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Abstract

Natural Killer (NK) cells are critical members of the innate immunity lymphocytes and have a critical role in host defense
against malignant cells. Adoptive cell therapy (ACT) using chimeric antigen receptor (CAR) redirects the specificity of the
immune cell against a target-specific antigen. ACT has recently created an outstanding opportunity for cancer treatment.
Unlike CAR-armored T cells which hadnsome shortcomings as the CAR-receiving construct, Major histocompatibility
complex (MHC)-independency, shorter lifespan, the potential to produce an off-the-shelf immune product, and potent anti-
tumor properties of the NK cells has introduced NK cells as a potent alternative target for expression of CAR. Here, we
aim to provide an updated overview on the current improvements in CAR NK design and immunobiology and describe the
potential of CAR-modified NK cells as an alternative “off-the-shelf” carrier of CAR. We also provide lists for the sources of
NK cells in the process of CAR NK cell production, different methods for transduction of the CAR genetic sequence to NK
cells, the differences between CAR T and CAR NK, and CAR NK-targeted tumor antigens in current studies. Additionally,
we provide data on recently published preclinical and clinical studies of CAR NK therapy and a list of finished and ongoing
clinical trials. For achieving CAR NK products with higher efficacy and safety, we discuss current challenges in transduc-
tion and expansion of CAR NK cells, CAR NK therapy side effects, and challenges that limit the optimal efficacy of CAR
NK cells and recommend possible solutions to enhance the persistence, function, safety, and efficacy of CAR NK cells with
a special focus on solid tumors.

Keywords Chimeric antigen receptor - Natural killer cell - Immunotherapy - Challenges - Cancer

Introduction

Conventional treatment of cancer including radiotherapy,
chemotherapy, and surgery is associated with poor efficacy
and significant side effects [1, 2]. Therefore, novel strate-
gies with higher efficacy and fewer complications, such
as immunotherapy, have been developed. Immunotherapy
is the modification and enhancement of the host immune
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system to combat different pathologies, such as cancer.
Adoptive cell therapy (ACT) is a type of immunotherapy
that includes the application of immune cells to treat can-
cer. One of the most attractive emerging areas in the ACT
is the development of modified genetic receptors, chimeric
antigen receptors (CARs). Genetic engineering of T cells
to express CAR (CAR T cell therapy) has become a major
milestone in the treatment of cancer. CAR-engineered T cell
therapy has demonstrated unprecedented results in the treat-
ment of B-lineage hematologic malignancies and to a lesser
extent solid tumors. Two CAR T-based drugs, Kymriah and
Yescarta, have been approved for the treatment of CD-19"
B-cell lineage hematological cancers [3, 4]. Very recently, a
new drug named Breyanzi (Lisocabtegene maraleucel) has
been approved by the United States Food and Drug Admin-
istration for the treatment of refractory/relapsed large B-cell
lymphoma [5] (https://www.fda.gov/drugs/dr ug-approvals-
and-databases/FDA-approves-lisocabtagene-maraleucel-
relapsed-or-refractory-large-b-cell-lymphoma).
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Natural killer (NK) cells are lymphocytes and a member
of the innate lymphoid cell type-I (ILC-I) group that recog-
nize the target antigen independent of major histocompat-
ibility complex I (MHC-I). NK cells are frontline anti-cancer
effectors of innate immunity and have a critical role in elimi-
nating malignant and stressed cells [6]. Modifying NK cells
to express the CAR can enhance the anti-tumoral function
of NK cells, promote the cancer-recognizing properties of
NK cells, and overcome the immune evasion of cancer [7].
The potential of CAR-modified NK therapy has opened a
promising window to develop an alternative and effective
anti-cancer immunotherapeutic method. In this article, we
aim to review the biological features, structure, production,
and recent preclinical and clinical studies of CAR NK cells.
We also discuss the challenges of CAR NK cell therapy and
possible future approaches to enhance the safety and efficacy
of CAR-modified NK cells against cancer.

Natural Killer (NK) Cells

NK cells consist of 5-15% of the systemic circulation leu-
kocytes and are CD3"CD56"NKp46™ ILC-Is. Produced in
the bone marrow (BM) and maturated in both BM and sec-
ondary lymphoid organs, including uterus, liver, and ton-
sil, NK cells act as a member of the innate immunity [8].
Mature NK cells eliminate viral-contaminated and stressed
cells, such as cancer cells, and are of great importance in
defeating malignancies. In contrast to T cells, NK cells do
not demand the previous encounter with the antigen (Ag)
to exert their cytotoxic effect. Moreover, NK cell recogni-
tion of the target cell is independent of MHC-expression.
Identification of the target cell by NK cells is regulated
by NK cell receptors (NCRs). The primary activation of
the NK receptors, such as NKp46, NKp44, and NKp30,
can lead to the activation or inhibition of the NK cells.
Contact with dendritic cells (DCs), binding to antibody
complexes, contact with MHC-I-negative cells, activation
of NK group 2 member D (NKG2D), activation of CD226
(DNAM-1) through interaction with CD112, activation of
killer cell immunoglobulin-like receptors (KIRs) such as
KIR2DS1, KIR2DS4, and KIR2DL4, immune-stimulating
cytokines such as interleukin (IL)-1, 2, 12, 15, 18, and 21,
and type I interferon (IFN), and contact with tumor-associ-
ated molecules/patterns are the factors that can trigger the
activation of NK cells. These activatory signals activate
DAP12, CD3(, or high-affinity receptor for IgE (Fc3RIy),
which are members of the immunoreceptor tyrosine-based
activation motif (ITAM). This process finally activates the
NK cell function against the target cell [9-11]. Inhibi-
tory signals including NK group 2 member A (NKG2A),
C-type lectin-like receptor superfamily (CTLR) such
as Lectin-like transcript 1 (LLT1), and identification of
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MHC-I-negative cells by KIRs and leukocyte immuno-
globulin-like receptor (LIRs), are the most common fac-
tors that inhibit the activation of NK cells [12]. CD56" NK
cells are divided into two subsets, CD56-dim and CD56-
bright. CD56-bright cells are the primary effector NK cells
that exert their cytotoxic effect by producing perforin and
granzyme [13]. However, CD56-dim NK cells act as the
late immune cells that regulate the immune function by
producing pro-inflammatory mediators such as IFN-vy,
1L-22, IL-17, and tumor-necrosis factor-a (TNF-a) [14].

After identification of the malignant cell by NK cells,
they exert a critical role in inhibiting the expansion, metas-
tasis, and proliferation of the malignancy by multiple
methods. The first is the direct cytotoxicity of NK cells
on tumor cells by producing perforin/granzyme. The sec-
ond mechanism is the induction of death receptor-medi-
ated apoptosis by Fas/Fas-L interaction. The third is the
Ab-dependent cellular cytotoxicity (ADCC), by binding
to the CD16 to the Ag-Ab complex. And the last mecha-
nism is the production of immune-stimulating cytokines,
such as IL-5, 10, and 13, granulocyte-monocyte colony-
stimulating factor (GM-CSF), and TNF-a. These immune-
stimulating cytokines activate dendritic cells (DCs) and
macrophages that inhibit the proliferation and invasion of
the malignancy [15].

As members of innate immunity, NK cells have a major
role in the destruction of the target malignant cells. Studies
have shown that the presence of the NK cells in the TME
is associated with the outcome of the solid tumor-bearing
host. The tumor-killing potential of the NK cells in the
TME is less than circulating NK cells, which react against
extravasated tumor cells. This is caused by the immune-
suppressive effects of the TME induced by tumor-promot-
ing T cells, DCs, macrophages, MDSC:s, fibroblasts, tumor
cells, and cytokines [16]. These NK-suppressing mecha-
nisms lead to the inhibition of the activatory receptors
or stimulation of the inhibitory receptors of the Nk cells
[17-19]. As discussed later, understanding the interaction
between NK cells and the TME can help us to develop
superior immunotherapeutic strategies against the tumor.
In addition, NK cells also have a role in the process of
rejection/tolerance after transplantation. Transplantation
of the solid organ activates the resident alloreactive NK
cells of the host which can then induce the subversion of
the transplanted cells by inducing the ADCC or secret-
ing chemokines/cytokines. These immune-mediating
cytokines further induce the chemotaxis of the immune
cells, such as DCs, activate the Thl, which ends in rejec-
tion of the allograft transplant, or Th2/Tregs, which results
in tolerance [20, 21]. Accordingly, the significant anti-
tumor potentials of NK cells have made them an attractive
target for the immunotherapy of cancer [22].



Stem Cell Reviews and Reports (2021) 17:2081-2106

2083

Chimeric Antigen Receptor (CAR)

Initially introduced in the 1980s [23], CAR-based immu-
notherapy has attracted significant attention for the treat-
ment of cancer. CAR is a genetically recombinant recep-
tor that can be transduced to different immune cells, such
as NK cells and T lymphocytes. The CAR redirects the
specificity of the T/NK cell against a specific antigen on
tumor cells. Unlike T cell receptor (TCR) that identifies
MHC-I on the target cell, CAR-function is independent
of MHC. Therefore, CAR can identify diverse target anti-
gens including carbohydrates, proteins, glycolipids, etc.
[3]. The structure of the CAR includes four domains. The
extracellular section is mostly generated from a single-
chain variable fragment (scFv) of an antibody specific
for a target antigen [24]. In addition to scFv-based extra-
cellular domains, another ectodomain named “universal
CAR” has been recently introduced as a novel structure
for target recognition of the CAR. Universal CAR can be
redirected to a specific antigen by binding its avidin to the
biotinylated monoclonal antibody (mAb) bonded to the
target antigen. Moreover, universal CAR can also be redi-
rected against a specific antigen by its FITC-specific scFv
that binds to the labeled mAb-FITC complex. Therefore,
the universal CAR has the superiority to target a wide
spectrum of antigens without requiring multiple infusions
[25]. Non-scFv extracellular domains, such as variable
lymphocyte receptor (VLR), nanoantibody (VHH), and
designed ankyrin repeat protein (DARP), can be used as
the extracellular domain of the CAR [26]. The extracel-
lular domain is connected to the transmembrane domain
using spacer/hinge, which is commonly manufactured
by CD4, the Fc region of IgG, or CD8, and has shown a
major contribution in the activation and signaling of the
CAR. The intracellular domain of the CAR is responsible
for the transmission of the activatory signals into the cell
that finally leads to the anti-cancer function of the modi-
fied cell. The intracellular domain of the CAR includes
CD3(, the intracellular subset of the conventional TCR,
as the main domain. The CAR can also include costimu-
latory domains such as CD28, 4-1BB, CD27, or OX-40,
which can boost the activation and cytokine production of
the CAR T cell [4]. Considering CAR NK cells, 2B4 has
been introduced as a novel NK cell-specific costimulatory
receptor and has been reported to increase the anti-tumor
efficacy, proliferation, and cytokine production of CAR
NK cells [27]. CARs are T-cell-specific constructs and are
not specified to NK cells. Therefore, the development of
NK-specific CAR constructs is necessary which has been
discussed in further sections.

