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Chimeric antigen receptor (CAR)-engineered T-cell (CAR-T) therapy has demonstrated impressive therapeutic efficacy against
hematological malignancies, but multiple challenges have hindered its application, particularly for the eradication of solid tumors.
Innate killer cells (IKCs), particularly NK cells, NKT cells, and γδ T cells, employ specific antigen-independent innate tumor
recognition and cytotoxic mechanisms that simultaneously display high antitumor efficacy and prevent tumor escape caused by
antigen loss or modulation. IKCs are associated with a low risk of developing GVHD, thus offering new opportunities for allogeneic
“off-the-shelf” cellular therapeutic products. The unique innate features, wide tumor recognition range, and potent antitumor
functions of IKCs make them potentially excellent candidates for cancer immunotherapy, particularly serving as platforms for CAR
development. In this review, we first provide a brief summary of the challenges hampering CAR-T-cell therapy applications and then
discuss the latest CAR-NK-cell research, covering the advantages, applications, and clinical translation of CAR- and NK-cell receptor
(NKR)-engineered IKCs. Advances in synthetic biology and the development of novel genetic engineering techniques, such as gene-
editing and cellular reprogramming, will enable the further optimization of IKC-based anticancer therapies.

Keywords: Innate killer cells; Chimeric antigen receptor; Natural killer cell receptor; Genetic engineering; Adoptive cell therapy;
Tumor microenvironment

Cellular & Molecular Immunology; https://doi.org/10.1038/s41423-021-00732-6

INTRODUCTION
Cancer immunotherapy is becoming an increasing promising
modality. Adoptive cell immunotherapy involves the transfer of ex
vivo-expanded and activated immune effector cells, including
tumor-infiltrating lymphocytes (TILs), cytotoxic T cells (CTLs),
natural killer (NK) cells, and natural killer T (NKT) cells, to a
recipient for the eradication of tumor cells [1, 2]. With recent
advances in immunobiology, synthetic biology, and bioengineer-
ing, the genetic manipulation of immune cells has become an
innovative solution for the design of effective cancer immu-
notherapies [3–5]. In particular, the adoptive transfer of chimeric
antigen receptor (CAR)-engineered T (CAR-T) cells has shown
impressive therapeutic efficacy in patients with relapsed and
refractory B-cell lymphoma and leukemia, demonstrating high
remission rates, and great promise in the treatment of other
hematological malignancies [6, 7]. However, the success of CAR-T-
cell therapy is still limited to patients with hematological
malignancies, remaining ineffective for those with solid tumors.
The major obstacles interfering with the clinical efficacy of CAR-T-
cell therapy include cytokine release syndrome (CRS), neurotoxi-
city, graft-versus-host disease (GVHD), “on-target, off-tumor”
toxicities, poor homing, and trafficking into solid tumor sites,
and the immunosuppressive qualities of the tumor microenviron-
ment (TME). A wide range of gene modification strategies have
been exploited to improve the safety and efficacy and broaden

the application of CAR-T-cell therapy to other disease settings,
particularly solid tumors [8, 9]. The use of CAR-T cells in
combination with other therapeutic approaches also promises to
enhance the antitumor efficacy and may be used to overcome
resistance to treatment. In addition to T cells, the CAR construct
can be engineered into other immune effector cells. Innate killer
cells (IKCs), such as NK cells, NKT cells, and γδ T cells, have unique
biological features, including a wide range of tumor recognition
mechanisms, potent antitumor capacity, and potentially improved
safety in clinical settings [10, 11]. In this review, we first provide a
brief summary of the challenges in CAR-T-cell therapy application
and then offer an overview of the current research involving IKCs,
discussing the advantages and clinical translation of CAR- and
NK-cell receptor (NKR)-engineered IKCs for use in cancer
immunotherapy.

CHALLENGES IN CAR-T CELL RESEARCH
CARs are genetically engineered receptors that recognize specific
surface antigens and subsequently activate downstream signaling
pathways to elicit the T-cell-mediated killing of target cells. The
CAR construct structure usually comprises a single-chain variable
fragment (scFv) extracellular tumor antigen recognition domain, a
hinge region, and transmembrane and intracellular signaling
domains. The intracellular domain usually contains a CD3ζ
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signaling domain and a CD28 and/or 4-1BB costimulatory domain,
which are required to activate T cells, resulting in proliferation,
cytokine secretion, and/or T-cell-mediated cytotoxicity. To date,
CAR-T-cell therapy has been used with great success in the
treatment of B-cell hematological cancers, particularly relapsed or
refractory B-cell acute lymphoblastic leukemia (ALL), with a
complete remission (CR) rate of 80–90% and long-lasting CR in
the majority of ALL patients [12, 13]. CAR-T-cell therapy targeting
the B-cell maturation antigen (BCMA) in patients with multiple
myeloma has also showed promising clinical responses and a
good safety record [14, 15]. However, there are still multiple
hurdles to overcome before widespread application of CAR-T
therapy can become the norm. The most serious life-threatening
toxicity associated with CAR-T-cell therapy is CRS triggered by
high levels of proinflammatory cytokines (such as tumor necrosis
factor (TNF)-α, interleukin (IL-1)β, IL-6, and granulocyte-
macrophage colony-stimulating factor (GM-CSF)) secreted by
infused CAR-T cells and other activated immune cells [16]. CRS
may lead to fever, nausea, fatigue, vascular leakage, multiple
organ failure, and even death. Elevated levels of cytokines and T-
cell-mediated inflammation can cause neurotoxicity, which has
been observed in several clinical trials [17]. Since the majority of
tumor antigens are tumor-associated antigens (TAAs) expressed
on both tumor and healthy tissues, CAR-T cells often attack and
destroy normal cells, defined as “on-target off-tumor” toxicity.
Transfusion of allogeneic CAR-T cells can thus lead to the
development of GVHD. The diverse antigen heterogeneity of
solid tumors hampers the recognition of tumor cells by T cells and
impairs the efficacy of CAR-T therapy. Antigen downregulation
and loss are two common mechanisms employed by tumors to
escape T-cell immunosurveillance, leading to CAR-T-cell therapeu-
tic resistance [18].
The major obstacles limiting CAR-T therapeutic efficacy against

