD19

Phase I Nov 2021 - BCMA-158V CD16-IL-15/IL-15R fusion, CD38- iPSC R/R multiple myeloma NCT05182073
Feb 2040 knockout

Phase I Dec 2017 - ErbB2-CD28-CD3({ NK-92 cell line HER2+ glioblastoma NCT03383978
Dec 2023 NK-92/5.28.z

Phase I Nov 2022 - Construct not disclosed CB R/R hematological malignancies NCT05092451

Phase II Nov 2023 CD70-IL15

Phase [ Jan 2023 - Construct not disclosed N/A R/R CD19+ B-cell malignancies NCT05336409
Aug 2027 CD19-IL15

Another CAR-NK cellular product targeting CD19, NKX019,
has shown encouraging clinical efficacy (149), in which the CR rate
is up to 70% (7 out of 10 patients). Unlike CAR19 T cells, which
primarily rely on CD19 antigen density for activity, NKX019
exhibited potent antitumor effects even when the target antigen
density was drastically reduced. Moreover, the CRs achieved with all
dose levels have been sustained over 6 months. Both FT596 and
NKXO019 demonstrated a favorable safety profile with no dose-
limiting toxicity, GVHD, or neurotoxicity. These intriguing findings
further strengthen the advantages of CAR-NK over CAR-
T immunotherapy.

Regarding MM, there are four phase I, BCMA-targeted CAR-
NK cell clinical trials registered, in which three of them initiated in
China and one conducted in the US (Table 3). FT576, a BCMA-
specific CAR-NK cellular product, has shown a glimpse of clinical
activity in 3/9 patients enrolled. It is suggested that multiple doses of
FT576 with/without daratumumab may offer a deeper and more
sustained anti-MM response. These clinical results are indicative of
the need of significant improvement in CAR-NK compared to
CAR-T therapy to treat R/R MM patients.

Multiple clinical studies have reported disappointing results for
adoptive autologous NK cell therapy in cancer treatment (150).
However, when combined with hepatic arterial infusion
chemotherapy, the autologous expanded and activated NK cells
have shown exciting clinical efficacy (151). In a phase I study
involving 11 evaluated patients, an objective response was observed
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in 7 patients (63.6%), with 4 (36.4%) achieving CR, and 3 (27.3%) had
a partial response. Two patients had stable disease, while two had
progressive disease, possibly due to NK cell dysfunction or
exhaustion. The multi-dose product, Vax-NK/HCC, has earned
therapeutic approval from the Korean Ministry of Food and Drug
Safety for patients with locally advanced hepatocellular carcinoma
who have exhausted other treatment options.

We consider TAK-007, a CAR-NK product co-developed by
MD Anderson Cancer Center and Takeda, to be a leading
contender, along with FT596 and NKXO019, as the most
promising CAR-NK cellular therapies for hematological
malignancies. BCMA-targeted CAR NK cells, FT576, hold
promise as one of the best NK cell therapies to eradicate MM.

5 Perspectives

Drawing parallels for CAR-NK from CAR-T cell therapy, the
GMP-compliant manufacturing of CAR-NK also requires state-of-
the-art cell processing centers and experienced medical workers. It
should be noted that optimization of CAR such as titration and
timing of CAR-mediated response, and metabolic engineering of
NK cells is pivotal to overcome drug-resistant MM. Although the
inherent anti-tumor functionality of NK cells makes them an
optimal subject for CAR technology, prolonging the short lifespan
and activation of the innate lymphocytes may help to generate a
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deep and durable anti-MM response. Since CAR-T cell therapy
faces some challenges such as shedding of target antigens from
surface and off-target effects in treating MM, CAR-NK cell
approach may prevent the phenomenon by targeting multiple
antigens, which are not capable of shedding under selection
pressure, as well as incorporating homing factors into CAR. Off-
the-shelf NK cell-based therapy is picking up steam to lower the
cost of adoptive immune cell therapy and promote accessibility to
broader range of patients with cancer. Differ from adoptive T cell
therapy, multiple-dose administration of adoptive NK cells is
necessary to induce deeper and more sustained anti-MM clinical
response. Taken together, adoptive NK cells are an alternative and
effective immune cell-based therapy that may improve clinical
outcomes for MM patients.

Author contributions

SV: Conceptualization, Visualization, Writing - original
draft, Writing - review & editing. HP: Visualization, Writing -
original draft. TP: Visualization, Writing - original draft.
TL: Visualization, Writing - original draft. M-CV: Writing -
original draft, Writing - review & editing. S-HJ: Writing -
original draft, Writing - review & editing. J-JL: Writing - original
draft, Writing - review & editing. X-HN: Conceptualization,
Funding acquisition, Project administration, Supervision,
Writing - original draft, Writing - review & editing.

References

1. Cowan AJ, Green DJ, Kwok M, Lee S, Coffey DG, Holmberg LA, et al. Diagnosis
and management of multiple myeloma: A review. Jama (2022) 327(5):464-77. doi:
10.1001/jama.2022.0003

2. Rajkumar SV. Multiple myeloma: 2022 update on diagnosis, risk stratification,
and management. Am ] Hematol (2022) 97(8):1086-107. doi: 10.1002/ajh.26590

3. Quatrini L, Chiesa Della M, Sivori S, Mingari MC, Pende D, Moretta L. Human
NK cells, their receptors and function. Eur ] Immunol (2021) 51(7):1566-79. doi:
10.1002/€ji.202049028

4. Topham NJ, Hewitt EW. Natural killer cell cytotoxicity: how do they pull the
trigger? Immunology (2009) 128(1):7-15. doi: 10.1111/j.1365-2567.2009.03123.x

5. Dosani T, Carlsten M, Maric I, Landgren O. The cellular immune system in
myelomagenesis: NK cells and T cells in the development of myeloma [corrected] and
their uses in immunotherapies. Blood Cancer ] (2015) 5(4):e306. doi: 10.1038/
bcj.2015.32

6. Clara JA, Childs RW. Harnessing natural killer cells for the treatment of multiple
myeloma. Semin Oncol (2022) 49(1):69-85. doi: 10.1053/j.seminoncol.2022.01.004

7. Rohaan MW, Wilgenhof S, Haanen J. Adoptive cellular therapies: the current
landscape. Virchows Arch (2019) 474(4):449-61. doi: 10.1007/s00428-018-2484-0

8. June CH, Sadelain M. Chimeric antigen receptor therapy. N Engl ] Med (2018) 379
(1):64-73. doi: 10.1056/NEJMral706169

9. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen receptor-
modified T cells in chronic lymphoid leukemia. N Engl ] Med (2011) 365(8):725-33.
doi: 10.1056/NEJMoal103849

10. Rodriguez-Otero P, Ailawadhi S, Arnulf B, Patel K, Cavo M, Nooka AK, et al.
Ide-cel or standard regimens in relapsed and refractory multiple myeloma. N Engl J
Med (2023) 388(11):1002-14. doi: 10.1056/NEJMoa2213614

11. Xie G, Dong H, Liang Y, Ham JD, Rizwan R, Chen J. CAR-NK cells: A promising
cellular immunotherapy for cancer. EBioMedicine (2020) 59:102975. doi: 10.1016/
j.ebiom.2020.102975

12. Gajra A, Zalenski A, Sannareddy A, Jeune-Smith Y, Kapinos K, Kansagra A.

Barriers to chimeric antigen receptor T-cell (CAR-T) therapies in clinical practice.
Pharmaceut Med (2022) 36(3):163-71. doi: 10.1007/s40290-022-00428-w

