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Abstract
Chimeric antigen receptors (CARs) have a unique facet of synthetic biology and offer 
a paradigm shift in personalized medicine as they can use and redirect the patient's 
immune cells to attack cancer cells. CAR-natural killer (NK) cells combine the tar-
geted specificity of antigens with the subsequent intracellular signaling ability of the 
receptors to increase their anti-cancer functions. Importantly, CAR-NK cells can be 
utilized as universal cell-based therapy without requiring human leukocyte antigen 
(HLA) matching or earlier contact with tumor-associated antigens (TAAs). Indeed, 
CAR-NK cells can be adapted to recognize various antigens, hold higher prolifera-
tion capacity, and in vivo persistence, show improved infiltration into the tumors, 
and the ability to overcome the resistant tumor microenvironment leading to sus-
tained cytotoxicity against tumors. Accumulating evidence from recent in vivo stud-
ies rendering CAR-NK cell anti-cancer competencies renewed the attention in the 
context of cancer immunotherapy, as these redirected effector cells can be used in 
the development of the “off-the-shelf” anti-cancer immunotherapeutic products. In 
the current review, we focus on the therapeutic efficacy of CAR-NK cell therapies 
for treating various human malignancies, including hematological malignancies and 
solid tumors, and will discuss the recent findings in this regard, with a special focus 
on animal studies.
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1  | INTRODUC TION

In recent years, natural killer (NK) cells, first defined by Herberman in 
1976,1 have been described as effector cells like cytotoxic T lympho-
cytes (CTLs), which elicit natural cytotoxicity toward primary malig-
nant cells and metastatic cells by suppressing the proliferation and 
migration of tumor cells.2 Regardless of their cytotoxic attributes, NK 
cells can produce several cytokines, in particular interferon-γ (IFN-
γ), to moderate adaptive immune responses and contribute to other 
associated axis.2,3 Most importantly, NK cells can distinguish malig-
nant cells from healthy ones, providing a more selective anti-tumor 
cytotoxicity and mitigating off-target problems. Indeed, throughout 
development in bone marrow (BM), a process called education se-
lects for NK cells that engage their immunoreceptor tyrosine-based 
inhibitory motifs (ITIMs) upon detection of major histocompatibility 
complex I (MHC-I), and shapes NK functional maturation and self-
tolerance.4 Cancer cells, which downregulate MHC-I molecules as 
an immune evasion mechanism, can still be targeted by NK cells. 
NK cells respond to tumor cells, which usually express non-classical 
MHC molecules such as MHC class I polypeptide-related sequence 
A/B (MICA/MICB) and UL16-binding proteins (ULBP), thereby sus-
taining the NK cell's use as an attractive anti-cancer approach.5

Although NK cells can detect and eliminate most cancer cells, 
some cancer cells advance their mechanisms to avoid detection by 
NK cells or block NK cell activities. For instance, cancer cells se-
crete immunosuppressive molecules (eg, interleukin-10 [IL-10] and 
transforming growth factor-beta [TGF-β]), which suppress NK cell 
function.6 Furthermore, either attenuation of the expression of 
tumor-associated antigens (TAAs) or downregulation of MHC-I have 
been seen as other mechanisms applied by tumor cells for evasion 
from immune surveillance.7 A myriad of in vitro and in vivo studies 
has shown that NK cell engineering to express a chimeric antigen 
receptor (CAR) may defeat immune escape.8-10 Undoubtedly, the 
progress of “off-the-shelf” CAR-modified NK cells is an exclusively 
encouraging and unique strategy by which to evolve a new genera-
tion of anti-cancer immunotherapeutic products.10 CAR-NK cells kill 
cancer cells not only via CAR, which selectively identifies TAAs, but 
also via NK cell receptors themselves. Recent preclinical and clinical 
studies have supported the idea that CAR-NK cell therapy can exert 
the desired outcomes in both human hematological and solid malig-
nancies, signifying their broad clinical applications.11-13 Here, we will 
highlight the importance of the development of CAR-NK cell therapy 
as an innovative strategy in the context of cancer immunotherapy, 
and provide a brief overview of the recent findings on CAR-NK cell 
therapy in human malignancies, focusing on preclinical studies.