Multiple generations of CAR-engineered T cells with
different designs have been produced. First-generation

CARs included the scFv and CD3C{ which did not exhibit
adequate anti-tumor efficacy due to poor persistence and
inadequate cytokine production [28]. Second-generation
CARs with one costimulatory domain (4-1BB or CD28)
were designed which showed higher efficacy and cytokine
releasing potential due to stronger intracellular signaling.
The addition of the costimulatory domain to the CAR
increased the tumor elimination and cytokine-production
capabilities of the CAR T cells. Third-generation CARs
included two costimulatory domains, most commonly
4-1BB and CD28. The fourth generation of CAR T cells,
also named “T cell redirected for universal cytokine-
mediated killing (TRUCK)” includes a nuclear factor of
activated T cell (NFAT) that enables the cell to express
proteins and cytokines. TRUCK T cells have shown
encouraging preclinical and clinical results in previous
studies [29]. Newer generations of CARs such as SUPRA
CAR, Tandem CAR, Dual CAR, physiological CAR, split
CAR, and SynNotch CARs have also been developed and
are being investigated [25, 30].

CAR NK Cell vs CART Cell (Table 2)

CAR T cell therapy has demonstrated unprecedented results
in the treatment of hematologic and solid malignancies;
however, this method is also associated with shortcomings
and adverse effects. Cytokine release syndrome (CRS) is the
most frequent toxicity secondary to CAR T therapy which
occurs due to uncontrolled secretion of pro-inflammatory
mediators [31, 32]. “On-target, off-tumor” toxicity is another
adverse effect that occurs secondary to the importance of
CAR-modified T cells to distinguish healthy cells from tar-
get tumor cells which can cause severe damage to different
organs [33]. Graft-versus-host disease (GvHD) [34], tumor
lysis syndrome [35], and neurologic side effects such as
acute cerebral edema and immune effector cell-associated
neurologic syndrome (ICANS) [36] are other CAR T therapy
complications that can occur in patients receiving CAR T
cells [37]. In an attempt to overcome these shortcomings
and taking advantage of the anti-cancer potentials of NK
cells, scientists have thought to transfect the CAR transgene
to NK cells. Identical to CAR T cells, the CAR sequence is
transduced to the NK cell using a retroviral/lentiviral vector.
CAR-modified NK cells have a shorter lifespan and limited
cytokine secretion profile and therefore can be a potent sub-
stitute for CAR T cells [38]. Modification of NK to express
CAR has the advantage of targeting the CAR-specific
antigen, the potential to target multiple antigens using the
CAR, double CAR-dependent and NK receptor-dependent
function of CAR NK cells, and better safety profile. Moreo-
ver, the CAR NK cells can overcome the immune evasion
mechanisms of the tumor, such as downregulation of human
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leukocyte antigen (HLA) and proteasomal antigen process-
ing, and the potential of remote control to activate or deac-
tivate the CAR NK cells in case of severe toxicities [39].
In comparison to CAR T cells, CAR NK cells possess
superiorities in fighting the malignant cells (Tablel). Since
conventional T cells require HLA-matching to recognize the
target cell, GVHD is one of the prevalent toxicities of CAR
T cell therapy. Since CAR NK cells act independently of the
HLA-matching to recognize the target cell, GVHD has rarely
been reported in clinical and preclinical studies of CAR-
modified NK therapy [40]. Nevertheless, in animal mod-
els, NK cells have even been reported to restrain GvHD by
inhibiting alloreactive T cells [41]. CRS, the most common
side effect of CAR T therapy, is caused by the production of
enormous amounts of IFN-y, TNF-a, IL-6, and IL-1 by CAR
T cells. In comparison to CAR-transduced T cells, CAR NK
cells produce other cytokines with fewer immune-stimulat-
ing properties, such as GM-CSF, IL-3, and IFN-y, and there-
fore, do not cause CRS [42]. Moreover, the limited life-span,
the controlled in-vivo persistence of CAR NK cells, and the
inability of CAR-modified NK cells to form memory cells
(except in some viral diseases) are the factors that reduce the
need to control CAR NK cells using suicide genes or other
approaches [43—45]. The other advantage of CAR NK ther-
apy is the simplicity of its production and lower production
costs. Unlike CAR T cells which are mostly produced from
an autologous cell source, CAR NK cells can be conveni-
ently produced using peripheral blood mononuclear cells
(PBMC:s), induced pluripotent stem cells (iPSCs), hemat-
opoietic stem cells (hPSCs), NK cell lines (such as NK-92),
and umbilical cord blood (UCB) NK cells as the primary
source for CAR NK production. Due to unlimited prolif-
eration potential and lesser sensitivity to multiple cycles of
freezing, most clinical trials have used the NK-92 cell line
as the primary source of NK cells [46]. One of the main
elements that reduce the success of CAR T therapy is tumor
antigen loss. In the long term, this process leads to tumor
relapse/recurrence. However, since intracellular signaling of
NK cells (NKG2D and NDAMI1) can contribute to the iden-
tification of the target cell independent of CAR, antigen-loss
does not affect the efficacy of CAR-modified NK cells [30,
47]. Moreover, the lower expression of programmed death-1
(PD-1), an important immunosuppressive factor expressed
by the tumor microenvironment, is another privilege of CAR
NK therapy, especially in fighting solid malignancies [48].
Therefore, CAR NK cell therapy can be considered as an
efficacious and safe alternative immunotherapeutic carrier
for CAR in the long-term treatment of malignancies [30].
The CAR construct of the CAR NK cell and CAR T cell
are common in some features; however, there are some dif-
ferences in co-stimulatory and transmembrane domains
of the NK-specific CAR constructs. Similar to CAR T
cells, CD3C and 4-1BB are conserved in CAR NK cells.
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DNAX-activation protein-10 (DAP10), DAP12, 2B4, and
CD137 are domains that can be applied as co-stimulatory
domains in NK-specific CAR construct, in addition to 4-1BB
[49]. 2B4 is a subset of the signaling lymphocytic activation
molecule (SLAM) family that contributes to the intracellular
signaling of the NK cell through CD48 and immunoreceptor
tyrosine-based switch motif ITSM). In a study, the applica-
tion of 2B4 as the co-stimulatory domain led to enhanced
proliferation and cytokine production and diminished apop-
tosis of the CAR NK cells [27]. In a study by Li et al., ten
groups of iPSC-derived anti-mesothelin CAR NK cells were
produced using different signaling domains. In this study,
anti-mesothelin-NKG2D-2B4 CARs showed the best results
in terms of anti-tumor response, which showed the potential
of 2B4 as the co-stimulatory domain of NK-specific CAR
[50]. DAPs are a subset of NK cell-membrane receptors that
participate in the NK cell intracellular signaling. DAP10
and DAP12 can both be used as an alternative for CD3 or
as co-stimulatory domains of the CAR construct [51]. In a
study, DAP12 increased the anti-tumor efficacy compared
to CD3( [52]. Unlike CAR T cells that included CD8/CD28
as the transmembrane domain, NK-specific CAR construct
can include NKG2D, NKp46, NKp44, or CD16 as the trans-
membrane domain. NKG2D is a subset of the natural killer
activating receptors (NKGs) that activates the intracellular
signaling of the NK cell by phosphorylating the DAP10 and
has been used as the transmembrane domain of the NK-spe-
cific CAR [53]. A phase I study is assessing the anti-tumor
effect of off-the-shelf FT596 CAR NK cells that include 2B4
as the co-stimulatory domain and NKG2D as the transmem-
brane domain in B cell lymphoma and chronic lymphocytic
leukemia (NCT04245722) (Table 2, Figs. 1 and 2).

Production of CAR NK Cell

The process of CAR NK cell production is similar to the
process of CAR T cell production but there are some dif-
ferences. To produce CAR NK cells an appropriate source
of NK cells is required. NK cell origins for the produc-
tion of the CAR NK and the properties of each method are
described in Table 1. PBMC-derived NK cells are extracted
by leukapheresis, sorting, isolation, and CD56 selection of
the blood sample from a donor [54]. NK cell lines, espe-
cially NK-92, are among the latest evolved sources for man-
ufacturing CAR NK cells that have solved the challenge
of requiring high numbers of engineered NK cells. Since
NK-92 is a derivative of the non-Hodgkin's lymphoma cell
line, it should be precariously used for developing CAR NK
strategies and should be irradiated before transduction of
the CAR genome to reduce the risk of GVHD and tumori-
genicity [55-57]. NK-92 has recently been used to produce
CAR-modified NK cells in clinical, as well as preclinical
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Table 1 (continued)

&

Reference

1. Need for irradiation before injection to prevent [17, 38, 40, 67, 201, 202]

Disadvantages

1. Lesser GVHD risk

Advantages

Specifications

NK cell line NK-92, NKG, YT, NK-YS, HANK-I, YTS, and

Source

Springer

uncontrolled proliferation
2. Homogenous population

2. Easily expanded and transduced

NKL cell lines

3. Cheaper and easier standardization
4. Unlimited proliferation potential

3. More stable expression of CAR

4. Limited in-vivo expansion

5. Possibility of “off-the-shelf” CAR NK cell

production

5. Higher expression of specific inhibitory KIRs,

NKp44, and 6. NKp46
6. Lack most inhibitory KIRs

7. Lack multiple activatory receptors such as

CD16 and NKp44
8. Possible carrier of abnormal genes and EBV

PBMC, Peripheral blood mononuclear cell; UCB, Umbilical cord blood; hPSC, Human pluripotent stem cell; iPSC, Induced pluripotent stem cell; NK, Natural killer cell; SCF, Stem cell factor;

VEGF, Vascular endothelial growth factor; HLA, Human leukocyte antigen; GVHD, Graft-versus host disease; CAR, Chimeric antigen receptor; BMP4, Bone morphogenic protein 4

studies [58, 59]. UCB-derived NK cells are extracted by
induction of the cord blood stem cells through lymphocytic
lineage. hPSC cells can be differentiated from the NK cell
line using specific cytokines and enriched media [60]. iPSC-
derived NK cells are another source for the production of
engineered NK cells in high numbers but are also associ-
ated with teratogeniity and especially the development of
teratoma [50, 61-63]. Multiple strategies, such as deletion
of the Cytokine-inducible SH2-containing protein (CISH)
[63], can be applied to overcome the shortcomings of the
iPSC-derived NK cell therapy, which are discussed in fur-
ther sections. After extraction of the NK cells, they must
be stimulated and enriched using CD56" beads. Then, the
CAR genome sequence is transfected to the NK cells using
a vector. There are various methods to transduce the CAR
transgene to NK cells (Table 3). The most commonly used
method is viral vectors, such as retroviral and lentiviral
vectors. The transfected NK cells must be expanded using
cytokines that stimulate the expansion of NK cells, such as
1L-2, 15, 18, 21, and 12 [43]. When the CAR NK cells have
reached the appropriate number, they are cryopreserved and
the quality-control processes are performed to ensure the
expression of CAR by NK cells. All steps of the CAR NK
manufacturing process must be performed in good-manufac-
turing practice (GMP)-grade clinical condition [64]. After
the production of CAR NK cells, the last step is to inject the
product into the patient; however, chemotherapy and bone-
marrow depletion before injection can increase the efficacy
of CAR NK therapy [65].