Frontiers in Oncology

14

10.3389/fonc.2023.1275076

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was funded by the Vietnam National Foundation for Science and
Technology Development (NAFOSTED) No.108.06-2018.309.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

13. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use of
CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N Engl ] Med
(2020) 382(6):545-53. doi: 10.1056/NEJMo0al910607

14. Eshhar Z, Waks T, Gross G, Schindler DG. Specific activation and targeting of
cytotoxic lymphocytes through chimeric single chains consisting of antibody-binding
domains and the gamma or zeta subunits of the immunoglobulin and T-cell receptors.
Proc Natl Acad Sci USA (1993) 90(2):720-4. doi: 10.1073/pnas.90.2.720

15. Harding FA, McArthur JG, Gross JA, Raulet DH, Allison JP. CD28-mediated
signalling co-stimulates murine T cells and prevents induction of anergy in T-cell
clones. Nature (1992) 356(6370):607-9. doi: 10.1038/356607a0

16. Tan P, Anasetti C, Hansen JA, Melrose ], Brunvand M, Bradshaw J, et al.
Induction of alloantigen-specific hyporesponsiveness in human T lymphocytes by
blocking interaction of CD28 with its natural ligand B7/BB1. J Exp Med (1993) 177
(1):165-73. doi: 10.1084/jem.177.1.165

17. Sterner RC, Sterner RM. CAR-T cell therapy: current limitations and potential
strategies. Blood Cancer J (2021) 11(4):69. doi: 10.1038/s41408-021-00459-7

18. Weinkove R, George P, Dasyam N, McLellan AD. Selecting costimulatory
domains for chimeric antigen receptors: functional and clinical considerations. Clin
Transl Immunol (2019) 8(5):e1049. doi: 10.1002/cti2.1049

19. Zhang C, et al. Chimeric antigen receptor- and natural killer cell receptor-
engineered innate killer cells in cancer immunotherapy. Cell Mol Immunol (2021) 18
(9):2083-100. doi: 10.1038/s41423-021-00732-6

20. Rezvani K, Rouce R, Liu E, Shpall E. Engineering natural killer cells for cancer
immunotherapy. Mol Ther (2017) 25(8):1769-81. doi: 10.1016/j.ymthe.2017.06.012

21. Daher M, Garcia Melo L, Li Y, Rezvani K. CAR-NK cells: the next wave of
cellular therapy for cancer. Clin Transl Immunol (2021) 10(4):e1274. doi: 10.1002/
cti2.1274

22. Miao L, Zhang ], Huang B, Zhang Z, Wang S, Tang F, et al. Special chimeric
antigen receptor (CAR) modifications of T cells: A review. Front Oncol (2022)
12:832765. doi: 10.3389/fonc.2022.832765

23. Gong Y, Wolterink Klein RGJ, Wang J, Bos GMJ, Germeraad WTV. Chimeric
antigen receptor natural killer (CAR-NK) cell design and engineering for cancer
therapy. ] Hematol Oncol (2021) 14(1):73. doi: 10.1186/s13045-021-01083-5

frontiersin.org


https://doi.org/10.1001/jama.2022.0003
https://doi.org/10.1002/ajh.26590
https://doi.org/10.1002/eji.202049028
https://doi.org/10.1111/j.1365-2567.2009.03123.x
https://doi.org/10.1038/bcj.2015.32
https://doi.org/10.1038/bcj.2015.32
https://doi.org/10.1053/j.seminoncol.2022.01.004
https://doi.org/10.1007/s00428-018-2484-0
https://doi.org/10.1056/NEJMra1706169
https://doi.org/10.1056/NEJMoa1103849
https://doi.org/10.1056/NEJMoa2213614
https://doi.org/10.1016/j.ebiom.2020.102975
https://doi.org/10.1016/j.ebiom.2020.102975
https://doi.org/10.1007/s40290-022-00428-w
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1073/pnas.90.2.720
https://doi.org/10.1038/356607a0
https://doi.org/10.1084/jem.177.1.165
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1002/cti2.1049
https://doi.org/10.1038/s41423-021-00732-6
https://doi.org/10.1016/j.ymthe.2017.06.012
https://doi.org/10.1002/cti2.1274
https://doi.org/10.1002/cti2.1274
https://doi.org/10.3389/fonc.2022.832765
https://doi.org/10.1186/s13045-021-01083-5
https://doi.org/10.3389/fonc.2023.1275076
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Vu et al.

24. Alabanza L, Pegues M, Geldres C, Shi V, Wiltzius JJW, Sievers SA, et al. Function
of novel anti-CD19 chimeric antigen receptors with human variable regions is affected
by hinge and transmembrane domains. Mol Ther (2017) 25(11):2452-65. doi: 10.1016/
jymthe.2017.07.013

25. YingZ, Huang XF, Xiang X, Liu Y, Kang X, Song Y, et al. A safe and potent anti-CD19
CART cell therapy. Nat Med (2019) 25(6):947-53. doi: 10.1038/s41591-019-0421-7

26. Genssler S, Burger MC, Zhang C, Oelsner S, Mildenberger I, Wagner M, et al.
Dual targeting of glioblastoma with chimeric antigen receptor-engineered natural
killer cells overcomes heterogeneity of target antigen expression and enhances
antitumor activity and survival. Oncoimmunology (2016) 5(4):e1119354.
doi: 10.1080/2162402X.2015.1119354

27. Fujiwara K, Masutani M, Tachibana M, Okada N. Impact of scFv structure in
chimeric antigen receptor on receptor expression efficiency and antigen recognition
properties. Biochem Biophys Res Commun (2020) 527(2):350-7. doi: 10.1016/
j.bbrc.2020.03.071

28. Lam N, Trinklein ND, Buelow B, Patterson GH, Ojha N, Kochenderfer JN. Anti-
BCMA chimeric antigen receptors with fully human heavy-chain-only antigen
recognition domains. Nat Commun (2020) 11(1):283.

29. Muyldermans S. Nanobodies: natural single-domain antibodies. Annu Rev
Biochem (2013) 82:775-97. doi: 10.1146/annurev-biochem-063011-092449

30. Ponsel D, Neugebauer J, Ladetzki-Bachs K, Tissot K. High affinity, developability
and functional size: the holy grail of combinatorial antibody library generation.
Molecules (2011) 16(5):3675-700. doi: 10.3390/molecules16053675

31. Cao Z, Yang C, Wang Y, Wang C, Wang Q, Ye G, et al. Allogeneic CAR-NK cell
therapy targeting both BCMA and GPRC5D for the treatment of multiple myeloma.
Blood (2022) 140(Supplement 1):7378-8. doi: 10.1182/blood-2022-159289

32. Reiser J, Mathavan K, Mahmood S, Pan Y, Hancock B, Blum R, et al. Dual
chimeric antigen receptor approach combining novel tumor targeting strategies
circumvents antigen escape in multiple myeloma. Blood (2021) 138(Supplement
1):1718-8. doi: 10.1182/blood-2021-154025

33. Yang C, Wang Y, Liu T, Wang C, Wang H, Wang Q, et al. Abstract 4077: Dual-
targeted CAR-NK cell therapy: optimized CAR design to prevent antigen escape and
elicit a deep and durable response in multiple myeloma. Cancer Res (2023) 83
(7_Supplement):4077-7. doi: 10.1158/1538-7445.AM2023-4077

34. Safarzadeh Kozani P, Naseri A, Mirarefin SMJ, Salem F, Nikbakht M, Bakhshi
Evazi S, et al. Nanobody-based CAR-T cells for cancer immunotherapy. biomark Res
(2022) 10(1):24.