2  | NK CELL- MEDIATED 
IMMUNOSURVEILL ANCE OF C ANCER

NK cell identification of cancerous cells is a firmly controlled pro-
cedure comprising the communication of particular ligands on the 
cancerous cells with NK cell receptors and resulting elicitation 

of signals derived from these receptors in the effector NK cells.14 
Direct cancer cell elimination by NK cells is believed to be mainly 
perforin dependent, as widely evidenced in a variety of experimen-
tal model systems. Nonetheless, NK cells can also eradicate tumor 
cells by death receptor-mediated axes including tumor necrosis fac-
tor (TNF)-related apoptosis-inducing ligand (TRAIL) and Fas ligand 
(FasL).15 Moreover, effector NK cells secrete various cytokines and 
chemokines, which trigger other innate and adaptive immune cells 
responses. NK cell-mediated elimination of primary acute myeloid 
leukemia (AML) blasts has been shown with several NK cell prepara-
tions such as in vitro-expanded allogeneic NK cells.16-18 It seems that 
killer cell immunoglobulin-like receptors (KIR) mismatching with their 
ligand (KIR-L) largely contributes to cancer cell lysis. The elimination 
of AML cells by NK cells is predominantly demonstrated in mono-
blastic cells that express natural killer group 2 member D (NKG2D) 
ligands, while cells that miss the corresponding ligands are resistant 
to NK eradication.17 Most studies supporting the concept that NK 
cells contribute to the lysis of cancer cells have been carried out by 
inserting syngeneic cancerous cells in mice that either were geneti-
cally deficient in NK cell activation or had exhausted NK cells due 
to the injection of antibodies.19 For instance, Kim et al found that 
despite having the functionally normal B, T, and natural killer T (NKT) 
cells, transgenic mice with defective natural killing and specific lack 
of NK1.1 (CD161)-positive CD3-negative cells, could not abrogate 
the growth of cancerous cells, suggesting that NK1.1-positive CD3-
negative cells are liable to undergo acute tumor rejection.20

Regardless of the supportive role of NKG2D in NK cell-mediated 
immunosurveillance of human cancers, its role in NK cell proliferation 
and development is debatable. Some studies in NKG2D-deficient 
mice revealed that NKG2D is not required for NK cell proliferation 
but that it is crucial for immunosurveillance of epithelial and lym-
phoid malignancies in transgenic models. In addition, in a prostate 
tumor model, aggressive tumors established in NKG2D-deficient 
mice showed more prominent levels of NKG2D ligands compared 
with similar tumors in wild-type mice, indicating a lack of selective 
pressure by NKG2D-mediated responses.21-24 Other reports de-
livered proof for the importance of NKG2D in NK cell growth and 
suggested that the lack of the NKG2D resulted in stunted prolif-
eration of NK cells, and further reinforced their susceptibilities to 
apoptosis.25

3  | NK CELL S DYSFUNC TIONALIT Y IN 
C ANCERS

Tumor cells, tumor-associated fibroblasts (TAF), macrophages, 
dendritic cells (DCs), T cells and also other types of cell can gener-
ate immunosuppressive molecules or promote expression of a myr-
iad of receptors, which facilitate moderation of the activation and 
anti-tumor function of NK cells; however, this suppressive effect 
can be defeated using CAR-NK cells (Figure 1).26 Regulatory T cells 
(Treg cells) and myeloid-derived suppressor cells (MDSC) can con-
strain NK cell activation by various mechanisms. Correspondingly, 
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the MDSCs can shape a tumor permissive environment, and also 
affect tumor onset, angiogenesis, and development by negative 
regulation of NK cells.27 The MDSCs from cancer patients can 
suppress NK cell Fc receptors (FcRs)-mediated activities, encom-
passing antibody-dependent cellular cytotoxicity (ADCC), cy-
tokine releases, and signal transduction.28 As well, during tumor 
progression, the expression of activating NK cell receptors such as 
natural killer protein 30 (NKp30), NKG2D, and CD16 is decreased; 
whereas the expression of inhibitory receptors such as NKG2A 
is augmented. NKG2A can robustly abrogate NK cell activities, 
most markedly cytotoxicity. Nonetheless, some splicing of NKp30 
could function as inhibitory receptor. Conversely, various stromal-
derived factors such as TGF-β1 participate in tumor-mediated sup-
pression of NK cells.29,30