solid tumors include the immunosuppressive microenvironment
and the poor capacity of CAR-T cells to migrate to solid tumor
sites. Aberrant vasculature hinders T-cell trafficking from blood
vessels; low levels of chemokines in the immediate tumor
environment and poor chemokine receptor expression on CAR-T
cells impede CAR-T-cell migration. Furthermore, the existence of
the extracellular matrix (ECM) barrier around solid tumors
and the thick collagen fiber network surrounding some tumor
islets impede CAR-T cells from entering tumor sites [19].
More importantly, the potency of CAR-T cells that are able to
infiltrate into tumor beds is attenuated by the immunosuppressive
TME, interfering with CAR-T-cell effector functions, rendering them
dysfunctional, exhausted, and unable to kill tumor cells [20]. High
frequencies of regulatory T cells (Tregs), myeloid-derived suppres-
sor cells (MDSCs), tumor-associated macrophages (TAMs), neu-
trophils, and multiple immunosuppressive factors (particularly
transforming growth factor (TGF)-β, IL-10, IL-4, prostaglandin E2
(PGE2), indoleamine 2,3-dioxygenase (IDO), and adenosine) impair
the activation, survival, proliferation, and effector function of CAR-
T cells through a variety of mechanisms [21, 22]. Blocking
inhibitory factors in the TME, for example, by using an IDO
inhibitor or adenosine receptor antagonist or using a dominant-
negative (DN) TGF-β receptor, has been shown to restore CAR-T-
cell activity [23–25]. Tumor cells, stromal cells, and certain
immunosuppressive cells, which express high levels of immune
checkpoint molecules such as programmed-death ligand 1 (PD-
L1), induce the dysfunction of CAR-T cells, thereby reducing their
antitumor activity [26]. Using combination therapy with check-
point inhibitors (e.g., anti-PD-1 or anti-PD-L1 antibodies), engi-
neering CAR-T cells to secrete antagonistic anti-PD-1 or anti-PD-L1
antibodies, or disrupting the PD-1 pathway (e.g., by transducing a
DN PD-1 receptor or PD-1 switch receptor) have enhanced the
antitumor efficacy of CAR-T cells and prolonged their survival in
several preclinical models [27–30]. With the advent of novel
synthetic biology and genome-editing techniques, researchers are

increasingly focusing on the development of innovative strategies
to overcome the hurdles encountered in clinical practice through
the optimization of engineered CAR design to unleash the full
antitumor potential of CAR-T cells while limiting potential side
effects [31–35].

CAR- AND NKR-ENGINEERED INNATE KILLER CELLS FOR USE IN
CANCER IMMUNOTHERAPY
Innate lymphocytes constitute a heterogeneous group of cells that
includes innate lymphoid cells (ILCs, comprising NK, ILC1, ILC2,
and ILC3 cells) and innate-like T lymphocytes (such as NKT cells, γδ
T cells, and mucosal-associated invariant T cells (MAITs))
[11, 36, 37]. Among these innate lymphocytes, NK cells,
NKT cells, and γδ T cells have a direct cytolytic function and
display potent antitumor efficacy with features that differ from
those of conventional αβ T cells. They usually have specific
cytolytic mechanisms and unique tissue distribution and safety
profiles. Most innate lymphocytes express innate recognition
receptors, such as NKG2D, thus exerting cytotoxicity independent
of T-cell receptor (TCR) recognition. In addition, IKCs have a
distinct cytokine profile, indicating that these cells are less likely to
induce CRS. High antitumor potency of IKCs has been observed in
both preclinical and clinical investigations [36, 38, 39]. Owing to
the unique biological features and potent antitumor capacity of
innate lymphocytes, as well as the shortcomings of CAR-T-cell
therapy in clinical application, IKCs (particularly NK cells, NKT cells,
and γδ T cells) have recently gained much attention as alternative
candidates for CAR-mediated therapy [40]. For instance, IKCs have
been engineered to express NK-cell receptors, giving rise to NKR-
engineered IKCs with innate recognition features. CAR- and NKR-
engineered IKCs can overcome multiple hurdles that prevent the
application of conventional CAR-T cells in the clinic. For instance,
innate lymphocytes can kill target cells in an antigen- and major
histocompatibility complex (MHC)-independent manner, thus
avoiding tumor escape due to antigen loss. Importantly, compared
to conventional CAR-T cells, IKCs are associated with a low risk of
GVHD, making them suitable for use as allogeneic ‘off-the-shelf’
cellular therapeutic agents. Preclinical studies and clinical trials
have shown promising results when CAR-engineered NK cells and
CAR-engineered γδ T cells have been used for the treatment of
both hematological cancers and solid tumors [41].

CAR- and NKR-engineered NK cells for use in cancer
immunotherapy
Advantages of CAR- and NKR-modified NK cells. NK cells are
important innate cytotoxic effectors specializing in the first line of
defense against invading pathogens and tumors without requiring
prior sensitization or MHC compatibility. NK cells are currently
regarded as ILC members and are also referred to as cytotoxic ILCs
[42]. As professional IKCs, NK cells have characteristics distinct from
conventional T cells. For instance, they do not express a TCR or
CD3, instead recognizing malignant cells and pathogens using
NKRs independent of MHC restriction. NK-cell function is tightly
regulated by multiple signals that originate from an array of
germline-encoded activating and inhibitory receptors, which
recognize specific ligands present on the surface of target cells
[43]. In addition, NK cells can kill target cells via antibody-
dependent cellular cytotoxicity (ADCC), which is triggered by CD16
(FcγRIII)-mediated recognition of antibody (Ab)-coated target cells.
NK cells may be the most promising candidate for CAR- or NKR-