35. Xie YJ, Dougan M, Jailkhani N, Ingram J, Fang T, Kummer L, et al. Nanobody-
based CAR T cells that target the tumor microenvironment inhibit the growth of solid
tumors in immunocompetent mice. Proc Natl Acad Sci USA (2019) 116(16):7624-31.
doi: 10.1073/pnas.1817147116

36. Feinberg D, Paul B, Kang Y. The promise of chimeric antigen receptor (CAR) T
cell therapy in multiple myeloma. Cell Immunol (2019) 345:103964. doi: 10.1016/
j.cellimm.2019.103964

37. Jiang H, Zhang W, Shang P, Zhang H, Fu W, Ye F, et al. Transfection of chimeric
anti-CD138 gene enhances natural killer cell activation and killing of multiple myeloma
cells. Mol Oncol (2014) 8(2):297-310. doi: 10.1016/j.molonc.2013.12.001

38. Chu J, Deng Y, Benson DM, He S, Hughes T, Zhang J, et al. CSI-specific
chimeric antigen receptor (CAR)-engineered natural killer cells enhance in vitro and in
vivo antitumor activity against human multiple myeloma. Leukemia (2014) 28(4):917-
27. doi: 10.1038/leu.2013.279

39. Leivas A, Valeri A, Cordoba L, Garcia-Ortiz A, Ortiz A, Sanchez-Vega L, et al.
NKG2D-CAR-transduced natural killer cells efficiently target multiple myeloma. Blood
Cancer J (2021) 11(8):146. doi: 10.1038/s41408-021-00537-w

40. Cichocki F, Bjordahl R, Goodridge JP, Mahmood S, Gaidarova S, Abujarour R,
et al. Quadruple gene-engineered natural killer cells enable multi-antigen targeting for
durable antitumor activity against multiple myeloma. Nat Commun (2022) 13(1):7341.
doi: 10.1038/s41467-022-35127-2

41. LiY, Hermanson DL, Moriarity BS, Kaufman DS. Human iPSC-derived natural
killer cells engineered with chimeric antigen receptors enhance anti-tumor activity. Cell
Stem Cell (2018) 23(2):181-192 5. doi: 10.1016/j.stem.2018.06.002

42. Motais B, Charvatova S, Hrdinka M, Hajek R, Bago JR. Anti-BCMA-CAR NK
cells expressing soluble TRAIL: promising therapeutic approach for multiple myeloma
in combination with bortezomib and 7y-secretase inhibitors. Blood (2022) 140
(Supplement 1):12683-4. doi: 10.1182/blood-2022-166167

43. Reiser J, Chan SR, Mathavan K, Sillitti D, Mottershead C, Mattson B, et al. FT555: off-
the-shelf CAR-NK cell therapy co-targeting GPRC5D and CD38 for the treatment of multiple
myeloma. Blood (2022) 140(Supplement 1):4560-1. doi: 10.1182/blood-2022-170501

44. Dhakal B, Berdeja JG, Gregory T, Ly T, Bickers C, Zong X, et al. Interim phase I
clinical data of FT576 as monotherapy and in combination with daratumumab in
subjects with relapsed/refractory multiple myeloma. Blood (2022) 140(Supplement
1):4586-7. doi: 10.1182/blood-2022-166994

45. Chen KH, Wada M, Pinz KG, Liu H, Lin KW, Jares A, et al. Preclinical targeting
of aggressive T-cell Malignancies using anti-CD5 chimeric antigen receptor. Leukemia
(2017) 31(10):2151-60. doi: 10.1038/lew.2017.8

46. Suerth JD, Morgan MA, Kloess S, Heckl D, Neudérfl C, Falk CS, et al. Efficient
generation of gene-modified human natural killer cells via alpharetroviral vectors. J Mol
Med (Berl) (2016) 94(1):83-93. doi: 10.1007/s00109-015-1327-6

Frontiers in Oncology

15

10.3389/fonc.2023.1275076

47. Shimasaki N, Fujisaki H, Cho D, Masselli M, Lockey T, Eldridge P, et al. A
clinically adaptable method to enhance the cytotoxicity of natural killer cells
against B-cell Malignancies. Cytotherapy (2012) 14(7):830-40. doi: 10.3109/
14653249.2012.671519

48. Oelsner S, Wagner J, Friede ME, Pfirrmann V, Genfiler S, Rettinger E, et al.
Chimeric antigen receptor-engineered cytokine-induced killer cells overcome
treatment resistance of pre-B-cell acute lymphoblastic leukemia and enhance
survival. Int J Cancer (2016) 139(8):1799-809. doi: 10.1002/ijc.30217

49. Oelsner S, Friede ME, Zhang C, Wagner J, Badura S, Bader P, et al. Continuously
expanding CAR NK-92 cells display selective cytotoxicity against B-cell leukemia and
lymphoma. Cytotherapy (2017) 19(2):235-49. doi: 10.1016/j.jcyt.2016.10.009

50. Imai C, Iwamoto S, Campana D. Genetic modification of primary natural killer
cells overcomes inhibitory signals and induces specific killing of leukemic cells. Blood
(2005) 106(1):376-83. doi: 10.1182/blood-2004-12-4797

51. Miiller S, Bexte T, Gebel V, Kalensee F, Stolzenberg E, Hartmann J, et al. High
cytotoxic efficiency of lentivirally and alpharetrovirally engineered CD19-specific chimeric
antigen receptor natural killer cells against acute lymphoblastic leukemia. Front Immunol
(2019) 10:3123. doi: 10.3389/fimmu.2019.03123

52. Romanski A, Uherek C, Bug G, Seifried E, Klingemann H, Wels WS, et al. CD19-
CAR engineered NK-92 cells are sufficient to overcome NK cell resistance in B-cell
Malignancies. J Cell Mol Med (2016) 20(7):1287-94. doi: 10.1111/jcmm.12810

53. Qelsner S, Waldmann A, Billmeier A, Roder J, Lindner A, Ullrich E, et al.
Genetically engineered CAR NK cells display selective cytotoxicity against FLT3-
positive B-ALL and inhibit in vivo leukemia growth. Int J Cancer (2019) 145
(7):1935-45. doi: 10.1002/ijc.32269

54. Liu E, Tong Y, Dotti G, Shaim H, Savoldo B, Mukherjee M, et al. Cord blood NK
cells engineered to express IL-15 and a CD19-targeted CAR show long-term persistence
and potent antitumor activity. Leukemia (2018) 32(2):520-31. doi: 10.1038/
leu.2017.226

55. Chu Y, Hochberg ], Yahr A, Ayello ], Ven van C, Barth M, et al. Targeting CD20
+ Aggressive B-cell non-hodgkin lymphoma by anti-CD20 CAR mRNA-modified
expanded natural killer cells in vitro and in NSG mice. Cancer Immunol Res (2015) 3
(4):333-44. doi: 10.1158/2326-6066.CIR-14-0114

56. Chu Y, Yahr A, Huang B, Ayello J, Barth M, M SC. Romidepsin alone or in
combination with anti-CD20 chimeric antigen receptor expanded natural killer cells
targeting Burkitt lymphoma in vitro and in immunodeficient mice. Oncoimmunology
(2017) 6(9):e1341031. doi: 10.1080/2162402X.2017.1341031

57. Hambach J, Riecken K, Cichutek S, Schiitze K, Albrecht B, Petry K, et al.
Targeting CD38-expressing multiple myeloma and burkitt lymphoma cells in vitro
with nanobody-based chimeric antigen receptors (Nb-CARs). Cells (2020) 9(2). doi:
10.3390/cells9020321