Toll-like receptor 4 (TLR4) activation in cancer cells enables 
the secretion of various soluble factors and proteins including IL-
6, IL-12, inducible nitric oxide synthase (iNOS), B7-H1, and B7-H2, 
which leads to cancer cell resistance against CTL attack. Similarly, 
the weakened suppressive effects of tumor cells on NK cells both 
in vitro and in vivo following blockage of TLR4, suggested that TLR 
signaling could induce a cascade sustaining tumor evasion from 
immunosurveillance.31

Furthermore, the evasion from immunosurveillance may re-
sult from the higher expression of C–C chemokine receptor type 4 

(CCR4) on the surface of cancer cells. In non-small-cell lung carci-
noma (NSCLC) patients, CCR4 expression in a tumor microenviron-
ment enables CCR4 communication with chemokines CCL17 and 
CCL22 that may improve Treg cells recruitment to tumor sites and 
subsequently hinder NK cell function.32

Interestingly, it has been shown that tumor-infiltrating NK cells in 
human liver tumors have small and fragmented mitochondria, while 
NK cells outside tumors and also peripheral NK cells have normal 
mitochondria, suggesting that the NK cell dysfunction in the tumor 
area can be ensued from their phenotypic impairments obstructing 
corresponding anti-tumor function. Mitochondrial fragmentation 
may occur due to the hypoxic tumor microenvironment that com-
monly induces activation of the mechanistic target of rapamycin-
GTPase dynamin-related protein 1 (mTOR-Drp1) in NK cells. This is 
evident by amelioration of mitochondrial fragmentation, survival, 
and anti-tumor competencies of NK cells following the blockade of 
mTOR-Drp1.33

Lastly, the generation of soluble lactate dehydrogenase 5 (LDH5) 
by malignant cells, such as glioblastoma cells, has been found to 
induce NKG2D ligands on the surface of healthy myeloid cells. 
Expression of NKG2D ligands by healthy myeloid cells may barricade 
activation of NKG2D receptor on NK cells, therefore averting iden-
tification of NKG2D ligand-bearing tumors and modifying the anti-
tumor response.34

F I G U R E  1   NK cell dysfunction in the tumor microenvironment (TME). Varied immunosuppressive molecules secreted by tumor cells, 
tumor-associated macrophages (TAM), myeloid-derived suppressor cells (MDSC), regulatory T-cells (Treg), dendritic cells (DC), and T cells 
and also other types of cells presented in TME can stimulate suppressive effects on NK cell functions and proliferation. Nonetheless, using 
chimeric antigen receptor-natural killer (CAR-NK) cells can result in overcoming the NK cell dysfunction in TME. Moreover, engineered CAR-
NK cells to overexpress specific chemokine receptors can support the CAR-NK cell more proficient homing to tumor tissue and accordingly 
may lead to more reliable therapeutic outcomes
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4  | C ARS STRUC TURE

A CAR is a synthetic hybrid antigen receptor typically consisting of 
variable regions of an antibody accompanying by a constant region 
of a T-cell receptor (TCR), enabling the immune cell to selectively 
recognize TAA expressed on tumor cells. A classic CAR has a sig-
nal peptide, single-chain antibody variable fragment (scFv), trans-
membrane (TM) and intracellular signaling domains.35 The scFvs 
are derived from a tumor-specific antibody and can interact with 
that specific antigen presented on the cancer cell surface, while the 
intracellular signaling domains are derived from immunoreceptor 
tyrosine-based activation motifs (ITAMs) of TCR or other stimulating 
receptor's cytoplasmic domains.36