based therapies because of their superior safety profile and efficacy
[44, 45,]. Similar to CAR-T cells, CAR-engineered NK cells target
TAAs expressed on tumor cells via their extracellular scFv fragment.
NKR-modified NK cells are engineered to overexpress NK-cell
receptors not TAA-targeting scFvs to target cancer cells expressing
NK-cell receptor ligands. The ligands critical for the activation of
NKRs, such as NKG2D, NKp30, and DNAX accessory molecule 1
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(DNAM-1), are widely expressed on most solid tumors and
hematological malignancies but are not present on normal cells.
Thus, these ‘activating’ NKR-engineered NK cells can target a wide
spectrum of tumor types as “universal NKR” effectors. In contrast,
‘inhibitory’ NKR-modified NK cells can target tumors that express
high levels inhibitory ligands such as PD-L1. For instance, the
modification of NK cells with a truncated DN inhibitory receptor
(e.g., DN PD-1) lacking its intracellular signaling domains can
render NK cells resistant to checkpoint receptor-induced cell
exhaustion. Furthermore, the PD-1 switch receptor contains an
extracellular PD-1 domain and intracellular costimulatory domains;
therefore, engineered NK cells can switch PD-L1-mediated
inhibitory signals into activating signals, reversing TME-mediated
immunosuppression. The various features of CAR- and NKR-
engineered NK cells are shown in Fig. 1.
CAR- or NKR-engineered NK cells present several advantages

over CAR-T cells [46, 47]. For example, allogeneic NK cells can easily
cross the human leukocyte antigen barrier without inducing GVHD.
Moreover, the triggering of NK-cell alloreactivity, referred to as the
graft-versus-tumor (GVT) effect, can eliminate leukemia and induce
remission in acute myeloid leukemia. In addition, NK cells can
inhibit alloreactive T-cell-mediated GVHD by direct lysis of
activated alloreactive T cells or the elimination of host antigen-
presenting cells (APCs) [48, 49]. The shorter lifespan and a cytokine
profile that is different than that of T cells render NK cells much
safer and more applicable to cancer immunotherapy. Activated NK
cells mainly produce interferon (IFN)-γ and GM-CSF but seldom

secrete high levels of proinflammatory cytokines [50, 51], such as
TNF-α, IL-6, or IL-1β, which are the major inducers of CRS during
CAR-T-cell therapy. Thus, both CAR-NK and NKR-NK cells present a
low risk of inducing severe adverse effects, including CRS, and are
therefore much safer than CAR-T cells for use in the clinic.
Preclinical studies and clinical trials have demonstrated the safety
and feasibility of CAR- and NKR-engineered NK cells in the
treatment of both hematological malignancies and solid tumors
[52–54]. CAR-NK cells exert cytotoxicity via several distinct
mechanisms. In addition to killing tumor cells by recognizing
tumor antigens through the scFv portion of the CAR structure,
CAR-NK cells have the intrinsic ability to recognize and target
tumor cells through their natural activating receptors (including
NKG2D, NKp46, NKp44, NKp30, and DNAM-1). These activating NK-
cell receptors recognize stress-induced ligands on the surface of
tumors but not on normal cells. The dominant activating signals
arising from specific receptor/ligand engagement override any
tumor-mediated inhibitory signals, leading to NK-cell activation
and potent tumor elimination through the release of perforin and
granzyme or via death-receptor pathways. NK cells can also kill
tumor cells through CD16-mediated ADCC. Therefore, CAR-
engineered NK cells can eradicate tumor cells by employing
CAR-dependent and CAR-independent mechanisms. In addition,
NK cells are able to induce tumor cell lysis in tumors on the basis of
the “missing self” hypothesis, whereby cells undergo a loss in MHC
expression. Antigenic downregulation represents the most com-
mon mechanism employed by tumors to evade T-cell recognition.

Fig. 1 Through their extracellular scFv domain, CAR- and NKR-engineered NK cells. CAR-engineered NK cells specifically target TAAs
expressed on tumor cells. They exert cytolytic activity against tumor cells in both a CAR-dependent and CAR-independent (through NKR
recognition of NKR ligands and through CD16-mediated ADCC effect) manner. NKR-engineered NK cells can target a wide spectrum of tumor
types with high expression of NKR ligands through NKRs. Activated receptor-modified NKR-NK cells (such as NKG2D-, NKp30- or DNAM-1-
engineered NK cells) exhibit direct cytotoxicity against tumors with high expression of NKR ligands. Inhibitory NKR-modified NK cells can
target tumors that express high levels of corresponding inhibitory ligands such as PD-L1. Modification with a truncated DN inhibitory receptor
(e.g., DN PD-1), lacking its intracellular signaling domains, can resist checkpoint receptor-induced cell exhaustion. Inhibitory switch receptors
containing an extracellular domain of inhibitory receptors (e.g., PD-1) and intracellular activating costimulatory domains (e.g., CD28) in
engineered NK cells enable checkpoint receptor-mediated inhibitory signals to be switched to activating signals, thus reversing TME-
mediated immunosuppression. The potential of inhibitory switch receptors, including PD-1, TIGIT, and NKG2A, used alone or in combination
with other strategies for the treatment of solid tumors is under investigation
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Therefore, CAR- and NKR-engineered NK cells have the ability to
efficiently eradicate tumor cells even when MHC expression is
downregulated or TAAs are lost/mutated in tumors, which typically
leads to CAR-T-cell therapy resistance. Importantly, this effect may
potentially reduce the risk of relapse due to CAR target-specific
tumor antigen loss. Finally, CAR- and NKR-engineered NK cells can
be generated from a variety of sources, including autologous or
allogeneic peripheral blood, umbilical cord blood (UCB), hemato-
poietic stem/progenitor cells, induced pluripotent stem cells
(iPSCs), human embryonic stem cells, memory-like NK cells, and
the NK-92 cell line [55]. Of these cell lines, iPSCs and UCB have
been recently proven to be the most promising sources of CAR-
and NKR-NK cells. The safety and efficacy of anti-CD19 CAR-
engineered UCB-NK cells in the first-in-human phase I/II clinical trial
treating patients with relapsed/refractory CD19+ non-Hodgkin’s
lymphoma (NHL) or chronic lymphocytic leukemia (CLL) were
recently revealed (NCT03056339). The highly encouraging results
showed that 7/11 enrolled patients achieved CR with no evidence
of neurotoxicity, CRS, or GVHD [56]. Induced PSCs can be
reprogrammed and undergo unlimited ex vivo expansion without
losing pluripotency [57], thereby serving as ideal sources of readily
expanded “off-the-shelf” CAR- and NKR-engineered NK cells
suitable for clinical-scale cancer therapy [58, 59]. Induced PSC-
derived anti-mesothelin CAR-NK cells have demonstrated
enhanced antitumor activity, prolonged survival, and reduced
toxicity compared to conventional anti-mesothelin CAR-T cells in a
mouse xenograft ovarian cancer model [60]. The safety and validity
of UCB- and iPSC-derived NK cells are currently under investigation
in several clinical trials (NCT03056339, NCT03579927, and
NCT04245722).