Preclinical Results of CAR NK Therapy

CAR NK cells have been introduced as a revolutionary
immunotherapeutic method for the immunotherapy of can-
cer. Preclinical studies have been performed to evaluate the
anti-tumor efficacy of CAR NK cells in hematologic and
solid cancers. Most of the studies have targeted CD19" B cell
malignancies. Romanski and et al. explored the anti-tumor
function of NK-92-derived CD19 targeting CAR NK cells on
CD19" leukemia cell lines which demonstrated that CD19-
redirected CAR NK cells could effectively lyse the leuke-
mia malignant cells [66]. Several other studies have targeted
B-lineage malignancies using CD-19-directed CAR NK cells
[58, 66, 67]. In a study, anti-CD20 resistant and sensitive
cell lines of lymphoma were treated with anti-CD19-CAR-
NKO92 cells. This resulted in increased production of IFN-y
and superior apoptotic activity through secretion of IL-10,
CCL3, and FAS-L in anti-CD20 resistant lymphoma cells
[68]. Therefore, CD19 CAR NK therapy has shown potent
anti-tumor activity against CD19* B-cell malignancies.
CD20 is the second most studied target in B-lineage hema-
tological malignancies. In a study on the rituximab-resistant
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Table 2 Comparison of CAR T cells with CAR NK cells
Cell type CAR-NK cell CAR-T cell References
Specifications
Costimulatory domain DAP10, DAP12, CD28, CD28, 4-1BB, CD137 [10,203]
4-1BB, 2B4
Transmembrane domain NKG2D, CDS, CD28 CD8, CD28 [53, 80]
Cost of production Lower Higher [30, 204, 205]
Antitumor mechanism Direct cytotoxicity CAR-dependent [30, 164]
CAR-dependent cytotoxicity Direct cytotoxicity
CAR-independent cytotoxicity
ADCC
HLA-matching before allogeneic administra-  Not required (possible allogeneic application) Required [206]
tion
Life span Shorter Longer [37, 43]
Safety Higher Lower [49, 207]
On-target/off-tumor toxicity Lower Higher [208, 209]
GVHD Lower Higher [40]
Sources Peripheral blood cells, NK cell lines, UCB, Peripheral blood, iPSC, [210-214]
hPSC/iPSC Autologous T cells, Cord
blood cells
CRS Lower Higher [215-219]
Efficacy on the solid tumor (level of PD-I Higher Lower [220-222]
expression)
Activator signaling ligand both extracellular and intracellular (a double ~ Only extracellular [51, 223]
mechanism)
Rapid activation upon first Ag exposure (prior Fast Slow [224-227]
sensitization)
In-vivo controlling of proliferation and expan- Easier or not required Required [44]
sion (using suicide genes)
CAR genome transfection success Lower success Higher success [228]
Neurotoxicity Lesser Higher [202, 229-232]
Cytokines used for cell expansion 1L-21, 18, 15, and 12 1L-2, 12,15, and 7 [206, 233]

mice model of Burkitt lymphoma, second-generation 4-IBB-
CD3( anti-CD20 CAR-modified NK cells cultured with
K562-mb-IL15-41BBL demonstrated increased anti-tumor
cytotoxicity and enhanced the mice survival [69]. Muller
et al. designed NK-92-derived CD20-CAR NK cells for the
treatment of CD20* leukemia/lymphoid cells. This study
showed that CD20-redirected CAR NK cells were able to
invade NK cell-resistant leukemia/lymphoid cells and exhib-
ited potent anti-tumor function [70]. In another study, Bios-
sel et al. compared the efficacy of CD20-targeting CAR NK
cells with CD20-blocking monoclonal antibodies. Compared
with anti-CD20 antibodies, anti-CD20 CAR-engineered NK
cells showed to have a superior antitumor activity in the
chronic lymphocytic leukemia (CLL) cells and mice model
[71]. CAR NK cells targeting multiple other antigens such
as CD7 [72], CD5 [27], CD4 [43], CS1 [73], CD138 [74],
and CD33 [75] have been used in the treatment of leuke-
mia/lymphoma mice models. In another study, CD138 CAR
NK cells increased survival and demonstrated a potent anti-
tumor effect in a murine model of multiple myeloma [74]. In

another study, simultaneous injection of CD138 and CD19
CAR NK cells demonstrated sufficient in-vitro cytotoxicity
and targeted tumor killing [76]. In an orthotopic model of
multiple myeloma, NK-92-derived second-generation CAR
NK cells that targeted CS1 could restrict tumor progression,
increase survival, and enhance the secretion of IFN-y [73].

CAR NK cells have also been studied in solid tumors.
Neuroblastoma is a brain cancer with a poor progno-
sis that mostly occurs in children. In a preclinical study,
NK-92-GD2-CAR NK cells were used to treat multidrug-
resistant neuroblastoma cell line and a xenograft model of
neuroblastoma which showed substantial anti-tumor effi-
cacy [77]. Moreover, the application of second-generation
CD276-NK-92 CAR NK cells could effectively lyse 3D and
monolayer spheroids of neuroblastoma. This study sup-
ported the CAR NK-92 product as an “off-the-shelf”” option
for treating neuroblastoma [78].

Glioblastoma is a malignant brain tumor with a poor
prognosis. Treatment of glioblastoma in a tumor-bear-
ing mice model with EGFR-CD28- CD3{ CAR NK cells
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demonstrated potent cytotoxic effects and increased murine
survival [79]. Other studies have targeted CD73 [80],
EGFRUVIII [81], and HER2 [82] in glioblastoma cell lines
which have shown significant anti-glioblastoma activity and
tumor lysis. According to the immunosuppressive microen-
vironment and heterogeneity of the GBM, targeting more
than one moieties could improve the efficacy of CAR-mod-
ified immune cells. In a human glioblastoma cell line, dual
targeting of glioblastoma using EGFR-EGFRVIII-dual CAR
NK cell showed significant immune-evasion and cytotoxic-
ity. Moreover, the application of EGFR-EGFRvIII-dual CAR
NK cell in a xenograft mice model of glioblastoma reduced
the immune escape of the tumor and showed more efficacy
compared to monotherapy using EGFRVIII or EGFR target-
ing CAR NK cell [83]. In another study, dual-specific GD2-
NKG2DL-CAR NK cells could recognize the third moiety
of tumor-responsive local secretion of anti-CD73 antibody.
The injection of this multifunctional CAR NK product dem-
onstrated anti-tumor function and repressed the production
of adenosine. Further evaluation showed that pharmacologic
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impairment of autophagy can enhance the sensitivity of glio-
blastoma to the CAR-modified NK cells [84]. The results of
these studies demonstrated that multi-targeted CAR NK cells
can be an effective strategy to treat glioblastoma by inhibit-
ing tumor heterogeneity and immune suppression.

Prostate stem cell antigen (PSCA) is a cell surface anti-
gen expressed by prostate cancer cells. PB-NK and YPS-NK
derived PSCA-DAP12-CAR NK cells exhibited significant
tumor-lysis against PSCA™ prostate cancer cells [51] PSMA
(prostate-specific membrane antigen) is a tumor-associated
antigen that is overexpressed on malignant cells of the pros-
tate gland. In-vitro studies demonstrated that Anti-PSMA
CAR NK-92 cells exhibited potent IFN-y production and
highly specific lytic activity against prostate cancer cells.
Infusion of the PSMA-CAR NK-92 cells to the prostate-
cancer-bearing mice effectively limited tumor growth and
increased survival [85]. Mesothelin is expressed by ovarian
cancer cells and has been studied for targeted therapy of
ovarian cancer. In a mice model of ovarian cancer, subcuta-
neous and intraperitoneal application of anti-MSLN-CAR
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Fig.2 Recent developments of
CAR NK cells to increase the
efficacy and safety of cancer
treatment. Created by Esmaeila-
deh et al. CAR: chimeric anti-
gen receptor, NK: natural killer
cell, TAA: tumor-associated
antigen, IL-4: interleukin-4,
IL-7: interleukin-7, TGF-BRII:
transforming growth factor beta
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NK cells resulted in specific anti-tumor immune response
and increased survival in intraperitoneally tumor-grafted
mice [86]. Moreover, iPSC-derived CAR-modified NK cells
were shown to repress the proliferation of ovarian malignant
cells in a murine model of ovarian cancer [50].
CAR-modified NK therapy has also been considered to
be used for breast malignancies. In a study, ErbB2-5-28C-
CAR-NK-92 cells were used to treat breast cancer cells. The
in-vitro analysis showed that ErbB2-CAR-NK-92 cells suc-
cessfully destroyed ErbB2" malignant cells. In-vivo adminis-
tration of these NK-tailored cells showed favorable immune
function and tumor-infiltration in a murine xenograft model
of breast cancer [87]. Triple-negative breast cancer (TNBC)
is resistant to the majority of current treatment options.
Therefore, Hu et al. thought to investigate the anti-tumor
function of CAR NK cells targeting tissue factor (TF-CAR-
NK-92 cells) on TNBC cell line and a xenograft model of
TNBC. This study showed that TF-CAR-NK-92 cells suc-
cessfully lysed TNBC cells in in-vitro and in the xenograft
model of TNBC [88]. EGFR is a potential target that is over-
expressed by breast cancer. In a study by Liu et al., using a
lentiviral vector, two different ScFvs were used to produce
EGFR-CAR-NK cells against TNBC cells. The produced
EGFR-CAR NK cells showed accurately induced in-vitro
lysis of the TNBC cells and restrained tumor growth in a
murine model [89]. It can be concluded that breast cancer