Due to inability of first-generation CARs containing only CD3ζ 
to effectively stimulate tumor eradication upon T-cell activation, 
second-generation CARs encompassing T-cell co-stimulatory mole-
cules, including CD28, 4-1BB (CD137), ICOS, or OX40 (CD134) in 
addition to CD3ζ were established.37 After that, third-generation 
CARs including 3 signaling domains, for instance, CD3ζ and 2 co-
stimulatory domains were designed and developed. Although there 
is no reliable proof to signify an enhanced performance in the 
third—in comparison with the second—generation CARs, it has been 
suggested that CARs containing 4-1BB co-activation can exert bet-
ter T-cell memory features, while CD28 co-activation elicits superior 
T-cell activation and expansion.38

CAR constructs are typically inserted into a retrovirus- or 
lentivirus-based expression vector, which was subsequently applied 
for transduction of primary NK cells or NK cell lines, most commonly 
NK-92, an interleukin-2 (IL-2)-dependent NK cell line isolated from 
peripheral blood mononuclear cells (PBMCs) (Figure 2).39 As current 
trials based on NK cell immunotherapy request high NK cell doses 
and commonly multiple administrations, the achievement of the op-
timized protocol for NK cell expansion is of paramount importance. 
In addition, several complicated NK cell expansion approaches have 
recently been established. NK cell expansion using either IL-2 or IL-
15 or both to produce 1000-fold expansion needs a cultivation dura-
tion of up to 3 mo.40 However, one feeder cell-based NK expansion 
strategy using genetically modified K562 cells provided large num-
bers of NK cells after a 2-wk expansion period.40

5  | C AR-NK CELL S IN HEMATOLOGIC AL 
MALIGNANCIES

5.1 | Leukemia

Malignant leukemic cells can evade NK cell responses as a result of 
both NK cell abnormalities and immunosuppressive properties of 
leukemic cells. It has been found that NK-92 cells engineered with 
anti-CD33 CAR (CD33-CAR-NK-92) cells have advantages over 

F I G U R E  2   Generation process of CAR-NK cells. Isolated or established NK cells from diverse sources can be modified with CAR-
expressing vectors (eg, lentivirus or retrovirus) and then expanded in NK cell-specific expansion media. The established CAR-NK cells are 
commonly injected via an intravenous route to selectively kill tumor cells. Umbilical cord blood (UCB), peripheral blood (PB), human induced 
pluripotent stem cell (hiPSCs), human embryonic stem cell (hESC), hematopoietic stem cell (HSC), chimeric antigen receptor-natural killer 
(CAR-NK) cells
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CAR-T cells in terms of cytotoxicity against CD33-positive leukemic 
cells.13 Additionally, CD33-CAR-NK-92 cells demonstrated superior 
toxicity over parental NK-92 cells against the human AML cell line, 
HL-60, and also were safe for patients who were suffering from re-
lapsed and refractory AML.13 In this regard, Salman et al found that 
CD4-CAR-NK cells injected into a systemic AML implanted murine 
model, although experiencing shorter in vivo persistence, could ro-
bustly stimulate anti-leukemic effects.41 Also, a study in the FMS-like 
tyrosine kinase 3 (FLT3)-specific CAR-NK cells respecting common 
overexpression of FLT3 in B-ALL demonstrated that the injection 
of redirected NK cells, but not parental NK-92 cells, markedly ab-
rogated disease development in a B-ALL NOD-SCID IL-2Rγnull mice 
model, and thereby signified that B-ALL could be targeted success-
fully by FLT3-CAR-NK cells.42

In a B-cell lymphoma (BCL) model in NOD-SCID IL-2Rγnull mice, 
CD19-CAR-NK-92 cells obstructed leukemia development, signify-
ing the feasibility of generating CAR-engineered NK-92 cells with 
effective and targeted anti-tumor activity.11 Similarly, the investi-
gation of the anti-cancer effects of redirected NK cells from adult 
peripheral blood (PB) and umbilical cord blood (UCB) against CD19-
positive leukemic cells revealed that CD19-CAR-PB-NK cells were 
significantly better compared with CD19-CAR-UCB-NK cells at the 
elimination of leukemic cells.43

CD7-CAR-NK-92 presented selective and significant anti-tumor 
activities toward T-cell acute lymphoblastic leukemia (T-ALL) cell 
lines and xenograft mouse models of T-ALL, possibly mediated by 
the secretion of higher levels of granzyme B and IFN-γ, supporting 
the idea that CAR-NK cell therapy could be effective for the treat-
ment of T-cell-related disorders as well.44