Genetic engineering strategies based on NK-cell activation mechan-
isms. The majority of early CAR constructs used in NK-cell
engineering were based on the design strategy originally
developed for producing CAR-T cells. In these early constructs,
the scFv extracellular domain, transmembrane region, and
intracellular signaling domains (identical to those in CAR-T cells)
were simply “transplanted” into NK cells. Despite the efficacy of
some of these engineered CAR-T NK cells, they may not represent
an optimized strategy for the design of therapeutic NK cells.
Receptor recognition and intracellular signal transduction are

crucial for the formation of immunological synapses and
subsequent immune cell activation. These processes also deter-
mine the cell state, including exhaustion, memory, and effector
function of immune cells, including CAR- and NKR-engineered
effector cells [61, 62]. NK-cell-specific signaling pathways are
closely related to but distinct from those in T cells [63]. Although
signal domains such as CD3ζ and 4-1BB are shared by T and NK
cells, some costimulatory domains (e.g., CD28) and the CD8α
transmembrane domain are absent from NK cells. To enhance the
activation and cytolytic capacities of NK cells, it is therefore
particularly important to design optimized CAR or NKR constructs
based on NK-cell-specific signal activation features [55]. The ability
of activating NK-cell receptors to transduce activating signals
depends on their intracellular adaptor molecules. DNAX-activating
protein 10 (DAP10) and DAP12 are NK-cell-specific adaptor
molecules containing immunoreceptor tyrosine-based activation
motifs (ITAMs). DAP10, as the adapter protein of the NKG2D
receptor, can promote and stabilize the membrane expression of
NKG2D. The phosphorylation of DAP10 recruits additional down-
stream signaling molecules and, ultimately, triggers the activation
and cytotoxicity of NK cells [64]. DAP12 is an adapter for NKp44,
NKG2C, and activating killer immunoglobulin receptors (KIRs). 2B4
is a member of the signaling lymphocytic activation molecule
(SLAM) receptor family. Upon engagement with its ligand, CD48,
2B4 recruits the adaptor molecule SLAM-associated protein
through its immunoreceptor tyrosine-based switch motif (ITSM),
mediating signal transduction [65, 66]. Considering this evidence,

researchers have increasingly designed CAR or NKR constructs
containing NK-cell-specific costimulatory domains, including
DAP10, DAP12, and 2B4, with or without the conventional CD3ζ
domain. An NKG2D-engineered NKR construct containing the
NKG2D ectodomain and intracellular DAP10 and CD3ζ costimu-
latory domains has been shown to considerably enhance the
activation and antitumor capacity of primary NK cells in an
osteosarcoma xenograft mouse model [67]. However, another
study testing anti-CD19 CAR constructs containing the intracellular
CD3ζ portion or DAP10 showed that the anti-CD19-ζ CAR
triggered higher NK-cell-mediated cytotoxicity than the anti-
CD19-DAP10 CAR [68]. It is likely that the optimization of CAR- and
NKR-mediated NK-cell activation may require the use of different
combinations of extracellular, transmembrane, and intracellular
signaling domains. Other researchers demonstrated that DAP12
was superior to CD3ζ as an intracellular domain for NKG2D-
engineered primary NK cells. In this study, anti-prostate stem cell
Ag (PSCA) CAR-NK cells containing DAP12 exhibited enhanced
cytotoxicity, cytokine secretion, and more efficient tumor eradica-
tion in a mouse model [69, 70]. In addition, anti-CD5 CAR-NK cells
engineered with a construct containing the 2B4 intracellular
domain were reported to have superior antitumor capacity
compared to NK cells engineered using a 4-1BB-containing
construct [71]. In a recent study comparing the contribution of
intracellular costimulatory domains of CD28, DNAM-1, and 2B4 to
CAR-NK-cell activation, it was reported that anti-glypican-3 (GPC3)
CAR-NK-92 cells engineered with a construct containing NK-cell-
associated DNAM-1 and/or 2B4 costimulatory domains displayed
enhanced proliferative capacity, persistence, and cytotoxicity
against hepatocellular carcinoma (HCC) cells compared with NK-
92 cells transduced with the CD28-containing CAR construct. CAR-
NK-92 cells containing both the DNAM-1 and 2B4 costimulatory
domains exhibited the highest cytolytic activity [72]. An optimized
NK-specific CAR construct strategy was adopted by Kaufman and
colleagues, who screened 9 different CAR constructs containing
various combinations of activating NK receptor transmembrane
domains (NKG2D, NKp44, NKp46, and CD16) and intracellular
costimulatory domains (DAP10, DAP12, 2B4, 4-1BB, and CD3ζ) in
NK-92 cells. These researchers found that the optimal construct
comprised an NKG2D transmembrane domain, a 2B4 costimula-
tory element, and a CD3ζ signaling domain (NKG2D-2B4ζ); this
construct exhibited antitumor potency via the effective stimula-
tion of antigen-specific NK-cell activating signaling pathways,
including the phospholipase C (PLC)-γ, Syk-vav1-Erk, and nuclear
factor-k-gene binding (NF-kB) pathways. NKG2D-2B4ζ-engineered
iPSC-derived anti-mesothelin NK cells displayed greater antitumor
activity than traditional CAR-T construct-engineered iPSC-derived
CAR-NK cells. NK-cell-specific iPSC-CAR-NK cells also exhibited
effective tumor growth inhibition and prolonged survival and
inducing less side effects in an ovarian cancer xenograft model
[60]. Notably, a comparison of the 2B4 and 4-1BB intracellular
domains in engineered NK-92 cells revealed that the 2B4-
containing CAR construct induced more-rapid proliferation,
increased cytokine production, and degranulation. However, the
incorporation of DAP10, DAP12, or 4-1BB into the NKG2D-2B4ζ
CAR construct did not enhance CAR-mediated cytotoxicity.
Collectively, these findings imply that more detailed studies are
needed to design and optimize NK-cell-specific CAR or NKR
structures for use in NK-cell-mediated therapy.