is a potent target for CAR NK therapy and further and this
immunotherapeutic method could improve the clinical
results of breast cancer treatment in the future.
Hepatocellular carcinoma (HCC) is the most lethal
form of liver malignancies. Huang et al. investigated the
anti-tumor activity of anti-GPC3 CAR NK cells contain-
ing 2B4/DNAMI1 or CD28 as their costimulatory domain
against HCC. This study demonstrated that GPC3-2B4/
DNAM1-CAR-NK-92 cells exhibited a stronger immune
response with enhanced cytotoxicity against hepatocel-
lular carcinoma (HCC) cell line [90]. In another study,
NKG2D-DAP10-CD3¢-CAR-NK cells demonstrated potent
anti-tumor immune response against cell lines of osteo-
sarcoma, pancreatic cancer, breast cancer, and HCC [38].
Colorectal cancer includes malignancies of the colon and
rectal epithelial tissue that mostly occur in elderlies and
are associated with poor prognosis. Zhang et al. transduced
the EpCAM-CAR to the NK-92 cell line using a lentiviral
vector. The EpCAM™ colorectal cancer cells were treated
with anti-EpCAM-CAR-NK-92 cells which showed potent
anti-tumor cytotoxicity and cytokine secretion. Injection
of anti-EpCAM-CAR-NK-92 cells to the colorectal cancer
xenograft model in combination with regorafenib, a protein
kinase inhibitor, effectively suppressed tumor growth [91].
Folate receptor alpha (aFR) is overexpressed on malig-
nant cells of the ovary. In a study, three generations of
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Table 3 Different methods for transduction of the CAR construct to the NK cells

Vector Advantages Disadvantages References
Retroviral High transduction efficacy Mutagenesis [66, 133]
(a-RV and y-RV) Can integrate into the transcriptionally active ~ Can integrate only into dividing cells in the
site and transcription factor-binding site mitosis stage
Used for transportation of CAR genome to Harmful effect on NK cell viability
PBMC
Can be enhanced by transduction enhancers
(such as polybrene, retronectine, and prota-
mine sulfate, etc.)
Can be used for the transduction of the CAR
to different sources
Lentiviral Can integrate into the transcriptionally active ~ Mutagenesis risk [53, 74]
site and transcription factor-binding site Lower transduction efficacy than retroviral
Can integrate into both dividing and non- vectors
dividing cells
High transduction efficacy
Safer than retroviral transduction
Electroporation with mRNA Transient expression (only for 3—5 days) High cell death rate (due to cell membrane [53,234]
No risk of mutagenesis destruction)
Simple and cost-effective Lower efficacy in UCB and PBMC-derived
High transduction efficacy NK cells

Electroporation with DNA
(PiggyBac (PB) and Sleep-
ing Beauty (SB))

Transient expression

No risk of mutagenesis

Simple and cost-effective

Can transfer large gene sequence

The possibility of permanent expression of the

CAR using PB and SB
Less off-target effect

CRISPR/Cas9 The genetic sequence is transduced using

Adeno-associated virus (AAV), electropora-

tion, or gold nano-particles

Precision insertion of the transgene to the
genome

High success rate (68%)

Cannot integrate into the genome

High cell death rate (due to cell membrane [50, 80, 235, 236]
destruction)

Lower efficacy in UCB and PBMC-derived
NK cells

Cannot integrate into the genome

Expensive
Requiring high technology
Difficult transduction method

[103]

aFR-CAR were produced using lentiviral a vector (aFR-C,
aFR-28C, aFR-28BB{ CAR NK-92 cells). In-vitro stud-
ies demonstrated that although all constructs showed
favorable efficacy, the third generation CAR construct
had higher cytokine secretion, proliferation, and antigen-
specific cytotoxicity than others. In the xenograft model
of ovarian cancer, these CAR NK-92 cells could effec-
tively lyse aFR* cancer cells and increase survival. This
study showed that applying third-generation CAR NK cells
against solid tumors may have superior efficacy than other
generations [92].

In conclusion, the preclinical results of CAR NK ther-
apy demonstrate that CAR NK therapy can be introduced
as promising immunotherapy against hematological and
solid cancers. However, further clinical studies, and spe-
cifically large-scale clinical studies are still required to
prove the efficacy of CAR NK therapy against these malig-
nancies (Table 4).
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Clinical Results of CAR NK Therapy (Table 5).

Promising results of preclinical CAR NK therapy have
opened the way to translate CAR NK therapy into clini-
cal application. In previous years, the number of clinical
trials investigating the therapeutic efficacy of CAR NK
cells has significantly increased. As of April 2021, 27
clinical trials have been registered in clinicaltrials.gov,
of which, 17 clinical trials target hematological and 10
target solid malignancies. All trials are in phase I/II and
the most targeted malignancy is B-cell lineage leukemia/
lymphoma targeting CD19 antigen. Other clinical trials
target CD22, CD33, BCMA, NKG2DL, and CD7 in dif-
ferent lymphoproliferative malignancies.
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Table 4 Targets of CAR NK therapy in different cancers

Cancer Target References
Multiple Myeloma CD138 [73,74,76]
CS1
Lymphoma CD22 [43, 128, 237]
CD19
CDh4
Acute lymphocytic leukemia CD7 [27, 47, 66, 67, 72]
(ALL) CD19
CD5
FLT3
Acute myelocytic leukemia CD33 [42, 43, 60, 75, 185]
(AML) CD19
CDh4
CD123
Chronic lymphocytic leukemia CD19 [67,234]
(CLL)
Breast cancer HER2 [87, 88, 147]
EpCAM
TF
EGFR
Colorectal HER2 [87, 91, 189]
EpCAM
NKG2D
Ovarian HER2 [86, 207]
Mesothelin
Renal cell carcinoma (RCC) HER2 [87]
Glioblastoma EGFR [79, 80, 82, 84, 175]
EGFRVIII
CD73
HER2
Prostate PSMA [85]
Neuroblastoma GD2 [78, 238, 239]
CD244
CD276
Melanoma GPA7 [53, 240]
Ewing sarcoma GD2 [159]
Hepatocellular cancer (HCC) GPC3 [90]

Clinical Application of CAR NK Therapy
in Hematologic Malignancies

Immunotherapy using non-engineered NK cells has shown
promising results especially in acute myeloid leukemia
(AML). Genetic engineering of NK cells with CARs can
enhance the clinical efficacy of this method. CD33 and
CD19 are the most common targets of CAR-modified
NK therapy in clinical studies on hematologic malignan-
cies [58]. In a first-in-man trial by Tang et al. on three R/R
AML patients, third-generation NK-92-derived CAR-mod-
ified cells were transduced with CD33-CAR. Each patient
received 5x 10° CD33-CAR-NK-92 cells of which three
of the patients experienced mild CRS and fever that was
relieved by the next day. Although no permanent therapeutic
responses were obtained, this study showed the transfusion

of CAR NK-92 cells to be safe [42]. The initial large-scale
study of CAR-modified NK therapy was conducted on 11
chronic lymphocytic leukemia (CLL) and non-Hodgkin’s
lymphoma (NHL) patients in MD Anderson cancer center.
All patients were treated with lymphodepleting chemother-
apy before infusion. Patients received cord blood-extracted
CD19-CD28-CD3(-CAR NK cells that also contained sui-
cidal gene switch and the genetic sequence for production
of IL-15. The expression of IL-15 by CAR-modified cells
enhances the survival, proliferation, and persistence of the
engineered NK cells in-vivo. 7 out of 11 patients responded
well and experienced sustained complete remission (CR) up
to 13.8 months. The injected CAR NK cells were reported to
persist in the blood for more than a year. This study exhib-
ited the administration of cord blood-derived anti-CD19
CAR NK therapy in B-cell lineage malignancies to be effi-
cacious and safe. None of these patients represented any
significant side effects that needed intensive-level care which
encourages the potential of CAR NK cells to be used as
an “off-the-shelf” product for the treatment of malignancies
[91]. FT596 is an iPSC-derived off-the-shelf CAR NK prod-
uct that includes NKG2D as the transmembrane and 2B4
as the co-stimulatory Sect. [93]. It also includes a genetic
sequence of IL15/IL15R to improve the persistence and
survival of CAR NK cells. A clinical trial (NCT04245722)
is investigating the efficacy of FT596 monotherapy and a
combination of FT596 with a CD20-targeting monoclonal
antibody in chronic lymphocytic leukemia and B cell lym-
phoma in a phase I trial. In conclusion, these studies dem-
onstrate the clinical safety and applicability of CAR NK
cells and the potential of this method to become one of the
cornerstone treatments of hematological cancers. Moreo-
ver, iPSC-derived and UCB-derived CAR NK cells can be
considered as appropriate sources for the manufacturing of
“off-the-shelf” CAR NK products. The lower cost of CAR-
engineered NK production compared to CAR T cells encour-
ages the wide application of off-the-shelf CAR NK cells in
a clinical scale in forthcoming years.