5.2 | Myeloma and lymphoma

In addition to leukemia, redirected CAR-NK cells can also 
support favorable outcomes in lymphomas and myelomas. 
Correspondingly, CD19-CAR memory-like (ML)-NK cells exhib-
ited potent anti-tumor activities, evident by boosted IFN-γ pro-
duction, degranulation, and selective lysis, toward NK-resistant 
lymphoma cell lines in vitro. Moreover, CD19-CAR ML-NK cells 
established from lymphoma patients demonstrated ameliorated 
responses against their autologous lymphomas, and also exhib-
ited diminished lymphoma burden and promoted the overall sur-
vival rate in human xenograft models.45 In addition, CAR-NK cells 
specific for CS1 (CD319), a surface protein largely expressed on 
multiple myeloma (MM) cells, improved specific CS1+MM cell 
elimination and IFN-γ secretion in vitro. They also suppressed 
the proliferation of human IM9 MM cells and also extended 
the overall survival rate in an orthotopic MM xenograft murine 
model in vivo.12 Similarly, examination of the possible therapeutic 
benefits of the CD38-specific nanobody-based CAR (Nb-CARs) 
showed that Nb-CAR-NK-92 cells could trigger cytotoxicity 
against primary patient-derived CD38-expressing MM cells. In 
addition, redirected cells selectively killed CD38-positive but 

not CD38-deficient tumor cells, and also proficiently exhausted 
CD38-positive MM cells in primary human BM samples.46

Similar to MM, CAR-NK cells have shown promising results in 
the treatment of various types of non-Hodgkin's lymphomas (NHLs), 
such as peripheral T-cell lymphomas (PTCLs). In this regard, stud-
ies have demonstrated that CD4-CAR-NK-92 cells could selectively 
lyse various CD4+ human T-cell leukemia and lymphoma cell lines 
(eg, KARPAS-299 and CCRF-CEM) as well as patient samples ex 
vivo. More significantly, CD4-CAR-NK-92 cells efficiently eliminated 
KARPAS-299 cells in vivo and significantly prolonged the survival 
rate of xenograft mice,47 highlighting the importance of CD4 as a 
potential TAAs for T–cell-related disorders. In another study, 2 spe-
cific CARs consisting of the low-affinity Fc receptor CD16 or the 
high-affinity Fc receptor CD64, with the addition of the CD8a ex-
tracellular domain, CD28 TM domains, 2 co-stimulatory domains 
CD28 and 4-1BB, and the signaling domain from CD3ζ were con-
structed and called CD16-BB-ζ and CD64-BB-ζ. Then, they were 
used to establish NK-92MI cells expressing the corresponding CARs, 
named NK-92MIhCD16 and NK-92MIhCD64 cells. Markedly, both 
NK-92MIhCD16 and NK-92MIhCD64 cells induced higher cytotox-
icity toward CD20-expressing NHL cells when used in combination 
with rituximab, compared with rituximab treatment alone, thereby 
implying that CAR-expressing NK-92MI cells, an IL-2-independent 
NK cell line derived from the NK-92 cell line by transfection, can 
sustain the clinical responses to conventional anti-cancer monoclo-
nal antibodies.48

Recently, phase 1 and phase 2 clinical trials were carried out 
using CD19-CAR CB-NK cells in 11 patients with relapsed or re-
fractory CD19+ cancers (eg, NHL and chronic lymphocytic leukemia 
[CLL]). Based on observation, CAR-NK cell infusion was not related 
to the incidence of cytokine release syndrome (CRS), neurotoxicity, 
or graft-versus-host disease (GVHD) commonly observed in CAR-T-
cell therapy. Moreover, the majority of the patients showed a re-
sponse to the treatment with CAR-NK cells;49 however, to conclude 
on efficacy, execution of further trials is of paramount importance.