Clinical translation of CAR- and NKR-engineered NK cells. Mount-
ing evidence from preclinical studies has revealed the therapeutic
efficacy (including the effective control of tumor growth and
associated prolonged patient survival) of CAR-NK cells in cancer
therapy, particularly in the treatment of hematological malig-
nancies. Encouragingly, CAR-NK therapy has also demonstrated
promising results in solid tumor models, including glioblastoma,
ovarian cancer, hepatocellular carcinoma, and prostate cancer
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[73–76]. To date, numerous clinical trials have evaluated the
efficacy of CAR-NK cells as anticancer agents, some of which have
shown great promise. These trials have included clinical evalua-
tions of CAR-NK cells targeting common TAAs such as CD19, CD22,
CD7, CD33, and BCMA in the context of hematological malignancy
and human epidermal growth factor receptor (HER)-2, PSMA,
mesothelin, Mucin-1 (MUC1), and roundabout guidance receptor 1
(ROBO1) in the treatment of solid tumors (Table 1). In addition,
NKG2D-engineered NKR-NK cells targeting NKG2D ligands are
being tested in the clinic for their potency against metastatic solid
tumors, as well as relapsed/refractory AML and myelodysplastic
syndromes (MDS) (Table 1). Although most of the clinical trials are
in their infancy, CAR- and NKR-NK cells have been proven to be
generally safe and well tolerated (NCT02944162, NCT03415100,
and NCT03056339) [77]. No serious toxic effects were observed in
the first-in-human phase I and II clinical trials of an allogeneic UCB-
derived anti-CD19 CAR-NK-cell therapy used for patients with
relapsed/refractory NHL or CLL (NCT03056339). Notably, the
expansion of adoptive CAR-NK cells was seen as early as 3 days
post infusion and persisted at low levels for at least 12 months
[56]. The first off-the-shelf, iPSC-derived CAR-NK-cell therapy is
currently being evaluated in a phase I clinical trial sponsored by
Fate Therapeutics. iPSC-derived NK cells (named FT596) were
generated using a construct containing a CD19-targeting CAR, a
high-affinity uncleavable CD16 (hnCD16) Fc receptor, and an IL-
15/IL-15R fusion. Several doses of FT596 as a monotherapy and in
combination with an anti-CD20 monoclonal antibody (mAb) were
given to patients with relapsed/refractory B-cell lymphoma and
CLL (NCT04245722). Even low doses of FT596 were able to induce
rapid clinical responses, as evidenced by a patient showing partial
response and over 50% reduction in tumor size shortly after a
second cycle of FT596 monotherapy [78]. Another small-cohort
phase I clinical study provided the first clinical results relating to
the application of NKG2D-engineered primary NK cells for the
treatment of patients with solid tumors (NCT03415100). Three
patients with metastatic colorectal cancer received a local infusion
of NKG2D-engineered CAR-NK cells (engineered using NKG2D-
DAP12 mRNA transient transduction). Treatment with low doses of
an intraperitoneal infusion of NKR-NK cells caused a marked
reduction in the volume of ascites and the number of ascites-
associated tumors in two patients. Moreover, rapid tumor
regression in the liver region was observed in the third patient
who received therapy with ultrasound-guided percutaneous
injection, followed by intraperitoneal infusion of NKR-NK cells
[69]. No serious adverse effects were observed in any of the three
patients. Even with a small-cohort, the results of NKR-NK-cell
therapy of solid tumors are encouraging and provide evidence
supporting CAR and NKR-NK-cell use in cancer immunotherapy.

Challenges of administering CAR- and NKR-NK-cell therapy and new
genetic manipulation strategies aimed at improving the efficacy of
NK-cell cancer immunotherapy
Intratumoral persistence hinders the activation and efficacy of
CAR- and NKR-NK cells: Although recent clinical trials involving
CAR- and NKR-NK cells in cancer therapy have shown good levels
of safety and a certain level of promise, multiple factors still hinder
their clinical application. One of the major limitations of the
successful clinical application of CAR- and NKR-NK cells is their low
persistence in vivo. The administration of exogenous cytokines,
such as rhIL-15, can enhance the in vivo proliferation and survival
of NK cells, with several related phase I/II clinical studies currently
underway to verify this outcome. However, rhIL-15 has a short
serum half-life and can cause undesirable toxicity, including CRS,
neurotoxicity, and even autoimmune diseases [79]. Based on the
characteristics of IL-15 trans-presentation [80, 81], the IL-15
superagonist N-803, an IL-15-IL-15Rα complex fused to the IgG1
Fc region (IL15N72D:IL15RαSu/IgG1 Fc complex), was developed
as a therapeutic drug to mimic the physiologic trans-presentation