58. Pinz KG, Yakaboski E, Jares A, Liu H, Firor AE, Chen KH, et al. Targeting T-cell
Malignancies using anti-CD4 CAR NK-92 cells. Oncotarget (2017) 8(68):112783-96.
doi: 10.18632/oncotarget.22626

59. Guedan S, Calderon H, Posey AD Jr, Maus MV. Engineering and design of
chimeric antigen receptors. Mol Ther Methods Clin Dev (2019) 12:145-56. doi: 10.1016/
j.omtm.2018.12.009

60. Guedan S, Posey AD Jr, Shaw C, Wing A, Da T, Patel PR, et al. Enhancing CAR
T cell persistence through ICOS and 4-1BB costimulation. JCI Insight (2018) 3(1). doi:
10.1172/jci.insight.96976

61. Imai C, Mihara K, Andreansky M, Nicholson IC, Pui CH, Geiger TL, et al. Chimeric
receptors with 4-1BB signaling capacity provoke potent cytotoxicity against acute
lymphoblastic leukemia. Leukemia (2004) 18(4):676-84. doi: 10.1038/sj.leu.2403302

62. Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M, et al.
4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of
chimeric antigen receptors. Nat Med (2015) 21(6):581-90. doi: 10.1038/nm.3838

63. Tangye SG, Phillips JH, Lanier LL, Nichols KE. Functional requirement for SAP
in 2B4-mediated activation of human natural killer cells as revealed by the X-linked
lymphoproliferative syndrome. J Immunol (2000) 165(6):2932-6. doi: 10.4049/
jimmunol.165.6.2932

64. Leivas A, Perez-Martinez A, Blanchard M]J, Martin-Clavero E, Fernandez L,
Lahuerta J], et al. Novel treatment strategy with autologous activated and expanded
natural killer cells plus anti-myeloma drugs for multiple myeloma. Oncoimmunology
(2016) 5(12):e1250051. doi: 10.1080/2162402X.2016.1250051

65. Munshi NC, Anderson LD Jr, Shah N, Madduri D, Berdeja J, Lonial S, et al.
Idecabtagene vicleucel in relapsed and refractory multiple myeloma. N Engl ] Med
(2021) 384(8):705-16. doi: 10.1056/NEJMo0a2024850

66. Berdeja JG, Madduri D, Usmani SZ, Jakubowiak A, Agha M, Cohen AD, et al.
Ciltacabtagene autoleucel, a B-cell maturation antigen-directed chimeric antigen
receptor T-cell therapy in patients with relapsed or refractory multiple myeloma
(CARTITUDE-1): a phase 1b/2 open-label study. Lancet (2021) 398(10297):314-24.
doi: 10.1016/S0140-6736(21)00933-8

67. Berrien-Elliott MM, Cashen AF, Cubitt CC, Neal CC, Wong P, Wagner JA, et al.
Multidimensional analyses of donor memory-like NK cells reveal new associations with
response after adoptive immunotherapy for leukemia. Cancer Discov (2020) 10
(12):1854-71. doi: 10.1158/2159-8290.CD-20-0312

68. Cichocki F, Miller JS. Setting traps for NKG2A gives NK cell immunotherapy a
fighting chance. J Clin Invest (2019) 129(5):1839-41. doi: 10.1172/JCI128480

frontiersin.org


https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1038/s41591-019-0421-7
https://doi.org/10.1080/2162402X.2015.1119354
https://doi.org/10.1016/j.bbrc.2020.03.071
https://doi.org/10.1016/j.bbrc.2020.03.071
https://doi.org/10.1146/annurev-biochem-063011-092449
https://doi.org/10.3390/molecules16053675
https://doi.org/10.1182/blood-2022-159289
https://doi.org/10.1182/blood-2021-154025
https://doi.org/10.1158/1538-7445.AM2023-4077
https://doi.org/10.1073/pnas.1817147116
https://doi.org/10.1016/j.cellimm.2019.103964
https://doi.org/10.1016/j.cellimm.2019.103964
https://doi.org/10.1016/j.molonc.2013.12.001
https://doi.org/10.1038/leu.2013.279
https://doi.org/10.1038/s41408-021-00537-w
https://doi.org/10.1038/s41467-022-35127-2
https://doi.org/10.1016/j.stem.2018.06.002
https://doi.org/10.1182/blood-2022-166167
https://doi.org/10.1182/blood-2022-170501
https://doi.org/10.1182/blood-2022-166994
https://doi.org/10.1038/leu.2017.8
https://doi.org/10.1007/s00109-015-1327-6
https://doi.org/10.3109/14653249.2012.671519
https://doi.org/10.3109/14653249.2012.671519
https://doi.org/10.1002/ijc.30217
https://doi.org/10.1016/j.jcyt.2016.10.009
https://doi.org/10.1182/blood-2004-12-4797
https://doi.org/10.3389/fimmu.2019.03123
https://doi.org/10.1111/jcmm.12810
https://doi.org/10.1002/ijc.32269
https://doi.org/10.1038/leu.2017.226
https://doi.org/10.1038/leu.2017.226
https://doi.org/10.1158/2326-6066.CIR-14-0114
https://doi.org/10.1080/2162402X.2017.1341031
https://doi.org/10.3390/cells9020321
https://doi.org/10.18632/oncotarget.22626
https://doi.org/10.1016/j.omtm.2018.12.009
https://doi.org/10.1016/j.omtm.2018.12.009
https://doi.org/10.1172/jci.insight.96976
https://doi.org/10.1038/sj.leu.2403302
https://doi.org/10.1038/nm.3838
https://doi.org/10.4049/jimmunol.165.6.2932
https://doi.org/10.4049/jimmunol.165.6.2932
https://doi.org/10.1080/2162402X.2016.1250051
https://doi.org/10.1056/NEJMoa2024850
https://doi.org/10.1016/S0140-6736(21)00933-8
https://doi.org/10.1158/2159-8290.CD-20-0312
https://doi.org/10.1172/JCI128480
https://doi.org/10.3389/fonc.2023.1275076
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Vu et al.

69. Kamiya T, Seow SV, Wong D, Robinson M, Campana D. Blocking expression of
inhibitory receptor NKG2A overcomes tumor resistance to NK cells. J Clin Invest
(2019) 129(5):2094-106. doi: 10.1172/JCI123955

70. LiY, Basar R, Wang G, Liu E, Moyes JS, Li L, et al. KIR-based inhibitory CARs
overcome CAR-NK cell trogocytosis-mediated fratricide and tumor escape. Nat Med
(2022) 28(10):2133-44. doi: 10.1038/s41591-022-02003-x

71. Hamieh M, Dobrin A, Cabriolu A, Stegen der van SJC, Giavridis T, Mansilla-
Soto J, et al. CAR T cell trogocytosis and cooperative killing regulate tumour antigen
escape. Nature (2019) 568(7750):112-6. doi: 10.1038/s41586-019-1054-1

72. Agarwal S, Hanauer JDS, Frank AM, Riechert V, Thalheimer FB, Buchholz CJ. In
vivo generation of CAR T cells selectively in human CD4(+) lymphocytes. Mol Ther
(2020) 28(8):1783-94. doi: 10.1016/j.ymthe.2020.05.005

73. Pfeiffer A, Thalheimer FB, Hartmann S, Frank AM, Bender RR, Danisch S, et al.
In vivo generation of human CD19-CAR T cells results in B-cell depletion and signs of
cytokine release syndrome. EMBO Mol Med (2018) 10(11). doi: 10.15252/
emmm.201809158