5.3 | CAR-NK cells in solid tumors

The EGF receptor (EGFR) is a well known tyrosine kinase receptor 
and remains at the front of targeted therapies toward tumors. In 
addition, reports have shown that EGFR-specific CAR-NK-92 cells 
and also primary NK cells-exerted notable cytotoxicity and IFN-γ 
production in vitro upon exposure to breast cancer cell lines MDA-
MB-231, MDA-MB-468, and MCF-7, while EGFR-specific CAR-
NK-92 showed better therapeutic efficacy compared with primary 
NK cells. In a xenograft model of breast tumor, intra-tumoral injec-
tion of either EGFR-CAR-NK-92 cells or oncolytic herpes simplex-1 
(oHSV-1), abrogated tumor development, while combination ther-
apy with both EGFR-CAR-NK-92 cells and oHSV-1, caused more 
evident elimination of tumor cells and prolonged survival of the 
transplanted mice.50 In addition, EGFR-CAR-NK-92 cell administra-
tion resulted in regression of triple-negative breast cancer (TNBC) 
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in breast cancer cell line-derived xenograft (CLDX) and patient-
derived xenograft (PDX) mouse models.51 Similarly, in orthotopic 
glioblastoma (GB) xenograft mouse models, intracranial injection of 
EGFR-CAR-NK-92 cells robustly repressed tumor development and 
consequently extended the overall survival rate of tumor-bearing 
mice, introducing redirected NK cells a capable strategy to treat 
GB.52 Other studies have indicated that further genetic modifica-
tion of these EGFR-CAR-NK cells with the chemokine receptor 
CXCR4, could improve chemotaxis to stromal cell-derived factor 
1 (SDF1) generating U87-MG glioblastoma cells in vitro, and pro-
moted survival in xenografts mice in comparison with treatment 
with EGFR-CAR-NK cells.53

Conversely, specific targeting of folate receptor alpha (αFR), 
which is overexpressed in 90% of ovarian cancers, through using 
the αFR-specific CAR-NK-92 cells led to the selective lysis of αFR+ 

tumor cells in vitro and in a mouse xenograft model of ovarian can-
cer. Moreover, comparative analysis indicated that third-generation 
αFR-CAR-NK-92 cells were superior to first- and second-generation 
CARs in terms of effective cytotoxicity against αFR+ tumor cells.54 
Furthermore, mesothelin-specific CAR-NK cells could selectively 
eliminate mesothelin-positive ovarian cancer cells (OVCAR-3 
and SK-OV-3), while they were non-reactive against mesothelin-
negative cells (SK-HEP-1) in vitro. More importantly, redirected NK 
cells efficiently eradicated ovarian cancer cells in both subcutane-
ous and intraperitoneal tumor models, suggesting that mesothelin 
could be a feasible target for ovarian cancer targeted therapy in ad-
dition to αFR.55

Recently, other findings have suggested that co-expression of 
chemokine receptor CXCR1 and CAR may deliver an innovative 
strategy to improve the therapeutic efficacy of NK cells in human 

TA B L E  1   CAR-NK cell-based therapy for human cancers (in vitro and in vivo reports)

Condition Target antigen Results (ref)

Hematological malignancies

ALL
AML

CD7 Induction of specific targeting effect against CD7-positive leukemic cells in vitro62

MM CS1 Induction of MM cytolysis and IFN-γ production in vitro12

Inhibition of the growth of human IM9 MM cells leading to the prolonged survival rate of a 
xenograft mice model12

MM
BL

CD38 Cytotoxicity against CD38-positive cells in vitro9

AML CD33 Verifying the feasibility and safety of CD33-CAR-NK cells in patients with AML13

B-ALL CD19 NK cell degranulation and selective cytotoxicity toward leukemic cells in vitro11,63

Inhibition of B-ALL progress in NOD-SCID IL2R γnull mice11

AML CD4 Eradication of CD4-expressing AML cell lines in vitro41

Potent anti-leukemic activities in a systemic AML murine model41

B-ALL FLT3 Suppression of B-ALL development in a xenograft model in NOD-SCID IL2R γnull mice8