of IL-15 and extend its in vivo half-life. The capacity of N-803 to
improve the proliferation and in vivo survival of both NK and
CD8+ T cells, as well as its immunogenicity and pharmacokinetics,
has shown great promise in both hematologic malignancy and
solid tumor models [82–84] Several clinical trials are underway to
evaluate its safety and effectiveness [85, 86]. Although the
preliminary results demonstrated that N-803 was highly effective
without causing serious toxicity, there is still concern regarding
the induction of hyperresponsiveness’ and the functional impair-
ment of NK cells due to repeated N-803 treatment [79]. Another
strategy involves engineering NK cells with the IL-15 gene, which
can render NK cells capable of endogenous IL-15 expression, thus
avoiding the potential side effects associated with cytokine
administration. IL-15 gene-modified NK cells have shown greater
persistence and antitumor activity with little induced toxicity in
several different tumor models [87, 88]. Expression of IL-15 in
membrane-bound form (mbIL-15) in NK cells also resulted in
significant cell expansion and survival independent of exogenous
IL-2 and enhanced antitumor capacity [89]. Incorporating the IL15
gene into UCB-derived anti-CD19 CAR-NK cells led to their long-
term persistence (at least 12 months in vivo) and potent antitumor
activity without increasing systemic levels of IL-15 or inducing IL-
15-mediated toxicity during the treatment of patients with
relapsed/refractory NHL or CLL [56]. Cytokine-inducible Src-
homology-2-containing protein (CIS), encoded by the CISH gene,
is a member of the suppressor-of-cytokine-signaling (SOCS) family
and is the key negative regulator of IL-15 signaling [90]. A recent
study reported a promising strategy combining CISH deletion
using clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated endonuclease (Cas9) gene-editing
with IL-15 engineering to better improve the in vivo persistence
of UCB-derived anti-CD19 CAR-NK cells. The coupling of CISH
deletion and constitutive IL-15 expression doubled the in vivo
persistence of CAR-NK cells, compared the that of IL-15-
engineered CAR-NK cells alone, leading to enhanced antitumor
capacity in lymphoma xenografts [91]. Importantly, no serious off-
target toxicity or uncontrolled expansion of CAR-NK cells was
detected. Similarly, CISH deletion in human iPSC-derived NK cells
also prolonged in vivo persistence and enhanced the tumor
eradication capacity of these engineered NK cells [92].

Overcoming challenges in NK-cell homing: Similar to that of
CAR-T-cell application, one challenge of CAR- and NKR-NK-cell
application to the eradication of solid tumors is the poor ability of
these cells to translocate to or infiltrate the tumor site. The efficacy
of CAR- and NKR-NK-cell therapy largely relies on the efficient
infiltration of NK cells into the tumor sites [93]. To improve the
trafficking of NK cells to tumor beds, many researchers have
modified CAR- and NKR-NK cells with chemokine receptors to
accelerate NK-cell migration into tumor regions expressing the
corresponding chemokines. The chemokine CXCL12/SDF-1α,
which is mainly expressed in bone marrow stromal cells, is also
highly expressed in glioblastoma. Therefore, its receptor, CXCR4,
has been chosen as a candidate for incorporation into CAR
constructs to promote CAR-NK-cell homing to the bone marrow or
permit their entry into glioblastoma tumor sites. CXCR4-
engineered anti-epidermal growth factor receptor (EGFR)vIII
CAR-NK cells have demonstrated improved trafficking into
glioblastoma sites, which secrete the corresponding chemokine
CXCL12/SDF-1α, resulting in complete tumor remission and
prolonged survival, in contrast to treatment with anti-EGFRvIII
CAR-NK cells [94]. Primary anti-CD19 CAR-NK cells overexpressing
CXCR4 displayed markedly higher migration ability in the
presence of recombinant SDF-1 or bone marrow stromal cells
than anti-CD19 CAR-NK cells [95]. Expression of
CXCR1 significantly improved the antitumor effectiveness of
NKG2D-engineered NK cells by promoting NK-cell migration and
infiltration into tumor tissues in subcutaneous and intraperitoneal
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ovarian cancer xenograft models [96]. Engineering primary NK
cells with CXCR2 significantly enhanced the migration of NK cells
to renal cell carcinoma sites [97]. CAR-T cells equipped with other
chemokine receptors, such as CXCR2, CXCR5, CCR2b, and CCR4,
have demonstrated improved migration to tumor sites and
consequently more potent eradication of solid tumors, including
hepatocellular carcinoma (HCC), breast cancer, non-small cell lung
carcinoma (NSCLC), colorectal cancer, ovarian cancer, pancreatic
cancer, and glioma [98–101], some of which are currently being
evaluated in clinical trials (NCT04153799, NCT01740557). Similar
strategies are likely suitable for use in CAR- or NKR-NK-cell-
mediated therapy of solid tumors.