74. Ho N, Agarwal S, Milani M, Cantore A, Buchholz CJ, Thalheimer FB. In vivo
generation of CAR T cells in the presence of human myeloid cells. Mol Ther Methods
Clin Dev (2022) 26:144-56. doi: 10.1016/j.omtm.2022.06.004

75. Huang RS, Lai MC, Shih HA, Lin S. A robust platform for expansion and
genome editing of primary human natural killer cells. J Exp Med (2021) 218(3). doi:
10.1084/jem.20201529

76. Pomeroy EJ, Hunzeker JT, Kluesner MG, Lahr WS, Smeester BA, Crosby MR,
et al. A genetically engineered primary human natural killer cell platform for cancer
immunotherapy. Mol Ther (2020) 28(1):52-63. doi: 10.1016/j.ymthe.2019.10.009

77. Fix SM, Jazaeri AA, Hwu P. Applications of CRISPR genome editing to advance
the next generation of adoptive cell therapies for cancer. Cancer Discov (2021) 11
(3):560-74. doi: 10.1158/2159-8290.CD-20-1083

78. Colamartino ABL, Lemieux W, Bifsha P, Nicoletti S, Chakravarti N, Sanz J, et al.
Efficient and robust NK-cell transduction with baboon envelope pseudotyped
lentivector. Front Immunol (2019) 10:2873. doi: 10.3389/fimmu.2019.02873

79. Ingegnere T, Mariotti FR, Pelosi A, Quintarelli C, Angelis De B, Tumino N, et al.
Human CAR NK cells: A new non-viral method allowing high efficient transfection
and strong tumor cell killing. Front Immunol (2019) 10:957. doi: 10.3389/
fimmu.2019.00957

80. Tay JCK, Wang ], DuZ, Ng YY, Li Z, Ren Y, et al. Manufacturing NKG2D CAR-
T cells with piggyBac transposon vectors and K562 artificial antigen-presenting cells.
Mol Ther Methods Clin Dev (2021) 21:107-20. doi: 10.1016/j.omtm.2021.02.023

81. DuZ,Ng YY, Zha S, Wang S. piggyBac system 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) 23:582-96. doi: 10.1016/
j.omtm.2021.10.014

82. Valeri A, Garcia-Ortiz A, Castellano E, Cordoba L, Maroto-Martin E, Encinas J,
et al. Overcoming tumor resistance mechanisms in CAR-NK cell therapy. Front
Immunol (2022) 13:953849. doi: 10.3389/fimmu.2022.953849

83. Naeimi Kararoudi M, Nagai Y, Elmas E, Pereira Fernandes Souza M, Ali SA,
Imus PH, et al. CD38 deletion of human primary NK cells eliminates daratumumab-
induced fratricide and boosts their effector activity. Blood (2020) 136(21):2416-27. doi:
10.1182/blood.2020006200

84. Daher M, Basar R, Gokdemir E, Baran N, Uprety N, Cortes Nunez AK, et al.
Targeting a cytokine checkpoint enhances the fitness of armored cord blood CAR-NK
cells. Blood (2021) 137(5):624-36. doi: 10.1182/blood.2020007748

85. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable editing of a
target base in genomic DNA without double-stranded DNA cleavage. Nature (2016)
533(7603):420-4. doi: 10.1038/nature17946

86. Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH, Bryson DI, et al.
Programmable base editing of A+T to G+C in genomic DNA without DNA cleavage.
Nature (2017) 551(7681):464-71. doi: 10.1038/nature24644

87. Georgiadis C, Rasaiyaah ], Gkazi SA, Preece R, Etuk A, Christi A, et al. Base-
edited CAR T cells for combinational therapy against T cell Malignancies. Leukemia
(2021) 35(12):3466-81. doi: 10.1038/s41375-021-01282-6

88. Diorio C, Murray R, Naniong M, Barrera L, Camblin A, Chukinas J, et al.
Cytosine base editing enables quadruple-edited allogeneic CART cells for T-ALL. Blood
(2022) 140(6):619-29. doi: 10.1182/blood.2022015825

89. Chiesa R, Georgiadis C, Syed F, Zhan H, Etuk A, Gkazi SA, et al. Base-edited
CAR7 T cells for relapsed T-cell acute lymphoblastic leukemia. N Engl ] Med (2023).
doi: 10.1056/NEJMo0a2300709

90. Minjing W, Mitchell K, Claudio Patricia V, Beau W, Branden M. 216 Multiplex
base editing of NK cell to enhance cancer immunotherapy. J ImmunoTher Cancer
(2021) 9(Suppl 2):A229.

91. Hombach A, Barden M, Hannappel L, Chmielewski M, Rappl G, Sachinidis A,
et al. IL12 integrated into the CAR exodomain converts CD8(+) T cells to poly-

functional NK-like cells with superior killing of antigen-loss tumors. Mol Ther (2022)
30(2):593-605. doi: 10.1016/j.ymthe.2021.10.011

92. Alizadeh D, Wong RA, Yang X, Wang D, Pecoraro JR, Kuo CF, et al. IL15
enhances CAR-T cell antitumor activity by reducing mTORCI activity and preserving
their stem cell memory phenotype. Cancer Immunol Res (2019) 7(5):759-72. doi:
10.1158/2326-6066.CIR-18-0466

Frontiers in Oncology

10.3389/fonc.2023.1275076

93. Hu B, Ren J, Luo Y, Keith B, Young RM, Scholler J, et al. Augmentation of
antitumor immunity by human and mouse CAR T cells secreting IL-18. Cell Rep (2017)
20(13):3025-33. doi: 10.1016/j.celrep.2017.09.002

94. Watford WT, Moriguchi M, Morinobu A, JJ. The biology of IL-12: coordinating
innate and adaptive immune responses. Cytokine Growth Factor Rev (2003) 14(5):361-
8. doi: 10.1016/S1359-6101(03)00043-1

95. Shemesh A, Pickering H, Roybal KT, Lanier LL. Differential IL-12 signaling
induces human natural killer cell activating receptor-mediated ligand-specific
expansion. J Exp Med (2022) 219(8). doi: 10.1084/jem.20212434

96. Koneru M, Purdon TJ, Spriggs D, Koneru S, Brentjens RJ. IL-12 secreting tumor-
targeted chimeric antigen receptor T cells eradicate ovarian tumors in vivo.
Oncoimmunology (2015) 4(3):€994446. doi: 10.4161/2162402X.2014.994446

97. Avanzi MP, Leeuwen van DG, Li X, Cheung K, Park H, Purdon TJ, et al. IL-18
secreting CAR T cells enhance cell persistence, induce prolonged B cell aplasia and
eradicate CD19+ Tumor cells without need for prior conditioning. Blood (2016) 128
(22):816. doi: 10.1182/blood.V128.22.816.816

98. Srivastava S, Pelloso D, Feng H, Voiles L, Lewis D, Haskova Z, et al. Effects of
interleukin-18 on natural killer cells: costimulation of activation through Fc receptors
for immunoglobulin. Cancer Immunol Immunother (2013) 62(6):1073-82. doi:
10.1007/500262-013-1403-0

99. Senju H, Kumagai A, Nakamura Y, Yamaguchi H, Nakatomi K, Fukami S, et al.
Effect of IL-18 on the expansion and phenotype of human natural killer cells:
application to cancer immunotherapy. Int J Biol Sci (2018) 14(3):331-40. doi:
10.7150/ijbs.22809