Clinical Application of CAR NK Therapy in Solid
Malignancies

Preclinical results have shown the potent anti-tumor function
of CAR NK cells; however, clinical application of CAR NK
cells in solid tumors is in its infancy. Available data of clini-
cal results of CAR NK cell therapy are limited. Ten clini-
cal trials are currently investigating the clinical efficacy of
CAR-modified NK therapy in multiple solid tumors, such as
neuroblastoma, prostatic cancer, glioblastoma, etc. (Table 5).
GD-2, mucin-1 (MUC-1), mesothelin, ROBO-1, HER-2, and
NKG2DL are the targeted antigens that are being studied in
clinical trials. FT596 is an iPSC-derived off-the-shelf CAR
NK product that includes NKG2D as its TM and 2B4 as
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Table 5 Current CAR NK therapy clinical trials (registered in clinicaltrials.gov)

Target antigen  Cancer Structure Phase NK source NCT
Hematological malignancies
CD19 Refractory B NHL CD19.CAR-aNKT.IL15 I N/R NCTO03774654
Refractory B SLL
Relapse adult ALL
Relapse CLL
Relapse NHL
CD22 R/R B lymphoma N/R I N/R NCT03692767
CD19 R/R B lymphoma N/R 1 N/R NCTO03690310
CD19 R/R NHL N/R 1 N/R NCT04639739
CD19/CD22  R/R B lymphoma N/R 1 N/R NCT03824964
CD19 B cell lymphoma CD19-CD28-2A-iCasp9-IL15 /i Cord blood NCT03579927
(withdrawn)
CDI19 B cell lymphoma malignancy  CD19-iCasp9-IL15 v UCB NK cell NCT03056339
ALL
CLL
CD33 AML ScFv-CD28-CD137-CD3(¢ v NK92 NCT02944162
BCMA R/R multiple myeloma N/R /I NK92 NCTO03940833
CD7 Lymphoma ScFv-CD28-CD137- CD3(¢ I NK92 NCT02742727
CD19 Lymphoma N/R i N/R NCT04727093
ALL
NKG2DL AML N/R I Allogeneic NCT04623944
MDS
CD19 B-ALL ScFv-CD8aTM-CD137- CD3( I PBNK NCT01974479
CD19 Lymphoma ScFv-CD28-CD137- CD3¢ jul NK92 NCT02892695
Leukemia
CD19 B cell lymphoma iCasp9-ScFv-CD28- CD3¢-IL15 /1 UCB NK NCTO03056339
CD19 B cell lymphoma ScFv-NKG2D-2B4- CD3¢-1L15/R-hnCD16 1 iPSC(FD596) NCT04245722
CLL
CD19 ALL CAR-19-4IB- CD3(¢ 1 Hoploidentical donor NCT00995137
Solid malignancies
GD2 Neuroblastoma iC9-GD2.CD28.0X40- ¢ 1 PBMC NCT02439788
(withdrawn)
GD2 Neuroblastoma GD2-CD28. Z.IL15 1 PB NK NCT03294954
PSML Prostatic cancer N/R I N/R NCT03692663
NKG2DL Metastatic solid tumor ScFv-CD8aTM- CD3¢ I PB NK NCTO03415100
ScFv-CD8aTM- DAP12
ROBO 1 Solid tumor N/R v NK92 NCT03940820
Mesothelin Ovarian cancer N/R I PB NK NCT03692637
MUC 1 Hepatocellular carcinoma ScFv-CD28-CD137- CD3( v NK92 NCT02839954
Non-small cell lung cancer
Pancreatic cancer
TNIBC
Glioma
Colorectal cancer
Gastric cancer
ROBO 1 Pancreatic cancer N/R il NK92 NCT03942457
HER2 GBM ScFv-CD28- CD3¢ I NK92 NCTO03383978
ROBO 1 Solid tumor N/R il N/R NCT03931720

its co-stimulatory domain. FT596 also includes membrane-
tethered IL-15 functioning as the autocrine IL15-signaling
function [93]. Off-the-shelf availability and IL-15-mediated
signaling are two factors that render FT596 as a target of
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great potential to be used for immunotherapy against solid
tumors. iNKT cells are a specific subgroup of T lymphocytes
that comprise the typical features of NK cells. NKT cells
express both af-TCR and NK-lineage immune markers, such
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as CD16 and CD56. The TCR of the NKT cells recognizes
the CD1d expressed by antigen-presenting cells (APCs) and
contributes to the recognition of lipid antigens. After rec-
ognition of the target cell, NKT cells stimulate the innate
and adaptive immune responses by producing immune-
enhancing cytokines [94]. Therefore, iNKT cells have been
considered as a potential target for transduction of the CAR
(iINKT-CAR). GD2-specific-iNKT-CARs have shown prom-
ising results in preclinical studies on the neuroblastoma
mouse model and a phase I clinical trial has been designed
to investigate the anti-tumor function of GD2-iNKT-CAR in
patients with neuroblastoma (NCT03294954). In conclusion,
CAR NK cells have a great potential for clinical application
and further research is being inducted to translate the pre-
clinical results of CAR NK therapy to clinical implications.

Challenges and Future Approaches

CAR-modified NK therapy is a recently developed immuno-
therapeutic method for cancer treatment. Despite promising
results of CAR NK therapy in preclinical studies, the clini-
cal application of CAR NK therapy is still in its infancy and
is encountered with several challenges. Recognition of the
challenges is necessary for reprogramming CAR NK cells
and enhance the anti-tumor efficacy of this approach. Here,
we aim to discuss current challenges and future approaches
to improving the therapeutic outcome of NK therapy in the
clinical setting.

CAR NK Transduction Challenges

CAR structure was first designed for transduction to T
cells. The structural and functional differences of T and
NK cells can influence the efficacy of CAR transduction
and function in NK cells. Therefore, it is necessary to
specify CAR for NK cells using NK-specific CARs. One
of the most important issues in CAR NK production is the
strategy of CAR transduction to the NK cells. There are
several methods for transferring the CAR genetic sequence
to the host NK cell which is described in Table 3. One
of the main challenges of CAR NK production is that, in
comparison to T cells, the success rate of gene transduc-
tion is lower in NK cells. Each method for CAR trans-
duction has its advantages and disadvantages. Choosing
the appropriate method for transduction of the CAR is
necessary to achieve favorable clinical results. Lentivi-
ral and retroviral transduction methods are the most used
approaches. The success rate of CAR transduction by
retroviral transfer is 43-93% based on different studies
and has recently entered clinical trials. The expression of
CAR by retroviral transmission is a short time [95, 96].
However, it has been shown that the addition of the IL-15

membrane-binding site can increase the viability and cyto-
toxicity of the retrovirally-transduced CAR NK cell [96].
Lentiviral transduction of CAR is another highly used
method. The success rate of CAR transduction by lenti-
viral vector has been reported to be 29% [97]. However,
this success rate was increased up to 50% by IL-2 and
IL-12 coculturing [98]. The highest efficacy was achieved
by using the phytohaemagglutinin (PHA) which increased
the success rate of transduction up to 80% [98]. Therefore,
it could be concluded that the addition of PHA can tremen-
dously increase the transduction efficacy of lentiviral CAR
transfer to the NK cells.

Nucleofection and DNA electroporation has shown
diverse transfer success (1-90%) based on NK cell source,
the culture media, and the CAR transgene construct [98].
The viability of NK cells after nucleofection and DNA elec-
troporation is 45-97%. Nevertheless, mRNA electroporation
has shown an acceptable success rate (§0-90%), except in
UCB and PB-derived NK cells which were less than 10%
[98, 99]. Therefore, mRNA transduction is not proposed to
be used in UCB and PB-derived NK cells. In a study, mRNA
transduction of CAR to NK cells exhibited higher cytotox-
icity aginst CLL than lentiviral-transfected NK cells. An
updated approach is using eGFP-mRNA that can improve
the transduction efficacy up to 86%. A 3D nanochannel-elec-
troporation (NEP) method which has been recently devel-
oped has a 70% success rate in NK cell transduction [99].
Novel vaccinia and adenoviral transduction methods have
also been studied for CAR transfection. Using this approach
is encountered with two important shortcomings. The first
is the phenotype change in target cells which decreases the
cytotoxic capabilities of NK cells [100]. And the second
obstacle is the lower success rate of CAR transduction
[101]. Application of CAR genetic sequence by adenoviral
and vaccinia vector does not seem to be a favorable method
for CAR NK production and further studies are required for
solving transfection obstacles of this approach. The clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated 9 (CRISPR/Cas9) is another approach
that has recently been used for the transduction of CAR to
the NK cells. The CRISPR/Cas9 can insert the CAR genetic
sequence into the NK genome after delivery to the target
cell. Different methods such as an adeno-associated virus
(AAV) and electroporation can be used for delivering the
CRISPR/Cas9. In this method, AAV is used as a carrier for
gene delivery and insertion of the CAR into the NK cell
genome which has shown 68% efficacy [102, 103]. Another
method for CRISPR/Cas9 insertion in NK cell is electropo-
ration by Lonza 4D nucleofector system that has some
advantages such as less toxic effect on the target cell, less
rejection by host immunity, and less anti-regulatory effect
in the target cell. Using gold nano-particles as the carrier of
CRISP/Cas9 to target cells for DNA modification is another
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successful method [104]. In conclusion, CAR transduction
can be optimized based on transferring method and available
pieces of equipment.

CAR NK Expansion Challenges

One of the important steps of CAR NK production is the
expansion of transduced cells. A large amount of CAR NK
cells are required to achieve optimal clinical-scale responses.
The low dividing capacity of NK cells is a factor that limits
achieving an adequate number of CAR NK cells. The length
of the telomere is an important factor that determines the
dividing capacity of the dividing cell. NK cell expansion
encounters telomer shortening that limits the potential of
NK cells to divide. This obstacle can be resolved with the
addition of the IL-21 to the culture media [105]. K562 feeder
cells are specific cells that are used to improve the prolifera-
tion and expansion of different cell lines. A study showed
that co-culturing NK cells with IL-15-expressing, 4-1BB
ligand, and major histocompatibility complex class I chain-
related protein A (MICA) feeder cells resulted in increased
proliferation and survival of NK cells [106]. In another
study, membrane-bound IL-21 human B-lymphoblastoid
cell-line 721.221 (hereinafter, 221)-based artificial feeder
(221-mIL-21) cells enhanced the cytotoxicity and expan-
sion capability of NK and CAR-transduced NK cells [107].

Cytokines can be used to enhance the ex-vivo expansion
of CAR-transduced NK cells. Infusion of the IL-2 diphtheria
toxin (IL-2DT) to the NK culture media increases the expan-
sion of anti-AML haploidentical NK cells [108—110]. More-
over, the addition of multiple cytokine cocktails, including
IL-2, 15, and 18, and anti-CD3 and CD52 beads, accelerated
the expansion of ex-vivo NK cells [108, 111]. Since IL-15
does not stimulate the activation of regulatory T cells, exclu-
sive application of IL-15 without IL-2 has been reported to
increase the cytotoxicity and expansion of NK cells [52,
111, 112]. IL-21 is another cytokine that has been shown to
enhance the expansion of NK cells, especially when com-
bined with feeder cells [60]. In conclusion, achieving an
adequate amount of CAR-transduced NK cells is one of the
challenges of adoptive immunotherapy using CAR NK cells.
Developing novel ex-vivo expansion methods can enable cli-
nicians to reach an adequate amount of CAR NK cells for
clinical application.