Overcoming the immunosuppressive TME: The TME is a major
obstacle to successful CAR- and NKR-NK-cell therapy. Immuno-
suppressive cells (e.g., Tregs, MDSCs, and TAMs), immunosuppres-
sive soluble factors (TGF-β, IDO, IL-10, and IL-4) or metabolites,
hypoxia, the ECM, and other suppressive molecules (e.g., ligands
of checkpoint receptors) expressed on tumor cells or immuno-
suppressive cells found at tumor sites form a complex network
that hampers the proliferation, survival, and activity of NK cells,
leading to their dysfunction and eventual exhaustion [102–106].
For example, TGF-β secreted by Tregs, MDSCs, TAMs, and tumor
cells directly inhibits NK-cell activity by downregulating the
expression of the activating receptors NKG2D and NKp30 and
impairing NK-cell-mediated IFN-γ secretion, thus attenuating
the antitumor efficacy of tumor-infiltrating NK cells. Numerous
gene modification approaches are being developed to overcome
the immunosuppressive nature of the TME and to augment the
cytolytic activity of CAR- and NKR-NK cells against solid tumors.
The possibility of genetically engineering CAR- and NKR-NK cells
by specifically targeting inhibitory components in the TME to
directly block the sources of immunosuppression or reverse
inhibitory signals has been investigated. Primary UCB-derived NK
cells engineered with DN TGF-β receptor II (DNRII) lacking a
cytoplasmic domain displayed an activating receptor phenotype
(expression of NKG2D and DNAM-1) and retained cytotoxicity
against glioblastoma tumor cells even in the presence of TGF-β
[107]. Similarly, DNRII-transduced NK-92 cells displayed enhanced
cytolytic activity against lung carcinoma compared to unmodified
NK-92 cells in a xenograft mouse model [108]. Another strategy to
reverse TGF-β-mediated inhibitory signaling by employing a TGF-β
receptor II-based switch receptor was investigated. NK-92 cells
genetically modified with a switch chimeric receptor (consisting of
the TGF-β type II receptor extracellular and transmembrane
domains and the intracellular domain of NKG2D), effectively
resisted TGF-β-induced suppressive signaling, leading to
enhanced IFN-γ secretion and cytotoxicity and ultimately the
suppression of tumor growth in a hepatocellular carcinoma
xenograft model [109]. UCB-NK cells modified with TGF-β receptor
II-based switch receptor (containing a truncated TGFβRII fused to
an intracellular DAP12 or a synthetic Notch-like receptor
(SynNotch) domain) displayed higher cytotoxicity against neuro-
blastoma in the presence of TGF-β, as well as improved
progression-free survival and tumor eradication, in a neuroblas-
toma xenograft model [110]. This switch receptor-based strategy
used to combat the antagonizing effects of TGFβ-mediated
suppression has shown great promise, particularly in the
treatment of TGFβ-secreting solid cancers. A similar switch
receptor strategy has been adopted in designing CAR constructs
by combining the IL-4 receptor ectodomain with the endodomain
of the IL-7 receptor (4/7 inverted cytokine receptor (ICR)) to
convert IL-4-mediated suppressive signals transmitted by IL-7into
proliferative signals. The strategy has been tested by incorporating
the 4/7 ICR into anti-PSCA CAR-T cells to treat PSCA+ pancreatic
cancer, which is associated with an IL-4-rich TME [111].
Interrupting the inhibition of NK cells mediated by inhibitory

checkpoints in the TME is critical to the antitumor function of NK

cells because it ends NK-cell exhaustion. In addition to combina-
tion therapy with checkpoint inhibitors, designing switch recep-
tors to reverse the negative signals transmitted by checkpoint
receptors, including PD-1 and TIGIT, has also been investigated,
with promising results for both CAR-T and CAR-NK cells have been
realized. A chimeric PD-1-NKG2D-41BB receptor consisting of the
extracellular domain of PD-1, the transmembrane and cytoplasmic
domains of NKG2D, and the cytoplasmic domain of 4-1BB was
recently reported to switch the negative PD-1 signal into an
activating signal in NK cells. Chimeric receptor-engineered NK-92
cells exhibited significant tumor growth inhibition by reversing
the immunosuppressive effects of PD-1 in a lung cancer xenograft
model [112]. The clinical investigation of PD-1-NKG2D-41BB
receptor-engineered NK-92 cells for the treatment of advanced
NSCLC is currently in a phase I clinical trial (NCT03656705). PD-1-
CD28 switch receptor-modified anti-CD19 CAR-T cells have been
evaluated for use in salvage therapy for patients with relapsed/
refractory diffuse large B-cell lymphoma (DLBCL) and PD-L1+ large
B-cell lymphoma (in a phase Ib study), eliciting both potent and
durable anticancer responses [113, 114]. PD-1-CD28 switch
receptor-engineered CAR-T cells have demonstrated superior
eradication of advanced solid tumors (e.g., prostate cancer and
mesothelioma) compared to CAR-T-cell therapy alone or anti-PD-1
Abs [30]. Similarly, T-cell immunoreceptor with Ig and ITIM
domains (TIGIT)-CD28 switch receptor-modified T cells have
demonstrated superior antitumor function in a melanoma
xenograft model [115]. Similar strategies are worthy of investiga-
tion in CAR-NK cells, particularly for the treatment of solid tumors.
With the rapid development of gene-editing technologies, the
deletion of inhibitory receptor-encoding genes or the reprogram-
ming of NKR expression patterns is currently employed to limit
immunosuppression and augment NK-cell antitumor activity [116–
119]. Deletion of PD-1 in primary NK cells using CRISPR/Cas9
technology significantly improved NK-cell-mediated cytolytic
activity and cytokine production [120]. The depletion of immuno-
suppressive cells populating the TME is critical to restoring NK-cell
function. It has been reported that MDSCs and Tregs in the TME
express high levels of NKG2D ligands (NKG2DLs). NKG2D-
engineered NK cells not only eradicate NKG2DL+ cancer cells
but also directly eliminate NKG2DL+ MDSCs, thus abrogating the
suppressive effects exerted by MDSCs in the TME [121].
Interestingly, it has been demonstrated that NKG2D-engineered
NK cells can secrete chemokines in response to MDSCs in the TME
and thus enhance the infiltration and antitumor efficacy of infused
CAR-T cells. NK-92 cells engineered to express high-affinity CD16,
endoplasmic reticulum (ER)-retained IL-2, and a PD-L1-specific CAR
(PD-L1 t-haNK cells, NantKwest Inc.) exhibited high levels of
cytotoxicity against PD-L1+ solid tumors and inhibited the growth
of breast, lung, and bladder cancers in xenograft models [122].
Notably, these PD-L1 t-haNK cells preferentially killed suppressive
MDSCs. The safety and preliminary efficacy of PD-L1 t-haNK
therapy in patients with locally advanced or metastatic solid
cancers is being evaluated in a phase I clinical trial (NCT04050709).
The evaluation of PD-L1 t-haNK cells in combination with N-803
and conventional chemotherapy in patients with locally advanced
or metastatic pancreatic cancer is ongoing in several phase II
studies, and positive interim data on survival rates has been
reported (NCT04390399). PD-L1 t-haNK cells in combination with
N-803, conventional chemotherapy and anti-PD-1 or PD-L1 Abs
are currently being evaluated in the treatment of patients with
recurrent/metastatic gastric or head and neck cancer and other
solid tumors (NCT04847466 and NCT03228667).

