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A B S T R A C T

NK cells may have great potential in tumor immunotherapy because they can kill tumor cells directly and
quickly. Chimeric antigen receptor is a fusion protein composed of extracellular antigen recognition domain,
transmembrane domain and intracellular signal domain. Rapid development of CAR-modified T cells has made
tremendous achievements in the treatment of malignancies, especially hematological malignancies. However,
there are many deficiencies in clinical application of CAR-T cell therapy. Car-modified NK cells have attracted
much attention because they may avoid these shortcomings. At present, preclinical and clinical studies have
shown that CAR-NK cell therapy may play significant anti-tumor role and it is safer than CAR-T cell therapy.
Nevertheless, CAR-NK cell therapy still faces some challenges, such as the expansion and activation of primary
NK cells in vitro, the difficulty to store and ship NK cell products and the low transduction efficiency. Thus
further research is still needed to optimize CAR-NK cell therapy. Building better CAR-NK cells is important to
improve the treatment efficacy and combination therapy offers a novel direction of NK-cell based im-
munotherapy.

1. Introduction

Natural killer (NK) cells, which were discovered over 40 years ago
[1], are large granular lymphocytes circulating in most tissues, speci-
fically clearing target cells which have been viral-infected or malig-
nantly transformed [2,3]. NK cells can kill tumor cells quickly and di-
rectly because they can function without the need to recognize tumor-
specific antigen, thus they have great potential in cancer im-
munotherapy [3,4]. Various NK cell receptors have been identified.
They bind to homologous ligands on target tumor cells, enabling NK
cells to distinguish between normal cells and transformed cells [4]. The
activating NK cell receptors include members of natural cytotoxicity
receptor (NCR) family (NKp30, NKp44 and NKp46), the C-type lectin
family receptors (NKG2D, CD94/NKG2F, CD94/NKG2E, CD94/NKG2C
and CD161),activating killer immunoglobulin receptors (KIR2DS1,
KIR2DS4 and KIR2DL4), FcγRc IIIA (CD16) and costimulatory receptor
DNAM-1 (CD226) [5]. KIRs are NK cell inhibitory receptors that can
inhibit NK cell-mediated lysis of normal cells in organisms expressing
MHC class I molecules. According to the hypothesis of “missing-self”,
NK cell activation occurs in contact with malignantly transformed cells

that have lost MHC class I molecules and easily lysed. Nevertheless, if
targeted cells express a large number of NK stimulating ligands, NK
cells can be activated without loss of MHC class I molecules [4]. KIR-
ligand mismatched NK cell therapy is a promising approach against
cancer via therapeutic anti-KIR monoclonal antibodies (mAbs) directed
against inhibitory KIRs. These mAbs are undergoing phase II clinical
trials in patients with acute lymphoblastic leukemia or multiple mye-
loma [6]. They block KIRs in a stable manner and cause NK-regulated
cancer cell death by direct or ADCC cytotoxic mechanisms [6]. It can be
imagined that the adoptive transfer of large amounts of anti-KIR-treated
autologous cells may be beneficial to hematological neoplasms and
even some solid tumors [5].

Several studies have shown that low activity of NK cells in periph-
eral blood is related to high cancer risk, suggesting a role for NK cells
against cancer [7,8]. NK cells in human peripheral blood are divided
into two major subgroups: CD56bright and CD56dim NK cells. CD56bright