Side Effects of CAR NK Therapy

Similar to other treatment methods, CAR-modified NK ther-
apy is accompanied by some side effects. CAR T therapy
has shown multiple side effects of which cytokine release
syndrome (CRS) is the most frequent and deleterious one.
“On-target, off-tumor” toxicity, neurotoxicity, tumor-lysis
syndrome (TLS), and Graft-versus-host disease (GvHD) are
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other important side effects of CAR T therapy [3]. Shorter
lifetime and lesser production of cytokines by NK cells are
the two major causes that decrease the risk of side effects.
Unlike CAR T cells, CAR-modified NK cells include a
shorter lifespan and do not invade normal tissues such as
the lung and liver. Therefore, CAR NK therapy has shown a
favorable safety profile with lower GvHD and CRS; never-
theless, CAR NK cells have been reported to cause GvHD in
one study [113]. The most common side effects of CAR NK
therapy are fever and fatigue which are caused by increased
serum levels of C-reactive protein (CRP) and IL-6. Appli-
cation of CD33-CAR-NKO92 cells in r/r AML caused fever
(up to 40 C) and grade I CRS with increased serum levels of
IL-10 and 17 [42]. CAR NK therapy has not been reported
to cause neurotoxicity and TLS in a different study. The tran-
sient reversible hematologic toxic effect has been reported
by a study [111]. Consequently, the favorable safety profile
encourages the application of CAR NK therapy. Further-
more, the limited life span of CAR NK cells can provide the
opportunity for multiple CAR NK infusions which can lead
to a better outcome. Despite few side effects, some methods,
such as inducible suicide gene, can be applied to increase the
safety of CAR-modified NK therapy, which are described in
furthur sections.

Improving CAR NK Therapy Safety and Efficacy, With
a Focus on Solid Tumors

CAR NK cells have a better safety profile than CAR T cells
in case of side effects [39]. However, more preclinical and
clinical studies are still required to completely evaluate its
potential toxicities. Reviewing the current results on CAR
NK therapy can demonstrate the barriers and shortcomings
of this approach which can open the way to the development
of novel CAR NK constructs with higher cytotoxic capabili-
ties. Furthermore, CAR NK therapy of solid tumors has been
less successful compared to hematological malignancies [4].
Several limitations reduce the efficacy of CAR NK therapy
in solid tumors. The heterogeneity of antigen expression,
barriers limiting the trafficking of CAR NK cells to the solid
tumor site, excretion of the matrix metalloproteinases that
disrupt the ADCC-mediated tumor killing, hypoxia and met-
abolic-deficiencies of the TME, and the immunosuppressive
TME secondary to secretion of inhibitory cytokines by M2
macroaphages, regulatory T cells, and MDSCs, are examples
of CAR NK therapy limitations in solid malignancies [17,
114]. Here, we discuss recent approaches to improve the
CAR NK therapy outcome, especially in solid malignancies,
and further approaches to increase the safety and efficacy of
CAR-modified NK therapy.

Suicide Gene Suicide genes have been successfully applied
to improve CAR T cell safety in different studies [115-117].
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Identical to CAR T therapy, to increase the safety of CAR
NK cell therapy, some studies have suggested using suicide
genes. Integration of a suicide gene to CAR NK cell con-
struct can be executed by several methods, such as using the
HSV-TK/GCV suicide system and Fas/Caspase9 apoptotic
pathway [118]. The suicide gene system can be activated
using pharmacological or non-pharmacological methods.
In a preclinical report by Liu et. al, CAR NK cells were
transfected with a construct including CD19-CAR, induc-
ible caspase-9 (iC9), and a transgene encoding IL-15. After
administration of the pharmacologic component, the activa-
tion of the iC9 led to the successful elimination of the CAR
NK cells [119]. This study demonstrated that suicide gene
therapy can be considered an effective method to enhance
the safety of CAR-modified NK cells. Future studies are
required to investigate the potency of suicide genes for the
elimination of engineered NK cells in clinical investigations.
Nevertheless, the limited lifespan of CAR NK cells might
reduce the need for the application of the suicide genes
[120].

Inverted Cytokine Receptor (ICR)/SynNotch CARs Inverted
cytokine receptor (ICR) or Synthetic Notch (SynNotch)
receptors are synthetic transmembrane receptors that were
first described by Lim et al. [121]. SynNotch receptors are
activated when a tissue-specific ligand is linked to the cell
surface. The stimulation of the synNotch receptor results in
induction of the intracellular transcriptional pathway that
leads to the expression of a CAR specific for a target antigen.
Therefore, SynNotch receptors can improve the precision
of tumor recognition by CAR NK cells and can improve its
efficacy [122]. Studies have shown the precise tumor retar-
geting using synNotch receptor in iPSC-derived CAR T cells
[123]. SynNotch receptors can also be combined with other
novel methods of CAR-engineering, such as TRUCK T cells.
Luo et al. engineered NK-92 cells using a synNotch recep-
tor targeting GPC3 that also included the NFAT for IL-12
secretion (GPC3-Syn-IL12-NK92). In-vivo studies demon-
strated that the target-specific expression of CAR and IL-12
by these engineered T cells resulted in target-dependent
production of IL-12 and increased the efficacy of CAR T
therapy [124]. Thus, synNotch CAR could be introduced as
a novel approach to decrease the off-target side effects and
improve the safety of CAR NK therapy to be used in further
clinical and preclinical studies.

Bispecific CARs Bispecific CARs contain two different scFvs
that can recognize two distinct target antigens on the same
CAR structure. The engineered cell is only activated when
both antigens are present, and can thus improve its precise
tumor recognition. Bispecific CAR engineering has been
investigated in CAR T cells. Kloss et al. co-transduced T
cells with a bispecific structure that expressed both PSMA

and PSCA antigens which successfully eliminated prostate
cancer cells that co-expressed both antigens [125]. Other
studies have also shown the improved safety and efficacy
of bispecific CAR T cells in hematological tumors [76,
126-128]. Bispecific cancer retargeting is to be evaluated
in CAR NK design. Recently, Li et al. transduced a retro-
viral bispecific CAR (PD1-DAP10/NKG2D) to the NK-92
cell line. In-vitro and in-vivo treatment of SGC-7901 gastric
cancer cells with PD1-DAP10/NKG2D-NK92 cells resulted
in strong anti-tumor cytotoxicity and apoptosis of the gas-
tric cancer cells [129]. In conclusion, bispecific CARs can
promote the function of the CAR-engineered NK cells by
redirecting the dual tumor-specific activity of the engineered
NK cells.

TRUCK NK Cells TRUCKSs are engineered T cells that are
integrated with a transgenic payload that enables them to
secrete proteins and other cellular components upon CAR
activation. TRUCKSs are specifically engineered to enhance
CAR T therapy efficacy against solid malignancies [130].
The most studied immune-enhancing transgene is IL-12
which can reprogram the tumor microenvironment and
increase CAR T therapy efficacy [131, 132]. CAR NK
cells could also be an appropriate target for transduction of
the transgene encoding NK-stimulating cytokines, such as
IL-15. In a study, CD19-IL15-iCas9-CAR NK cells were
engineered to secrete IL-15 after recognition of the CD19
by the NK cells. The investigation of these cells on a Raji
lymphoma murine model resulted in better efficacy and
prolonged the survival of the mice. Moreover, the pharma-
cological activation of iCas9 showed that iCas9 could be
applied as a safety switch in CAR-modified NK cells [119].
Therefore, TRUCK NK cells with the potential of immune-
stimulatory cytokine secretion can be considered as the next
generation of CAR-engineered NK cells to be investigated
in future studies.

Armored CAR NK cells Armored CAR NK cells are engi-
neered NK cells that are designed to co-express other fac-
tors such as cytokines and enzymes. These cytokines and
enzymes could have immune-stimulating characteristics that
increase the function of the NK cells and/or promote the
infiltration of the immune cells into the tumor microenviron-
ment [133]. Armored CAR T cells have shown improved
tumor infiltration and stronger immune response in recent
studies [29, 131]. The promising results of armored CAR T
therapy have prompted the development of armored CAR
NK cells. Armored CAR NK cells could be engineered
in combination with immune checkpoint inhibitory strat-
egies. In a recent study by Rezvani et al., armored cord
blood NK cells secreting IL-15 were modified to co-target
the cytokine-inducible Src homology 2-containing (CIS)
and CD19. CIS is a negative regulator of the IL-15 and an
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important intracellular immune checkpoint of the NK cells.
The CIS protein is produced via its gene named CISH. Uti-
lizing the CRISPER/Cas9 gene-editing system, the CISH
gene of the cord blood NK cells was knocked out. This
gene edition along with the secretion of the IL-15 led to an
improved cytotoxic function and improved the in-vivo per-
sistence of the CAR NK cells [134]. Armored CAR NK cells
can produce a wide range of cytokines/proteins/enzymes and
thus are a potential tool for the development of newer gen-
erations of CAR NK cells with improved anti-tumor efficacy.

Combination Therapy CAR NK cells have lesser expan-
sion and persistency in comparison to CAR T cells and the
long-term anti-tumor efficacy of CAR NK therapy is still a
major dilemma. The mixed application of CAR-modified
NK cells with other therapeutic methods can improve the
long-term anti-tumor effect of CAR NK cell therapy. Com-
bination of CAR NK immunotherapy with lymphodeplet-
ing chemotherapy (e.x. cyclophosphamide or Fludarabine)
reduces the rejection rate of the injected CAR NK cells,
shrinks the tumor size, and decreases MDSCs and T regula-
tory cells in the tumor. In brief, lymphodepletion chemo-
therapy decreases TME-induced immunosuppressive effect
on immune cells and can improve the outcome of immu-
notherapy [135, 136]. Using Romidepcin as a combination
of chemotherapy with anti-CD20-CAR NK cells has shown
favorable therapeutic outcomes in the immunodeficient mice
model of Burkitt lymphoma [69]. One of the main barriers
of chemotherapeutic agents is the improper distribution of
the drug to the tumor location and off-target side effects.
CAR NK cells have the potential of functioning as biologic
carriers to deliver cytotoxic/biologic drugs to the tumor site
and can thus increase the intracellular levels of the chemo-
therapeutic drug. Siegler et al. engineered CAR NK-92 cells
that contained Paclitaxel (PTX)-loaded nanoparticles. These
CAR NK cells successfully delivered the chemotherapeutic
agent to the tumor and showed promising anti-tumor results.
This drug delivery method also reduced the off-target tox-
icities of the chemotherapeutic drug in Her2/CD19-overex-
pressing malignant models [137].