NHL CD20 Promoted cytotoxicity against CD20-positive NHL cells in vitro48

Solid tumors

Breast cancer
Gastric cancer
Glioblastoma

EGFR family Suppression of breast tumor cell proliferation in mice models51

Eradication of small but not larger gastric tumor xenografts64

Anti-tumors activities in glioblastoma xenograft models in NSG mice65

Colorectal cancer EpCAM Inhibition of tumor development in a xenograft model when used in combination with 
regorafenib66

Ovarian cancer
Liver cancer

Glypican-3 Improvement of the overall survival of the mouse xenograft model of ovarian cancer67

Reduction in liver tumor growth and promotion of tumor cells apoptosis in liver tumor 
xenograft models58

Ovarian cancer αFR Improved survival of tumor-bearing mice by inhibition of tumor growth54

Liver cancer CD147 Stimulation of the specific elimination of CD147-positive tumor cells in transgenic mice 
model68

Pancreatic cancer Robo1 Eliciting of specific anti-tumor effects in an orthotopic nude mouse model69

Ovarian cancer
Lung cancer
Liver cancer

NKG2D ligand Induction of anti-tumor functions in ovarian cancer xenografts56

Showing the synergistic therapeutic efficacy in combination with CD73 targeting toward 
CD73-positive lung cancer xenograft models70

Inhibition of tumor growth in liver cancer xenografts59

Abbreviations: ALL, Acute lymphoblastic leukemia; AML, Acute myeloid leukemia; BL, Burkitt Lymphoma; CAR-NK, Chimeric antigen receptor-
expressing natural killer cell; EGFR, Epidermal growth factor receptor; EpCAM, Epithelial cell adhesion molecule; FLT3, FMS-like tyrosine kinase 
3; IFNγ, Interferon gamma; MM, Multiple myeloma; NHL, Non-Hodgkin lymphoma; NKG2D, Natural killer group 2 member D; Robo1, Roundabout 
homolog 1; αFR, Folate receptor alpha.
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ovarian tumors through enhancing tumor infiltration of effector 
immune cells. For example, administration of NK cells genetically 
modified to express CXCR1 and a CAR targeting NKG2D ligands 
demonstrated better migration against tumor cells in vivo in xe-
nograft models. Furthermore, the CAR-NK cell-exerted cytotox-
icity was not negatively affected by CXCR1 transgene expression, 
and ameliorated tumor trafficking of the administered cells led to 
boosted anti-tumor reactions in xenografts.56

Ganglioside GD2-specific CAR-NK cells were found to signifi-
cantly induce higher cytotoxicity toward GD2+ neuroblastoma (NB) 
cells compared with parental NK cells. In addition to the marked 
trafficking of GD2-CAR-NK cells into 3D tumor spheroids, which 
resulted in a reduced growth rate as evidenced by live-cell imaging 
analysis, GD2-CAR-NK treatment repressed tumor development 
in mice,. Also, further analysis indicated that combination therapy 
with redirected NK cells and either histone deacetylase inhibitors 
(HDACi) or programmed cell death protein 1 (PD-1)/programmed cell 
death ligand 1 (PD-L1) blocker may serve to be more effective anti-
cancer functions.57

CAR-modified NK cells are currently suggested as a reliable 
immunotherapeutic modality for hepatocellular carcinoma (HCC) 
treatment. Accordingly, glypican-3 (GPC3)-specific CAR-NK-92 cells 
co-cultured with GPC3+ HCC cells caused noticeable in vitro cyto-
toxicity and cytokine release, and also stimulated anti-tumor in vivo 

effects in HCC xenografts expressing GPC3 at high and low levels, 
but not in those without GPC3 expression. Correspondingly, abro-
gated tumor development concurrently enhanced tumor apoptosis 
in the GPC3+ HCC xenografts.58

Concerning the TGF-β competence to suppress NK cell func-
tion, Wang et al genetically engineered NK-92 cells to express a 
chimeric receptor with TGF-β type II receptor extracellular and 
transmembrane domains concomitant with the intracellular do-
main of NKG2D, named as TN chimeric receptor. They found that 
TN-expressing NK-92 cells exhibited significant resistance against 
TGF-β-induced suppressive signaling, and also stimulated higher 
killing capacity and IFN-γ generation against HCC cells in vitro.59 
In addition, TN-expressing NK-92 cells prominently trafficked into 
TGF-β-expressing malignant tumors, and suppressed tumor progress 
in an HCC xenograft murine model, suggesting that the TN chimeric 
receptor could be applied to improve anti-tumor efficacy in NK cell 
adoptive therapy.59