NK cells are usually known as cytokine-producing cells with low cyto-
toxicity, while CD56dim NK cells are known for potential cytotoxicity
[9]. Since NK cells can recognize and lyse tumor cells, immunotherapy
based on NK cells has been developed.
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The chimeric antigen receptor (CAR) is a fusion protein composed of
an extracellular antigen recognition domain, a transmembrane region
and intracellular signaling domains. As the name suggests, extracellular
antigen recognition domain, which is usually a single-chain variable
fragment (scFv), can recognize the specific antigen on tumor cells. The
intracellular signaling domains, such as CD28, 4-1BB (CD137) and
OX40, are usually designed to improve the activation and the killing
effect of T cells. CAR-modified T cells can directly recognize the tumor-
associated antigen (TAA) and then kill tumor cells. CAR-T cell therapy
has achieved great success in hematological tumors, such as acute
lymphoblastic leukemia (ALL), chronic lymphocytic leukemia (CLL)
and lymphoma. Notably, CD19 CAR-T therapy has been reported to
show complete remission (CR) rates of 90% in both children and adults
who are suffering with ALL [10]. Although CAR-T cell therapy has
developed rapidly, it still has some problems in clinical application.
CAR-T cell therapy is not very effective in the treatment of solid tumors
[11,12]. Also, most CAR-T cell therapies require autologous adoptive
cell transfer because allogeneic T cells may cause graft-versus-host-
disease (GVHD) unless addressing HLA barriers [13,14]. Moreover,
CAR-T cell therapy may cause side effects which may threaten patients'
lives, such as cytokine release syndrome (CRS). CAR-modified NK cells
have been shown to overcome the above shortcomings of CAR-T cells
and exert significant anti-tumor effect [15,16]. In this review, we will
mainly discuss the opportunities provided by CAR-modified NK cells
and the challenges faced by CAR-NK cells.

2. Sources and manufacture of NK cells for CAR-NK cell therapy

Autologous or allogeneic PBMC-derived NK cells, which can be
easily collected, are usually used to prepare for adoptive transfer of NK
cells. Stem cells, including umbilical cord blood (UCB), human em-
bryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs),
are also abundant sources of NK cells. In addition to donor-derived NK
cells, NK cell lines are also important cell sources for CAR-NK cell
therapy. The human NK cell line NK-92 shows remarkable cytotoxic
effects against malignant cells in preclinical studies and clinical studies
have shown that infusions of NK-92 cells are safe in cancer patients
[17,18]. A recent study has indicated that human NK cell line KHYG-1
carrying CAR induces anti-tumor effect in glioblastoma (GBM) cell
lines, proving that KHYG-1 may be a promising cell line option for CAR-
NK therapy [19].

After obtaining them in above ways, NK cells need to be purified
and modified to express a chimeric antigen receptor (CAR) to recognize
specific antigens on tumor cells. The final donor-derived NK cell pro-
ducts show diverse purity because of different protocols. They might
include contaminating T cells, B cells and monocytes. Although residual
monocytes may be beneficial for treatment, residual B cells may cause
lymphoma due to reactivation of Epstein-Barr virus and T cells must be
completely removed to prevent GVHD [20]. The structure of CAR has
gone through three generations. The first generation of CAR, which has
poor effect, contains only an antigen-binding domain and a trans-
membrane domain, while the second generation of CAR and the third
generation add one costimulatory domain or two costimulatory do-
mains based on the first generation of CAR, respectively. NK cells,
which have been purified and modified to express a CAR, are then

infused into tumor patients where they can specifically recognize and
lyse tumor cells.

3. Advantages of CAR-NK cell therapy

Although CAR-T cell therapy has achieved great success in the
treatment of malignancies, there remain many deficiencies in CAR-T
cell therapy. CAR-NK cell therapy is expected to remedy some of these
deficiencies.

Cytokine release syndrome (CRS), which is a systemic inflammatory
response, is associated with the activation and proliferation of CAR-T
cells and is one of the serious side effects of CAR-T cell therapy [21].
The development of CAR-NK cell therapy provides the possibility of
reducing this risk. CAR-T cells in vivo expansion and persistence can
produce proinflammatory cytokines, such as TNFα, interleukin-1 (IL-1)
and interleukin-6 (IL-6). The cytokine-production of NK cells are con-
sidered to be safer because they are mainly composed of IFN-γ and GM-
CSF. In addition, CAR-NK cells infused into patients will not expand
within a few weeks, thus reducing the possibility of CRS. Also, the long-
term existence of CAR-T cells may lead to the risk of autoimmunity or
malignant transformation, while NK cells can disappear quickly after
mediating their anti-tumor effects. Although some cancer patients were
treated with allogeneic CAR-T cells [22,23], most clinical studies use
autologous T cells because allogeneic T cells may cause GVHD. Several
clinical studies have shown that NK cells do not cause GVHD [24–26],
which offer opportunities to provide off-the-shelf allogeneic products.
However, there are also studies reported that NK cells may cause acute
GVHD. There may be many reasons accounting for this difference [27].
First, this study used NK cells activated by IL15/4-1BBL, different from
those resting NK cells or activated by IL-2, which may lead to different
clinical effects. Secondly, many previous studies used MHC-mismatched
NK cells to transfer to hosts that had not under allogeneic HSCT. In this
case, NK cells are likely to be quickly rejected and may not expand as
much as might occur in this experiment. Thirdly, previous studies used
adoptive NK transfer combined with rhIL-2, possibly having a protec-
tive effect on GVHD due to expansion of regulatory populations.