100. Avanzi MP, Yeku O, Li X, Wijewarnasuriya DP, Leeuwen van DG, Cheung K,
et al. Engineered tumor-targeted T cells mediate enhanced anti-tumor efficacy both
directly and through activation of the endogenous immune system. Cell Rep (2018) 23
(7):2130-41. doi: 10.1016/j.celrep.2018.04.051

101. Christodoulou I, Ho WJ, Marple A, Ravich JW, Tam A, Rahnama R, et al.
Engineering CAR-NK cells to secrete IL-15 sustains their anti-AML functionality but is
associated with systemic toxicities. J Immunother Cancer (2021) 9(12). doi: 10.1136/
jitc-2021-003894

102. Berrien-Elliott MM, Becker-Hapak M, Cashen AF, Jacobs M, Wong P, Foster M,
etal. Systemic IL-15 promotes allogeneic cell rejection in patients treated with natural killer
cell adoptive therapy. Blood (2022) 139(8):1177-83. doi: 10.1182/blood.2021011532

103. LiL, Mohanty V, Dou J, Huang Y, Banerjee PP, Miao Q, et al. Loss of metabolic
fitness drives tumor resistance after CAR-NK cell therapy and can be overcome by
cytokine engineering. Sci Adv (2023) 9(30):eadd6997. doi: 10.1126/sciadv.add6997

104. Zhu H, Blum RH, Bernareggi D, Ask EH, Wu Z, Hoel HJ, et al. Metabolic
Reprograming via Deletion of CISH in Human iPSC-Derived NK Cells Promotes In
Vivo Persistence and Enhances Anti-tumor Activity. Cell Stem Cell (2020) 27(2):224-
237.e6. doi: 10.1016/j.stem.2020.05.008

105. Wilson EB, El-Jawhari JJ, Neilson AL, Hall GD, Melcher AA, Meade JL, et al.
Human tumour immune evasion via TGF-f blocks NK cell activation but not survival
allowing therapeutic restoration of anti-tumour activity. PloS One (2011) 6(9):¢22842.
doi: 10.1371/journal.pone.0022842

106. Trotta R, Col Dal ], Yu J, Ciarlariello D, Thomas B, Zhang X, et al. TGF-beta
utilizes SMAD3 to inhibit CD16-mediated IFN-gamma production and antibody-
dependent cellular cytotoxicity in human NK cells. J Immunol (2008) 181(6):3784-92.
doi: 10.4049/jimmunol.181.6.3784

107. Liu S, Ren J, Ten Dijke P. Targeting TGFP signal transduction for cancer
therapy. Signal Transduct Target Ther (2021) 6(1):8. doi: 10.1038/s41392-020-00436-9

108. Fujii R, Jochems C, Tritsch SR, Wong HC, Schlom J, Hodge JW. An IL-15
superagonist/IL-15Ra; fusion complex protects and rescues NK cell-cytotoxic function
from TGF-B1-mediated immunosuppression. Cancer Immunol Immunother (2018) 67
(4):675-89. doi: 10.1007/s00262-018-2121-4

109. Burga RA, Yvon E, Chorvinsky E, Fernandes R, Cruz CRY, Bollard CM.
Engineering the TGFP Receptor to enhance the therapeutic potential of natural killer
cells as an immunotherapy for neuroblastoma. Clin Cancer Res (2019) 25(14):4400-12.
doi: 10.1158/1078-0432.CCR-18-3183

110. Wang X, Lang S, Tian Y, Zhang ], Yan X, Fang Z, et al. Glycoengineering of
natural killer cells with CD22 ligands for enhanced anticancer immunotherapy. ACS
Cent Sci (2020) 6(3):382-9. doi: 10.1021/acscentsci.9b00956

111. Rapoport AP, Stadtmauer EA, Binder-Scholl GK, Goloubeva O, Vogl DT, Lacey
SF, et al. NY-ESO-1-specific TCR-engineered T cells mediate sustained antigen-specific
antitumor effects in myeloma. Nat Med (2015) 21(8):914-21. doi: 10.1038/nm.3910

112. San-Miguel ], Dhakal B, Yong K, Spencer A, Anguille S, Mateos MV, et al. Cilta-
cel or standard care in lenalidomide-refractory multiple myeloma. N Engl ] Med (2023)
389(4):335-47. doi: 10.1056/NEJMo0a2303379

113. Zhang X, Zhang H, Lan H, Wu J, Xiao Y. CAR-T cell therapy in multiple
myeloma: Current limitations and potential strategies. Front Immunol (2023) 14:1101495.
doi: 10.3389/fimmu.2023.1101495

114. Teoh PJ, Chng WJ. CAR T-cell therapy in multiple myeloma: more room for
improvement. Blood Cancer J (2021) 11(4):84. doi: 10.1038/s41408-021-00469-5

115. Carlsten M, Childs RW. Genetic manipulation of NK cells for cancer
immunotherapy: techniques and clinical implications. Front Immunol (2015) 6:266.
doi: 10.3389/fimmu.2015.00266

frontiersin.org


https://doi.org/10.1172/JCI123955
https://doi.org/10.1038/s41591-022-02003-x
https://doi.org/10.1038/s41586-019-1054-1
https://doi.org/10.1016/j.ymthe.2020.05.005
https://doi.org/10.15252/emmm.201809158
https://doi.org/10.15252/emmm.201809158
https://doi.org/10.1016/j.omtm.2022.06.004
https://doi.org/10.1084/jem.20201529
https://doi.org/10.1016/j.ymthe.2019.10.009
https://doi.org/10.1158/2159-8290.CD-20-1083
https://doi.org/10.3389/fimmu.2019.02873
https://doi.org/10.3389/fimmu.2019.00957
https://doi.org/10.3389/fimmu.2019.00957
https://doi.org/10.1016/j.omtm.2021.02.023
https://doi.org/10.1016/j.omtm.2021.10.014
https://doi.org/10.1016/j.omtm.2021.10.014
https://doi.org/10.3389/fimmu.2022.953849
https://doi.org/10.1182/blood.2020006200
https://doi.org/10.1182/blood.2020007748
https://doi.org/10.1038/nature17946
https://doi.org/10.1038/nature24644
https://doi.org/10.1038/s41375-021-01282-6
https://doi.org/10.1182/blood.2022015825
https://doi.org/10.1056/NEJMoa2300709
https://doi.org/10.1016/j.ymthe.2021.10.011
https://doi.org/10.1158/2326-6066.CIR-18-0466
https://doi.org/10.1016/j.celrep.2017.09.002
https://doi.org/10.1016/S1359-6101(03)00043-1
https://doi.org/10.1084/jem.20212434
https://doi.org/10.4161/2162402X.2014.994446
https://doi.org/10.1182/blood.V128.22.816.816
https://doi.org/10.1007/s00262-013-1403-0
https://doi.org/10.7150/ijbs.22809
https://doi.org/10.1016/j.celrep.2018.04.051
https://doi.org/10.1136/jitc-2021-003894
https://doi.org/10.1136/jitc-2021-003894
https://doi.org/10.1182/blood.2021011532
https://doi.org/10.1126/sciadv.add6997
https://doi.org/10.1016/j.stem.2020.05.008
https://doi.org/10.1371/journal.pone.0022842
https://doi.org/10.4049/jimmunol.181.6.3784
https://doi.org/10.1038/s41392-020-00436-9
https://doi.org/10.1007/s00262-018-2121-4
https://doi.org/10.1158/1078-0432.CCR-18-3183
https://doi.org/10.1021/acscentsci.9b00956
https://doi.org/10.1038/nm.3910
https://doi.org/10.1056/NEJMoa2303379
https://doi.org/10.3389/fimmu.2023.1101495
https://doi.org/10.1038/s41408-021-00469-5
https://doi.org/10.3389/fimmu.2015.00266
https://doi.org/10.3389/fonc.2023.1275076
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Vu et al.