6  | CONCLUSION AND PROSPEC T

Based on collective evidence, CAR-NK cell-based cancer therapy has 
become an encouraging and advanced research area. Accordingly, a 
wide spectrum of animal studies has been carried out (Table 1) and 

TA B L E  2   Clinical trials based on CAR-NK cell therapy for human cancers registered in ClinicalTrials.gov (March 2021)

Condition Dose Antigen Phase Location
Participant 
number NCT number

Hematological malignancies

NHL 2 × 106/kg
6 × 106/kg
2 × 107/kg

CD19 Early 1 China 9 NCT04639739

BCL 50 × 103/kg
600 × 103/kg

CD22 Early 1 China 9 NCT03692767

BCL 50 × 103/kg
600 × 103/kg

CD19 Early 1 China 9 NCT03690310

BCL 50 × 103/kg
600 × 103/kg

CD19
CD22

Early 1 China 10 NCT03824964

MCL
DLBCL
NHL
FL

NA CD19 1/2 USA 0 NCT03579927 
(Withdrawn)

Solid tumors

Prostate Cancer 0.5 × 107/kg
3 × 107/kg

PSMA Early 1 China 9 NCT03692663

Neuroblastoma 3 × 106/kg
1 × 108/kg

GD2 1 USA 0 NCT02439788 
(Withdrawn)

Ovarian cancer 0.5 × 107/kg
3 × 107/kg

Mesothelin Early 1 China 30 NCT03692637

Various tumors NA Robo1 1/2 China 20 NCT03940820

Metastatic tumors NA NKG2D 1 China 30 NCT03940820

Abbreviations: BCL, B-cell lymphoma; CAR-NK, Chimeric antigen receptor-expressing natural killer cell; DLBCL, Diffuse large B-cell lymphoma; FL, 
Follicular lymphoma; GD2, Ganglioside GD2; MCL, Mantle cell lymphoma; NA, Not available; NHL, Non-Hodgkin lymphoma; NKG2D, Natural killer 
group 2 member D; PSMA, Prostate-specific membrane antigen; Robo1, Roundabout homolog 1.
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several clinical trials are being accomplished (Table  2) to evaluate 
CAR-NK cell clinical safety and efficacy in human cancers. However, 
the execution of large-scale clinical studies is required to address 
the feasibility, safety, and efficacy of the CAR-NK cell application 
in human malignancies, such as leukemia, myeloma, and lymphoma, 
and also solid tumors. Significantly, CRS and neurotoxicity are less 
likely to happen in CAR-NK cell-based immunotherapy compared 
with CAR-T cells mainly because activated NK cells largely secrete 
IFN-γ and GM-CSF, while CAR-T cells mostly stimulate cytokines, 
including IL-1, IL-2, IL-6, TNF-α, IL-8, IL-10, and IL-15, which generally 
support CRS and severe neurotoxicity.10 In addition, the attenuated 
risk for GVHD occurrence even with allogeneic NK cells possibly 
permits CAR-NK cells to be established from several sources, such 
as NK92 cell lines, PBMCs, UCB, and also pluripotent stem cells.60 
Although a great deal of progress has been achieved in NK cell im-
munotherapy, clinical efficacy is still limited due to the short lifespan 
and low cytotoxicity of NK cells in vivo, highlighting the importance 
of finding a novel approach for overcoming this challenge. However, 
the risk of on-target/off-tumor toxicity to normal tissues is compara-
tively low because of the restricted lifespan of CAR-NK cells in the 
circulation.61

In sum, it is speculated that the development of the CAR con-
struction for superior NK cell-elicited cytotoxicity, improving re-
directed cell infiltration into tumor microenvironments (TME), 
concomitant with developing CAR-NK cells with memory pheno-
types to offer prolonged immune surveillance, can lead to the de-
sired anti-cancer outcomes.
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