4. Current status of CAR-NK cell therapy

4.1. Hematological malignancies

Preclinical studies have shown that CD19-CAR NK cells have
striking efficacy against hematological malignancies and are easy to
produce, which is a great progress compared to current CAR-T cell
therapy [28,29]. Clinical trials of CD19-CAR T cell therapy have shown
high complete responses in hematological malignancies patients
[30,31]. CD19-CAR engineered NK cells are expected to exert better
anti-tumor effect due to the advantages of CAR-NK cell therapy in he-
matological malignancies. Clinical studies have indicated that CD19-
CAR modified NK cells may be a good treatment option for patients
suffering from lymphoid malignancies [32]. In addition to CD19, CAR-
NK cell clinical trials for lymphoma and leukemia also target CD7
(NCT02742727) and CD33 (NCT02944162). Although CAR-T cell
therapy has undergone a large number of clinical trials for hematolo-
gical malignancies, only several clinical CAR-NK cell therapies against

Table 1
Clinical trials of CAR-NK cell therapy against hematological malignancies.

Target Indications NK cells Intracellular signaling molecules Ref.

CD19 Leukemia and lymphoma NK-92 CD28, 4-1BB, CD3ζ NCT02892695
CD19 B-cell acute lymphoblastic leukemia PBMC-derived NK cells CD8αTM, 4-1BB, CD3ζ NCT01974479
CD19 B-cell acute lymphoblastic leukemia PBMC-derived NK cells CD8αTM, 4-1BB, CD3ζ NCT00995137
CD19 B-lymphoid malignancies Cord blood-derived NK cells CD28, CD3ζ, iCasp9 NCT03056339
CD7 Leukemia and lymphoma NK-92 CD28, 4-1BB, CD3ζ NCT02742727
CD33 CD33+ acute myeloid leukemia NK-92 CD28, 4-1BB, CD3ζ NCT02944162
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hematological malignancies are under way (Table 1).

4.2. Solid tumors

There are also preclinical studies using CAR-NK cells for solid tu-
mors, including glioblastoma [19,33], breast cancer [34], neuro-
blastoma [35], etc. The clinical trial (NCT02839954) is the first to
prove that CAR-NK cells are effective in patients with solid tumors. In
this trial, dual-specific NK92 cells expressing both a CAR specific for
Mucin1 and a CAR specific for PD-1 were produced and the CARs
contain CD27 and 4-1BB (CD137) as signaling domains. By August
2017, 10 cancer patients including lung cancer, pancreatic cancer,
colon cancer and ovarian cancer have been enrolled in the treatment
group. No serious adverse reactions, including cytokine storm and bone
marrow suppression, were observed in these ten patients, suggesting
that this treatment is safe and well tolerated.

5. Challenges faced by CAR-NK cell therapy

The uncertainty about their ability to migrate and penetrate tumor
tissues is the main reason of initial reluctance to use NK cells in CAR-
engineered therapy [36]. The limited time of NK cells in vivo is also a
reason why not use CAR on NK cells initially [37]. While this is an
advantage for safety, it will limit the efficacy of therapy. At present, the
application of CAR-NK cell therapy still faces some challenges.

5.1. Expansion and activation of primary NK cells

The primary challenge of CAR-NK cell therapy is the expansion of
primary NK cells in vitro. The number of NK cells from a single-donor is
not enough for therapy, making the expansion and activation of NK
cells very essential [20]. This process usually takes 2–3weeks to culture
NK cells in the presence of cytokines (IL-2 or in combination with IL-15
or anti-CD3 mAb) [38]. The combination of IL-2 and IL-21 were also
used to make NK cells expand [39,40]. The results showed that the
combination of IL-2 and IL-21 has more significant inhibition on tumor
growth than using IL-2 alone [39,40]. Although irradiated K562-mb15-
4-1BBL cells is useful as feeder cells in the process of the clinical-grade
primary NK cells expansion, the variability of donor cell number re-
mains a problem [41]. In addition, T cells must be completely removed
before cell expansion to prevent GVHD. Since K562 is a cancer cell line,
it is necessary to ensure that they are completely removed before in-
fusion.