One of the major anti-tumor mechanisms of NK cells is
their ADCC-mediated anti-tumor effects. In this method,
CD16%* NK cells recognize the antibody linked to the tumor
cell. This leads to the triggering of the immune system
against the malignant cell. Application of antibodies spe-
cific for tumor-associated antigen promotes the cytotoxic
function of NK cells [138]. The main shortcoming of this
method is the downregulation of CD16 by NK cells which
occurs due to its cleavage after a while. The possible solu-
tion to this obstacle is the application of non-cleavable CD16
on the NK cells. Non-cleavable CD16 is a promoter for
ADCC-dependent activation of NK cells in the tumor site.
Previous studies have shown that concomitant application
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of tumor-specific antibodies (such as anti-GD2 monoclonal
antibody in neuroblastoma and anti-CD20 antibody in lym-
phoma) with allogeneic NK cells with non-cleavable CD16
has shown promising synergistic effects in inhibiting tumor
growth [69, 139]. FT595 is an iPSC-derived off-the-shelf
CAR NK product that has shown to have a multi-antigen
targeting function in 1/r B cell lymphoma [140]. A phase I
clinical trial (NCT04245722) is evaluating the synergistic
effects of FT595 with non-cleavable CD16 +NK cells and
anti-CD20 monoclonal antibodies (Rituximab and Obinu-
tuzumab) in r/r chronic lymphocytic leukemia and B-cell
lymphoma. Another approach to increase the anti-tumor
efficacy of immunotherapy using monoclonal antibodies
is modifying NK cells to express the Fc receptor of CD16
and CD64. NK-92MI is an IL-2-independent NK92-derived
NK cell line that lacks Fc receptor CD16. Therefore, Chen
et al. developed third-generation CAR NK-92MI cells that
included the Fc receptor for CD16/64. In the presence of
rituximab, these cells exhibited an improved tumor lysis
against NHL cells [141]. Therefore, modification of NK
cells to express CD16/64 enhances the anti-tumor efficacy
of immunotherapy using monoclonal antibodies.

Radiotherapy is a conventional palliative/curative treat-
ment for multiple cancers, especially solid tumors. In previ-
ous studies, radiotherapy has been shown to have synergistic
therapeutic effects in combination with immunotherapeutic
methods, such as immune checkpoint inhibition [142]. The
possible synergistic mechanisms are the shrinkage of the
tumor size along with the higher expression of tumor anti-
gens secondary to DNA damage [143]. The combination of
radiotherapy with ACT has been studied. In a glioblastoma
model, radiation therapy and NKG2D-CAR T cells syner-
gistically improved the anti-tumor efficacy and results. The
DNA damage caused by radiotherapy increased the expres-
sion of NKG2D by tumor cells that led to improved activa-
tion of the CAR T cells and improved the outcome [144]. In
another study on the xenograft triple-negative breast cancer
model, ex-vivo expanded NK cells and radiation therapy syn-
ergistically led to long-term anti-metastatic and anti-tumor
results [145]. In conclusion, considering the synergistic
effects of radiotherapy and immunotherapy, the combina-
tion of radiation therapy with CAR NK therapy could be
proposed as an alternative approach to improve the clinical
results in further studies.

Oncolytic viruses have been recently developed and have
shown encouraging results in the treatment of cancer [146].
Chen et al. studied the combinatorial results of the onco-
lytic herpes simplex virus 1 (0HSV-1) and CAR NK-92 cells
targeting EGFR on brain metastases of breast cancer. The
results demonstrated that the combination of an oncolytic
virus with EGFR-CAR-NK92 cells had a higher cytolytic
effect and prolonged survival compared to monotherapy
with either of them [147, 148].
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Immune Checkpoint Inhibition/Modification Inhibitory
immune checkpoints are immune-regulatory receptors that
are expressed by immune cells and play a critical role in the
immune tolerance mechanism. Some tumors suppress the
anti-tumor immune response by overexpressing the inhibi-
tory checkpoints. Multiple inhibitory checkpoint receptors
can inhibit the activation of NK cells in the tumor TME,
of which B7-H3, TIM3, PD-1, TIGIT, LAG3, and CTLA-4
are the most important ones [149—151]. Previous studies
have shown that inhibition of these inhibitory checkpoints
can improve the CAR T cell and NK-mediated anti-tumor
immune response and yield persistent immunity against
tumors [12, 152, 153]. The application of anti-immune
checkpoint agents such as anti-PD-1, anti-CTLA-4, and anti-
TIGIT antibodies is among the latest strategies to improve
the anti-tumor function of CAR NK cells. Inhibition of PD-1
in NK cells and CAR T cells can be administrated by sys-
temic/local injection of anti-PD-1 agents and CRISPR/Cas9
engineering of PD-1-knock out CAR T cells [154-156].
Another developing strategy for evading the immune sup-
pression of inhibitory checkpoints is targeting the checkpoint
using a chimeric costimulatory converting receptor (CCCR).
In a study, targeting PD-1 improved the activation of the
CAR NK cells by reversing the suppressor effect of PD-1
to activate the CAR NK cell-mediated toxicity. NK-92 cells
with PD1-NKG2D-4-1BB CAR exhibited enhanced anti-
tumor response against H1299 lung cancer cells by inducing
potent pyroptosis in cancer cells [157]. B7-H3 is an immune
inhibitory checkpoint that inhibits the activation of NK cells.
In a study, lentiviral transduction of the anti-B7-H3 CAR to
the NK cells showed to potently inhibit the tumor growth
in the non-small cell lung cancer cell line and xenograft
model [158].

GD?2 is a potential target for the immunotherapy of Ewing
sarcoma. In a study, anti-GD2 CAR NK cells showed potent
in-vitro tumor-lysis capacity against Ewing sarcoma malig-
nant cells. Nevertheless, these cells were unable to exert
their anti-tumor effect in in-vivo studies. The histopatho-
logic investigations demonstrated the upregulation of the
immunosuppressive checkpoint, HLA-G, by Ewing sarcoma
cells which inhibited the activation of CAR NK cells. The
authors introduced HLA-G as an inhibitory immune check-
point to be studied for immunotherapy in Ewing sarcoma
[159]. NKG?2A is an inhibitory receptor on NK cells that
inhibits the activation of the NK cells upon binding to HLA-
E. A study showed that NKG2A-null NK cells had higher
anti-tumor function compared to NKG2A™ NK cells since
they overcame the immune resistance of the NKG2A [160].
Similarly, CAR NK cells can be engineered to overcome the
immune evasion of NKG2A by using anti-NKG2A agents
or genetic modification of NK cells. In conclusion, immune
checkpoint inhibition/modification using inhibitory recep-
tor blockers, modifying NK cells by CRISPR/Cas9, and

redirecting the specificity of the NK cell against an inhibi-
tory checkpoint can be used to increase the efficacy of CAR
NK cells, specifically against solid tumors.

Sequential Therapy CAR NK cells have rapid and potent
cytotoxic effects on cancer cells and have a higher safety
profile in comparison with CAR T cells [39]. Nevertheless,
CAR NK therapy still has some shortcomings. Lower in-
vivo persistence and expansion is the main shortcoming of
CAR NK therapy. Unlike CAR NK cells, CAR T cells have
shown higher expansion and persistence in-vivo. To inves-
tigate the anti-tumor effect of the combination of CAR NK
and CAR T therapy, Li et al. transduced NK and T cells
with a retroviral construct targeting CD19 (aCD19 scFv-
CD8aTM-0X40-CD3(). The results of the study demon-
strated that combining CAR NK and CAR T cell therapy
promoted in-vivo persistence of the CD19-CAR NK cells,
reduced the production of CRS-associated cytokines,
enhanced the efficacy of treatment and mice survival, and
prevented tumor relapse for several months [161]. Therefore,
using NK cells with T cells sequentially as a therapeutic pro-
tocol has been proposed to be more effective than using any
of them as monotherapy. Moreover, using NK cells before T
cells lead to less neurotoxicity, reduced cytokine release syn-
drome, durable persistence of CAR T cells, and reduces the
burden of the tumor, and can lead to a better outcome [49].

Proteome detector CAR NK cell (TCR-CARs) NK cell-medi-
ated recognition of the target cell is independent of MHC-
I. T cell receptors (TCRs) are T cell-specific cell surface
receptors that play a major role in the recognition of MHC-
I-expressing target cells by T cells [162]. Engineering NK
cells with TCRs enables the recognition of MHCs by NK
cells. Producing CAR NK cells with TCRa and TCR extra-
cellular domain ables NK cells to detect tumor cells base
on their proteome expression on the cell surface. Walseng
et al. transduced NK-92 cells with a TCR-CAR that showed
to be able to react gainst MHC-I-positive tumor cells [163].
Another study has similarly designed TCR-CD3{-NK92
cells and showed that these TCR-redirected NK cells exhibit
proper anti-tumor function by targeting MHC-I-expressing
cancer cells [164]. In brief, integration of the TCR with CAR
NK cells improves the tumor-recognition potential of CAR
NK cells and inhibits the tumor escape by malignant cells.
Nevertheless, future studies are still necessary to determine
the efficacy and safety of TCR-CARs in the clinical setting.

Inhibitory KIRs Silencing Inhibitory KIRs are NK-surface
receptors that restrict the cytotoxic activity of the NK cells
after exposure to MHC-I on healthy cells. One of the main
mechanisms that reduce GVHD by NK ce lIs is inhibitory
KIRs, such as KIR2DL1, 2, and 3 [165]. Silencing inhibi-
tory KIRs can lead to enhanced cytotoxic function of the
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CAR NK cells. One approach to silence inhibitory KIR is
using KIR-blocking antibodies. Irilumab is an anti-IgG4
monoclonal antibody that exerts its anti-tumor effects by
blocking the inhibitory KIR2D family. Irilumab has been
shown to enhance NK-mediated immune response against
solid and hematological tumors [166]. In another study,
inhibition of inhibitory KIRs using Irilumab in combination
with Rituximab has been shown to enhance the anti-tumor
efficacy of NK cells in a syngeneic murine model of lym-
phoma [167]. Therefore, silencing the inhibitory KIRs can
lead to improved recognition of the tumor cell and could be
considered to be used in combination with CAR NK therapy.
Future studies are mandatory to investigate the effects of
KIR inhibition on improving the function of CAR NK cells
against the tumor.