116. Biondi M, Tettamanti S, Galimberti S, Cerina B, Tomasoni C, Piazza R, et al.
Selective homing of CAR-CIK cells to the bone marrow niche enhances control of the
acute myeloid leukemia burden. Blood (2023) 141(21):2587-98. doi: 10.1182/
blood.2022018330

117. Ng YY, Du Z, Zhang X, Chng W], Wang S. CXCR4 and anti-BCMA CAR
co-modified natural killer cells suppress multiple myeloma progression in a
xenograft mouse model. Cancer Gene Ther (2022) 29(5):475-83. doi: 10.1038/
541417-021-00365-x

118. Tai Y-T, Soydan E, Song W, Fulciniti M, Kim K, Hong F, et al. CS1 promotes
multiple myeloma cell adhesion, clonogenic growth, and tumorigenicity via c-maf-
mediated interactions with bone marrow stromal cells. Blood (2009) 113(18):4309-18.
doi: 10.1182/blood-2008-10-183772

119. O'Neal J, Ritchey JK, Cooper ML, Niswonger J, Gonzalez Sofia L, Street E, et al.
CS1 CAR-T targeting the distal domain of CS1 (SLAMF7) shows efficacy in high tumor
burden myeloma model despite fratricide of CD8+CS1 expressing CAR-T cells.
Leukemia (2022) 36(6):1625-34. doi: 10.1038/s41375-022-01559-4

120. Akhmetzyanova I, McCarron MJ, Parekh S, Chesi M, Bergsagel PL, Fooksman
DR, et al. Dynamic CD138 surface expression regulates switch between myeloma
growth and dissemination. Leukemia (2020) 34(1):245-56. doi: 10.1038/s41375-019-
0519-4

121. Guo B, Chen M, Han Q, Hui F, Dai H, Zhang W, et al. CD138-directed adoptive
immunotherapy of chimeric antigen receptor (CAR)-modified T cells for multiple
myeloma. J Cell Immunother (2016) 2(1):28-35. doi: 10.1016/j.jocit.2014.11.001

122. Kawano Y, Fujiwara S, Wada N, Izaki M, Yuki H, Okuno Y, et al. Multiple
myeloma cells expressing low levels of CD138 have an immature phenotype and
reduced sensitivity to lenalidomide. Int J Oncol (2012) 41(3):876-84. doi: 10.3892/
ij0.2012.1545

123. Gratch Y BP, Krishnan R, Loo-Yong-Kee S, Iyer R, Dulgar-Tulloch A. A semi-
automated, high-purity process for natural killer (NK) cell manufacturing in a rocking
bioreactor. Cytotherapy (2018) 20(5). doi: 10.1016/j.jcyt.2018.03.029

124. MengY, Sun J, HuT, Ma Y, Du T, Kong C, et al. Rapid expansion in the WAVE
bioreactor of clinical scale cells for tumor immunotherapy. Hum Vaccin Immunother
(2018) 14(10):2516-26. doi: 10.1080/21645515.2018.1480241

125. Palani HK, Arunachalam AK, Yasar M, Venkatraman A, Kulkarni U, Lionel
SA, et al. Decentralized manufacturing of anti CD19 CAR-T cells using CliniMACS
Prodigy®: real-world experience and cost analysis in India. Bone Marrow Transplant
(2023) 58(2):160-7. doi: 10.1038/s41409-022-01866-5

126. Aleksandrova K, Leise J, Priesner C, Melk A, Kubaink F, Abken H, et al.
Functionality and cell senescence of CD4/ CD8-selected CD20 CAR T cells
manufactured using the automated cliniMACS prodigy® Platform. Transfus Med
Hemother (2019) 46(1):47-54. doi: 10.1159/000495772

127. Zhu F, Shah N, Xu H, Schneider D, Orentas R, Dropulic B, et al. Closed-system
manufacturing of CD19 and dual-targeted CD20/19 chimeric antigen receptor T cells
using the CliniMACS Prodigy device at an academic medical center. Cytotherapy
(2018) 20(3):394-406. doi: 10.1016/j.jcyt.2017.09.005

128. Koepsell SA, Miller JS, McKenna DH Jr. Natural killer cells: a review of
manufacturing and clinical utility. Transfusion (2013) 53(2):404-10. doi: 10.1111/
j.1537-2995.2012.03724.x

129. Rezvani K, Rouce RH. The application of natural killer cell immunotherapy for
the treatment of cancer. Front Immunol (2015) 6:578. doi: 10.3389/fimmu.2015.00578

130. Fuller B]. Cryoprotectants: the essential antifreezes to protect life in the frozen
state. Cryo Lett (2004) 25(6):375-88.

131. Lapteva N, Szmania SM, Rhee van F, Rooney CM. Clinical grade purification
and expansion of natural killer cells. Crit Rev Oncog (2014) 19(1-2):121-32. doi:
10.1615/CritRevOncog.2014010931

132. Damodharan SN, Walker KL, Forsberg MH, McDowell KA, Bouchlaka MN,
Drier DA, et al. Analysis of ex vivo expanded and activated clinical-grade human NK
cells after cryopreservation. Cytotherapy (2020) 22(8):450-7. doi: 10.1016/
j.jcyt.2020.05.001

133. Berg M, Lundqyvist A, McCoy P Jr, Samsel L, Fan Y, Tawab A, et al. Clinical-grade ex
vivo-expanded human natural killer cells up-regulate activating receptors and death receptor
ligands and have enhanced cytolytic activity against tumor cells. Cytotherapy (2009) 11
(3):341-55. doi: 10.1080/14653240902807034

Frontiers in Oncology

17

10.3389/fonc.2023.1275076

134. Mark C, Czerwinski T, Roessner S, Mainka A, Horsch F, Heublein L, et al.
Cryopreservation impairs 3-D migration and cytotoxicity of natural killer cells. Nat
Commun (2020) 11(1):5224. doi: 10.1038/s41467-020-19094-0

135. Szmania S, Lapteva N, Garg T, Greenway A, Lingo J, Nair B, et al. Ex vivo-
expanded natural killer cells demonstrate robust proliferation in vivo in high-risk
relapsed multiple myeloma patients. J Immunother (2015) 38(1):24-36. doi: 10.1097/
CJ1.0000000000000059

136. Lapteva N, Durett AG, Sun J, Rollins LA, Huye LL, Fang J, et al. Large-scale ex
vivo expansion and characterization of natural killer cells for clinical applications.
Cytotherapy (2012) 14(9):1131-43. doi: 10.3109/14653249.2012.700767

137. Windrum P, Morris TC, Drake MB, Niederwieser D, Ruutu T. Variation in
dimethyl sulfoxide use in stem cell transplantation: a survey of EBMT centres. Bone
Marrow Transplant (2005) 36(7):601-3. doi: 10.1038/sj.bmt.1705100

138. Pi CH, Yu G, Petersen A, Hubel A. Characterizing the "sweet spot" for the
preservation of a T-cell line using osmolytes. Sci Rep (2018) 8(1):16223. doi: 10.1038/
s41598-018-34638-7