Expansion of NK cell can be carried out in multiple containers or
bioreactors, including Teflon bags, flasks, continuous-flow devices,
stirred-tank bioreactors and the Miltenyi's Prodigy system. Stirred
bioreactors that allow continuous production may be the best option for
expanding cells, because costs can be controlled and cells can be ex-
panded in large quantities with less culture medium in this way [20].
After being expanded, the cells should be cryopreserved for treating
tumor patients in need.

Obtaining enough cells is very important for the treatment of pa-
tients. However, due to the technical limitations of expanding a large
number of cells, it is difficult to perform a dose escalation with cells for
patients.

5.2. Storage and shipping of NK cell products

In order to ensure the rationality of the price of cell therapy, it is
expected that cells can be produced in centralized facilities, stored
through cryopreservation, shipped to the treatment site and thawed at
the treatment site. Nevertheless, compared with T cells and many other
human cells, NK cells are more sensitive to freezing and thawing,
especially when they have been activated by cytokines. In addition to
the variable survival rate during thawing, the cytotoxicity of NK cells
decreased significantly after thawing [42]. Also, cytokine-activated NK

cells are very sensitive to lower temperatures [43]. Because of the
temperature sensitivity of NK cells, they need to be shipped at around
body temperature to maintain cytotoxicity. Appropriate cell density is
also important in the process of shipping. High cell concentrations may
lead to the loss of cells activity possibly due to rapid utilization of
medium and changes in glucose and pH. Moreover, the quality of cells
is difficult to control in the shipping process.

The sensitivity of NK cells to cryopreservation makes it difficult to
store and transport, which is a limitation of CAR-NK cell therapy.

5.3. CAR transduction into NK cells

It is also important to select the appropriate method to transfer CAR
into NK cells. Both viral vectors and non-viral vectors have been used to
introduce CARs.

Viral vectors, including viral vectors and non-viral vectors, are
widely used as transduction vectors in the treatment of CAR-NK cell
therapy as they can stably integrate into the genome. Although the
transfection efficacy of retroviral vectors is high, it may lead to inser-
tional mutagenesis, oncogenesis and other adverse events [44]. Lenti-
viral vectors have lower levels of insertion mutagenesis, however, their
transfection efficiency is under 20% for NK cells derived from periph-
eral blood [38]. The transfection efficiency of lentivirus vectors is suf-
ficient for NK cells derived from cord blood [45]. Nevertheless, the
lentiviral transfection efficiency of NK cells derived from peripheral
blood needs further improvement. Studies have shown that inhibiting
intracellular antiviral defense mechanisms may enhance lentivirus
transduction of NK cells, providing a practical and safe method for CAR
transduction into NK cells [46].

The high risk and cost of viral vectors for clinical application have
raised interest on non-viral vectors. Sleeping Beauty (SB) transposon
vectors have provided a safe, effective and economically method to
integrate genetic information through gene transfer vectors and they
may overcome shortcomings of viral vectors [47,48]. SB transposon
system has been successfully applied to CAR-T cell therapy. Both pre-
clinical and clinical studies have shown that CAR-T cells generated with
SB transposon system are safe and effective, supporting further devel-
opment of this nonviral transfection method [49,50]. Nevertheless, the
applicability of SB transposon system on the transduction of CAR to
primary NK cells still untested because of the low transduction effi-
ciency and serious cytotoxicity of electroporation DNA vectors to pri-
mary NK cells [44].

Transduction with mRNA for CAR-NK cells mediated killing cancer
cells has also been considered to be a safe and affordable transduction
option. A previous study has shown that median receptor expression
24 h after electroporation with the corresponding mRNA was 82.0%
and NK cells transfected under such conditions had significant cyto-
toxicity in xenograft cancer model [51]. Recently, a study indicated
that “on-target off-tumor” toxicity, which is a critical factor limiting the
application of CAR-based immunotherapies, may be effectively avoided
by transduction with mRNA [52]. Nevertheless, the anti-tumor effect of
CAR-NK cells transferred by mRNA electroporation may be transient
because the expression of CARs transferred in this way is no more than
3 days [53].