Converter CARs “Converter” CARs are capable of convert-
ing the undesirable TME to a sensible environment for the
immune effector cell. Converter CAR NK cells can convert
TME adverse effects to a favorable immune-promoting envi-
ronment. Converter CARs are produced by fusion of the
tumor-promoting ectodomain of a molecule to the immune-
stimulating endodomain of another one. For example, com-
bining the IL-4 ectodomain with IL-7 endodomain converts
detrimental effects of IL-4 to beneficial effects of IL-7 on
immune cells. This approach has been shown to enhance the
anti-tumor function of CAR T cells by repressing the immu-
nosuppressive function of the TME in a pancreatic cancer
model [168]. Another example is the fusion of the TGF-
BRII ectodomain, a T cell-inhibitory ligand, with NKG2D
endodomain, which is an activating ligand. The application
of this method enhanced the anti-tumor function of NK-92
cells [169]. Therefore, converter CARs possess a promising
potential for developing novel generations of CAR NK cells
and CAR T cells with the potential of reversing the tumor
microenvironment and improving outcomes, especially in
solid tumors.

Dual signaling CARs Despite promising results of CAR NK
therapy in several studies, in some cases, the tumor becomes
resistant to the treatment. Moreover, off-tumor side effects
occur secondary to the expression of the targeted antigen by
the healthy tissue [81]. A potential solution to this problem
is using “dual” CARs, CARs that have two different ScFvs
with one intracellular signaling domain. A study thought
to investigate the therapeutic efficacy of CD1D-expressing
lymphoma using invariant NK T (iNKT) cells by co-target-
ing CD19 and CD1d. Results indicated that dual targeting of
CD19 and CD1d by CAR-iNKT cells had enhanced cytotox-
icity and improved survival [170]. Another study transduced
NK-92 cells with dual EGFR-EGFRVIII-CD28-CD3(. Dual
targeting of glioblastoma using a second-generation EGFR-
EGFRVIII-CAR NK cell product overcame the antigen

@ Springer

heterogeneity of the tumor and further immune escape and
improved the anti-tumor function and survival in murine
models of glioblastoma [83]. As a result, dual targeting of
tumors using CAR NK cells can be used as a powerful tool
to defeat the antigen heterogeneity and tumor escape of the
solid tumors.

CRISPR/Cas9 The CRISPR/Cas9 system is a technology
that has recently been developed for gene editing with high
on-target specificity. It has recently been shown to improve
the production of CAR T and NK cells that are resistant
to tumor-induced exhaustion [171-174]. CRISPR/Cas9
can also be used to transduce the CAR genetic construct to
the target cell [173]. The CRISPR/Cas9 can be applied to
knock in the immune cell-activator genes or to knock out the
inhibitory genes. Programmed death-1 (PD-1) is one of the
immunosuppressive mediators of the TME that facilitates
the progression of tumor growth by inducing the exhaus-
tion of the T cells. In a study, CRISPR/Cas9 was utilized
to disrupt the encoding gene for PD-1 in EGFRVIII-CAR
T cells. This showed to enhance the inhibition of the glio-
blastoma cell line [175]. One of the immunosuppressive
components of the TME is TGF-f. The receptor for TGF-f
is expressed by NK cells [176]. In a study, the authors used
CRISPR/Cas9 to knock out the gene encoding this receptor
(TGFBR2). This led to an improvement in the resistance of
the NK cells to the immunosuppressive microenvironment
of the AML [177].

CRISPR/Cas9 has the potential to act on different regions
of the genome and thus can be used to eliminate multiple
genes. An example is a study that studied the anti-tumor
effectiveness of CD19 CAR T cells that were knocked out
of three genes, PD-1, B2M, and TRAC. None of the studies
reported any change in the phenotype or effector function
of the immune cells after CRISPR/Cas9 gene editing [178].
Another potential of CRISPR/Cas9 is the option to delete
inhibitory receptors and signaling in NK cells. Moreover,
CRISPR/Cas9 can be used to knock in specific activatory
genes. The authors would like to propose the investigation
of engineering NK cell-inhibitory or activatory signaling
using CRISPR/Cas9. Furthermore, the multiplex gene edit-
ing potential of CRISPR/Cas9 can be used to knock out mul-
tiple inhibitory signals in NK cells which may enhance the
function of the NK cells.

CAR-Engineered Stem Cells Stem cells are a possible source
for the production of CAR NK products [179]. However,
stem cells can be transfected with the genetic sequence
to express the CAR. CAR-engineered stem cell design-
ing is a recently developed method that can subsequently
differentiate into CAR NK or CAR T cells. The potential
of hematopoietic/progenitor stem cells (HPSCs) to CAR
T differentiation has been recently shown against human
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immunodeficiency virus (HIV) infection [180]. Li et al.
transduced iPSCs with a CAR genetic sequence including
NKG2D as the transmembrane, CD3(, 2B4 as the co-stim-
ulatory domain as the intracellular signaling domain (NK-
CAR-iPSC-NK cells). In comparison with iPSC-derived
CAR-modified T cells and non-CAR-bearing immune cells,
iPSC-derived CAR NK cells exhibited a prolonged survival
and improved anti-tumor function in the xenograft model
of ovarian cancer [50]. A recent study has reported the sig-
nificant anti-tumor function of iPSC-derived anti-GPC3
CAR-modified NK/ILC cells and prolonged survival in an
ovarian cancer model with no acute systemic toxicity [181].
The self-renewing potential of stem cells might reduce the
need for multiple doses of the immunotherapeutic product.
Another advantage of CAR-engineered stem cells is their
potential to produce large amounts of off-the-shelf and uni-
versal CAR NK and CAR T cell products, which can also
reduce the costs of immune cell production [182]. Moreo-
ver, gene-engineering tools, such as CRISPR/Cas9, can be
used for improving the anti-cancer potential of CAR-engi-
neered stem cells. Since these cells are non-differentiated,
the genomic alterations will be present in differentiated
immune cells [182, 183]. In general, the development of
CAR-engineered stem cells has a great potential to produce
GMP-grade clinical-scale CAR NK products with lower cost
and improved genetic engineering methods.

Trans-Signaling CARs (Inducible CARs) “Inducible CAR” are
a recently-developed generation of CARs that express the
CAR after exposure to a specific drug. Inducible CARs are
activated in the presence of the specific drug and can thus
improve the safety of the immunotherapeutic approach [39].
Inducible CAR T cells have been previously studied and
have shown successful expression of CAR by T cells after
administration of the drug [184]. Inducible MyD88/CD40
(iMC) is a transcellular protein switch that is activated after
exposure to rimiducid. iMC activation contributes to the pro-
liferation and activation of T cells. A study was thought to
evaluate the effect of coupled ectopic-IL15/iMC on cytokine
secretion and cytotoxicity of anti-CD123/BCMA CAR NK
cells. Activation of iMC/IL-15 improved the cytotoxicity and
persistence of the CAR NK cells. Moreover, the application
of rapamycin-regulated Caspase-9 (iRC9) led to successful
pharmacologic elimination of the engineered cells [185].
The results of this study demonstrated that dual-switch CAR
NK cells can be modified to exert an improved anti-tumor
activity with enhanced efficacy and safety. Inducible CAR
NK cells can be proposed as a novel method for improving
the efficacy and safety of CAR NK cells in further studies.

Targeting/Stimulation of Activatory NK Receptors NK cells
express activatory receptors, such as activating KIRs, CD16,
and NKG2D, that stimulate the activation and function of

NK cells upon binding to a specific ligand [186]. Overex-
pression of NKG2D by CAR NK cells and/or NKG2D-
ligand by tumor cells leads to activation of the engineered
NK cells and improves NK-mediated cytotoxicity. Histone
deacetylase inhibitors have shown to upregulate the expres-
sion/secretion of MICA, MICB, and ULBP2, which act as
ligands for NKG2D, by the tumor cells [187]. In a study, the
application of valproic acid, a histone deacetylase inhibi-
tor, improved NK-mediated killing of hepatocellular car-
cinoma cells by upregulating the expression of MICA/B
[188]. Another method for taking advantage of activatory
NK receptors is the engineering of NKG2D-targeting CARs.
In a study, mRNA electroporation was used for the transduc-
tion of an anti-NKG2D-CAR to NK cells. The results of this
study demonstrated that NKG2D-targeting engineered NK
cells had potent cytotoxic activity and therapeutic efficacy
in preclinical and clinical administration against colorec-
tal cancer [189]. Similar results of NKG2D-targeting CAR
NK cells were observed in multiple myeloma [190] and
neuroblastoma [190]. Therefore, targeting NKG2D using
CAR-engineered NK cells and stimulation of NKG2D using
pharmacologic components might be potential methods for
developing CAR NK cells with higher anti-tumor efficacy.

Universal CARNK Cells NK cells are potent alternative tools
for producing off-the-shelf immunotherapeutic products.
Universal CARs are chimeric receptors with the potential to
target various antigen epitopes. Universal CAR-engineering
of T cells has significantly improved the treatment of cancer
[25]; however, the development of universal CAR NK cells
is still in its infancy. Currently, two studies have reported
the feasibility of universal CAR NK production and the
efficacy of this approach. The first study targeted various
gp160 epitopes by application of anti-gp160 antibodies that
were conjugated to 2,4-dinitrophenyl (DNP) as the adaptor
section. These universal CAR NK cells exhibited anti-HIV
efficacy in HIV-infected cells [191]. The second study used a
tumor-specific target module (TM) for binding to the antigen
and contained an IgG4 or ScFv-based antibody for target-
ing GD2-positive malignant cells [192]. In conclusion, the
universal CAR structure can be introduced as a potential and
flexible platform for the production of off-the-shelf CAR
NK cells.

Conclusion

Recent advances and promising results of CAR T therapy
have set the pace for the establishment of CAR NK cell ther-
apy. CAR-modified NK cells are a recently-developed adop-
tive cell therapy platform. The most important advantage
of the CAR-engineered NK cell is its suitable safety profile
that increases the chances to produce available off-the-shelf
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CAR NK productions for the immunotherapy of cancer.
Despite promising results, CAR NK therapy has encoun-
tered some challenges. Novel gene manipulating strategies,
such as using CRISPR/Cas9, has improved the engineering
of novel CAR NK cells with enhanced function and bet-
ter safety profile. Moreover, a combination of CAR NK
cells with other immunotherapies, such as immune check-
point inhibition and CAR T therapy, is another approach to
improve the persistence of engineered NK cells and improve
the therapeutic outcome against solid tumors. Furthermore,
novel approaches for modulation of the TME could ame-
liorate the outcome of using CAR NK therapy against solid
tumors. With the development of novel generations of CAR
NK cells in preclinical and clinical studies, this method is
expected to show revolutionary advances in cancer cell ther-
apy and improve the outcome of patients in the near future.
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