139. Ragoonanan V, Hubel A, Aksan A. Response of the cell membrane-
cytoskeleton complex to osmotic and freeze/thaw stresses. Cryobiology (2010) 61
(3):335-44. doi: 10.1016/j.cryobiol.2010.10.160

140. Li R, Johnson R, Yu G, McKenna DH, Hubel A. Preservation of cell-based
immunotherapies for clinical trials. Cytotherapy (2019) 21(9):943-57. doi: 10.1016/
j.jcyt.2019.07.004

141. Oyer JL, Croom-Perez TJ, Dieffenthaller TA, Robles-Carillo LD, Gitto SB,
Altomare DA, et al. Cryopreserved PM21-particle-expanded natural killer cells
maintain cytotoxicity and effector functions in vitro and in vivo. Front Immunol
(2022) 13:861681. doi: 10.3389/fimmu.2022.861681

142. Oyer JL, Pandey V, Igarashi RY, Somanchi SS, Zakari A, Solh M, et al. Natural
killer cells stimulated with PM21 particles expand and biodistribute in vivo: Clinical
implications for cancer treatment. Cytotherapy (2016) 18(5):653-63. doi: 10.1016/
j.jcyt.2016.02.006

143. Cichocki F, Bjordahl R, Gaidarova S, Mahmood S, Abujarour R, Wang H, et al.
iPSC-derived NK cells maintain high cytotoxicity and enhance in vivo tumor control in
concert with T cells and anti-PD-1 therapy. Sci Transl Med (2020) 12(568). doi:
10.1126/scitranslmed.aaz5618

144. Woan KV, Kim H, Bjordahl R, Davis ZB, Gaidarova S, Goulding J, et al.
Harnessing features of adaptive NK cells to generate iPSC-derived NK cells for
enhanced immunotherapy. Cell Stem Cell (2021) 28(12):2062-2075.e5. doi: 10.1016/
j.stem.2021.08.013

145. Goldenson BH, Hor P, Kaufman DS. iPSC-derived natural killer cell therapies -
expansion and targeting. Front Immunol (2022) 13:841107. doi: 10.3389/
fimmu.2022.841107

146. Chang Y-J, Chen N, Chen C, Guo T, Valdez JH, Gaidarova S, et al. High-density
cryopreservation of off-the-shelf CAR-NK cells facilitates on-demand treatment access.
Blood (2022) 140(Supplement 1):4693-4. doi: 10.1182/blood-2022-162712

147. Cappell KM, Kochenderfer JN. Long-term outcomes following CAR T cell
therapy: what we know so far. Nat Rev Clin Oncol (2023) 20(6):359-71. doi: 10.1038/
s41571-023-00754-1

148. Bachanova V, Ghobadi A, Patel K, Park JH, Flinn IW, Shah P, et al. Safety and
efficacy of FT596, a first-in-class, multi-antigen targeted, off-the-shelf, iPSC-derived
CD19 CAR NK cell therapy in relapsed/refractory B-cell lymphoma. Blood (2021) 138
(Supplement 1):823-3. doi: 10.1182/blood-2021-151185

149. Dickinson M, Hamad N, Bryant CE, Borthakur G, Hosing C, Shook D, et al. A
phase 1 study of NKX019, a CD19 chimeric antigen receptor natural killer (CAR NK)
cell therapy, in subjects with B-cell Malignancies. Blood (2021) 138(Supplement
1):3868-8. doi: 10.1182/blood-2021-146602

150. Mehta RS, Rezvani K. Chimeric antigen receptor expressing natural killer cells
for the immunotherapy of cancer. Front Immunol (2018) 9:283. doi: 10.3389/
fimmu.2018.00283

151. Bae WK, Lee BC, Kim HJ, Lee JJ, Chung IJ, Cho SB, et al. A phase I study of
locoregional high-dose autologous natural killer cell therapy with hepatic arterial
infusion chemotherapy in patients with locally advanced hepatocellular carcinoma.
Front Immunol (2022) 13:879452. doi: 10.3389/fimmu.2022.879452

frontiersin.org


https://doi.org/10.1182/blood.2022018330
https://doi.org/10.1182/blood.2022018330
https://doi.org/10.1038/s41417-021-00365-x
https://doi.org/10.1038/s41417-021-00365-x
https://doi.org/10.1182/blood-2008-10-183772
https://doi.org/10.1038/s41375-022-01559-4
https://doi.org/10.1038/s41375-019-0519-4
https://doi.org/10.1038/s41375-019-0519-4
https://doi.org/10.1016/j.jocit.2014.11.001
https://doi.org/10.3892/ijo.2012.1545
https://doi.org/10.3892/ijo.2012.1545
https://doi.org/10.1016/j.jcyt.2018.03.029
https://doi.org/10.1080/21645515.2018.1480241
https://doi.org/10.1038/s41409-022-01866-5
https://doi.org/10.1159/000495772
https://doi.org/10.1016/j.jcyt.2017.09.005
https://doi.org/10.1111/j.1537-2995.2012.03724.x
https://doi.org/10.1111/j.1537-2995.2012.03724.x
https://doi.org/10.3389/fimmu.2015.00578
https://doi.org/10.1615/CritRevOncog.2014010931
https://doi.org/10.1016/j.jcyt.2020.05.001
https://doi.org/10.1016/j.jcyt.2020.05.001
https://doi.org/10.1080/14653240902807034
https://doi.org/10.1038/s41467-020-19094-0
https://doi.org/10.1097/CJI.0000000000000059
https://doi.org/10.1097/CJI.0000000000000059
https://doi.org/10.3109/14653249.2012.700767
https://doi.org/10.1038/sj.bmt.1705100
https://doi.org/10.1038/s41598-018-34638-7
https://doi.org/10.1038/s41598-018-34638-7
https://doi.org/10.1016/j.cryobiol.2010.10.160
https://doi.org/10.1016/j.jcyt.2019.07.004
https://doi.org/10.1016/j.jcyt.2019.07.004
https://doi.org/10.3389/fimmu.2022.861681
https://doi.org/10.1016/j.jcyt.2016.02.006
https://doi.org/10.1016/j.jcyt.2016.02.006
https://doi.org/10.1126/scitranslmed.aaz5618
https://doi.org/10.1016/j.stem.2021.08.013
https://doi.org/10.1016/j.stem.2021.08.013
https://doi.org/10.3389/fimmu.2022.841107
https://doi.org/10.3389/fimmu.2022.841107
https://doi.org/10.1182/blood-2022-162712
https://doi.org/10.1038/s41571-023-00754-1
https://doi.org/10.1038/s41571-023-00754-1
https://doi.org/10.1182/blood-2021-151185
https://doi.org/10.1182/blood-2021-146602
https://doi.org/10.3389/fimmu.2018.00283
https://doi.org/10.3389/fimmu.2018.00283
https://doi.org/10.3389/fimmu.2022.879452
https://doi.org/10.3389/fonc.2023.1275076
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Adoptive NK Cell Therapy - a Beacon of Hope in Multiple Myeloma Treatment
	1 Introduction
	2 Adoptive NK cell therapy
	2.1 Principle of CAR generation
	2.2 Engineering CAR to enhance antitumor activity
	2.2.1 Advances in engineering CAR components
	2.2.2 CRISPR-based editing to improve NK cell effector response

	2.3 Metabolic engineering to increase antitumor functionality and persistence of NK cells
	2.4 CAR-NK cell vs. CAR-T cell therapy in multiple myeloma

	3 Adoptive NK cell manufacturing: retaining effector functions after freeze-thaw cycles
	4 Adoptive NK cell therapy in clinical trials
	5 Perspectives
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