6. Future considerations

6.1. Building better CAR-NK cells

CAR-modified NK cells have been proved to have significant anti-
tumor effects, but the building of CAR-NK cells still needs to be further
explored. The aim of CAR-NK cells is to build a novel activation
pathway to improve anti-tumor effects of the cells and to enhance
cancer cell targeting. It is critical to examine which NK cell lines and
which type of CAR structure can build better CAR-NK cells. NK-92 cells
are highly cytotoxic to many kinds of cancer cells and are the most
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widely used cell lines in clinic. Also, studies have shown that NK92 cell
lines are safe for cancer patients [17,18].

CAR-NK cells have the basic framework including a tumor asso-
ciated antigen-binding domain, a transmembrane region and an in-
tracellular signal domain. NKG2D, which is an important activating
receptor on NK cells and cytotoxic T lymphocytes, can bind to DAP10 or
DAP12 (KARAP) transfer proteins to provide activation signals which
can activate the cytotoxicity of NK cells. Moreover, the activation signal
transmitted by DAP12 can promote NK cells to produce cytokines [54].
Preclinical study has shown that the receptor (CAR-NKG2D-DAP10-
CD3ζ receptor) composed of NKG2D, DAP10 and CD3ζ can significantly
enhance the cytotoxicity of NK cells towards tumors [55]. CD244 (2B4),
which is a signaling lymphocyte activation molecule-related receptor,
regulate potent stimulatory and costimulatory signals in NK cells and
may have the potential to boost signaling in NK cells retargeted to
tumor cells [56,57]. Studies have shown that CD244 has robust costi-
mulatory roles in NK effector cells targeting CD19 or GD2, indicating
that antigen-specific CD244-ζ-expressing NK cells may have great po-
tential for adoptive immunotherapy against malignancies [57,58].

6.2. Combination therapy

Although CAR-NK cell therapy has been proved to be effectively
against tumor, the long-term anti-tumor efficiency is still modest. The
combination therapy offers a novel direction of NK-cell based im-
munotherapy. Studies have indicated that treatments that target the
immune environment may be beneficial to CAR-NK cell therapy. A re-
cent study has shown that the addition of interleukin-15 (IL-15) can
lead to productive IL-15 signaling and can significantly increase cyto-
toxicity of tumor cells [59]. As the high expression of ligands for co-
inhibitory receptors on tumor cells is a critical factor limiting CAR-NK
cell function, the silencing of NK cell inhibitory receptors may be
beneficial to improve the CAR-NK cell efficiency [60]. In addition,
chemotherapy may also help to enhance the efficiency of CAR-NK cell
therapy. Chemotherapy can not only clear the resident cell populations
to create new niches for the expansion of NK cells, but also can induce
genotoxic stress to enhance the cancer cell sensitivity to NK cells [61].
Clinical studies have shown that the chemotherapeutic agent can sig-
nificantly improve the tumor-killing effect of CAR-NK cells [62].

Furthermore, there are many strategies which have been shown to
be useful in the augment of anti-tumor efficiency of CAR-T cell therapy.
Similarly, some of these strategies may also be beneficial in the CAR-NK
cell therapy, such as radiotherapy and the CRISPR/Cas9 system.
Radiotherapy is a common method in the treatment of malignant tu-
mors, which exerts an anti-tumor effect by killing cancer cells directly
and inducing tumor-specific immune responses. Preclinical studies have
shown that the combination of CAR-T cell therapy and radiotherapy
exerts a synergistic efficacy against tumor [63]. Nevertheless, the ef-
fects of radiation on NK cells remain unclear [64]. Therefore, further
studies are still required to better understand the links between these
two therapies. The CRISPR/Cas9 system has become an increasingly
popular genetic engineering tool because of its advantages in editing
the genomes of multiple organisms precisely [65]. Evidence has shown
that targeting a CAR to the T-cell receptor α constant (TRAC) locus
using CRISPR/Cas9 system can lead to uniform CAR expression and
boost T-cell potency [66]. Similarly, CRISPR/CAS9 system may have
the potential to effectively improve the efficiency and safety of CAR-NK
cells by gene editing of primary NK cells and producing stably trans-
duced NK cells.
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