Strategies to overcome tumor escape: bispecific NKR- or CAR-NK
cells: To enhance tumor specificity and overcome tumor escape
due to antigen loss and tumor heterogeneity of solid tumors,
multiple bispecific modifying strategies have been developed for
CAR-T therapy [123–125]. For example, bispecific CARs consisting
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of two extracellular scFv domains that recognize two different
TAAs synergistically (“tandem” CARs) or constructs containing two
CARs, each targeting a different TAA (Dual CARs), have been
designed. CAR constructs containing two CARs, each comprising
different intracellular activation domains targeting different TAAs
(split CARs; e.g., one CAR containing a CD3ζ signaling domain and
another CAR containing CD28/4-1BB costimulatory domains),
whereby CAR-T-cell activation occurs only when both TAAs are
recognized simultaneously, have also been developed. For
instance, in a synNotch system, T-cell activation is triggered only
when a synthetic Notch receptor recognizing one TAA induces the
expression of a CAR construct specific for a second TAA. Thus,
CAR-T-cell activation requires the simultaneous binding of two
TAAs. To date, CD19/CD20- or CD19/CD22-targeting bispecific
CAR-T cells have exhibited significant clinical efficacy in patients
with relapsed or refractory B-cell malignancies [126–128].
Recently, a bispecific CAR strategy was designed to target two
TAAs and simultaneously block TME-mediated checkpoint inhibi-
tion. A CAR construct targeting c-Met and PD-L1 was developed,
and the resulting anti-c-Met/PD-L1-bispecific CAR-T cells displayed
high cytolytic activity against c-Met and PD-L1 double-positive
HCC cells and exhibited marked in vivo antitumor efficacy,
including significant tumor growth inhibition and prolonged
survival, compared with monovalent c-Met CAR-T cells or PD-L1
CAR-T cells in xenograft HCC models [129]. In another study,
bispecific Trop2/PD-L1 CAR-T cells significantly reduced the
growth of gastric cancer overexpressing Trop2 and PD-L1 in a
xenograft model [130]. Bispecific CAR-modifying strategies can
effectively improve antitumor efficacy and overcome tumor
heterogeneity, antigen escape, and TME-mediated immunosup-
pression exhibited by solid tumors. These results indicate that
similar techniques can be readily applied to NK-cell therapy. An
early phase I clinical trial of anti-CD19/CD22-bispecific CAR-NK
cells is recruiting patients for treatment of relapsed or refractory B-
cell lymphoma (NCT03824964). A novel bispecific chimeric PD-1-
DAP10/NKG2D receptor comprising a PD-1 extracellular domain
fused with transmembrane and intracellular domains, as well as
full-length NKG2D, can simultaneously target tumor cells expres-
sing high levels of PD-L1 and NKG2D ligands (MICA/B and ULBPs)
in the TME. Bispecific PD-1-DAP10/NKG2D-engineered NK-92 cells
exhibited potential antitumor efficacy against gastric cancer in a
xenograft model [131]. Other bispecific NK cells containing both a
switch receptor (e.g., NKG2A, TIGIT, or Tim-3) and a CAR or NKR are
worthy of further investigation. These bispecific engineering
strategies not only can be used to target tumor cells but also to
block inhibitory signals emitted from checkpoint molecules
simultaneously, thus preventing or reversing immune exhaustion.
Rational engineering strategies need to be adopted in the design
of bispecific NKR- or CAR-NK cells to see improve the therapeutic
efficacy of NK-cell therapy, particularly for solid tumors.

Genetic manipulation of NKT cells for use in cancer
immunotherapy
The biological characteristics of NKT cells and their roles in antitumor
immunity. NKT cells share features with both T cells and NK cells.
In contrast to traditional αβ T cells, NKT cells recognize CD1d-
presented glycolipids, glycosphingolipids, or lipid antigens and
respond rapidly to secrete a wide variety of cytokines. The
secreted cytokines can further regulate both innate and adaptive
immune cells. Therefore, NKT cells serve as bridges linking innate
and adaptive immunity. Depending on receptor usage, NKT cells
can be categorized into invariant NKT (iNKT) cells (also known as
type I NKT cells) and diverse or variant NKT cells (type II NKT cells).
Invariant NKT cells express a semi-invariant TCR (Vα24–Jα18 in
humans, Vα14-Jα18 in mice) paired with a limited repertoire of Vβ
chains, while diverse NKT cells express diverse αβ TCRs. Following
antigen recognition, iNKT cells activate rapidly and secrete large
amounts of both Th1 (IFN-γ and TNF-α) and Th2 (IL-4, IL-10, and

IL-13) cytokines, which can further regulate the activation and
function of other immune cells. Invariant NKT cells can eliminate
CD1d-expressing tumor cells by direct cytolysis through the
secretion of perforin and granzyme B or via the Fas-Fas ligand
(FasL) pathway. Invariant NKT cells can also promote the
antitumor effect of other innate and adaptive immune cells
through the rapid release of Th1 cytokines and chemokines [132].
For instance, activated iNKT cells can directly activate NK cells,
CD8+ T cells, and dendritic cells (DCs) through IFN-γ secretion.
They can also facilitate the activation of DCs through CD1d-TCR/
lipid antigen and CD40/CD40L interactions and promote DC
maturation via the secretion of IL-12. Mature DCs can in turn
induce the activation of CD8+ T cells, CD4+ T cells, NK cells, and
NKT cells, thereby further enhancing both innate and adaptive
antitumor immune responses [133]. Intriguingly, iNKT cells can
also regulate and alter the function of immunosuppressive cells in
the TME. For instance, iNKT cells were reported to kill CD1d+ TAMs
in neuroblastoma in an IL-15- and CD1d-dependent manner [134].
The activation of iNKT cells was also shown to significantly
increase the frequency of inducible nitric oxide synthase (iNOS)+

CD206− M1 macrophages while reducing the number of
iNOS-CD206+ M2 macrophages in the spleen and at the tumor
site, enhancing the antitumor immune response [135]. Moreover,
iNKT cells are able to reverse the suppressive effect of MDSCs and
promote the maturation of immunosuppressive immature MDSCs
into APCs that can prime antitumor CD8+ T cells and NK cells
[136]. Finally, iNKT cells have been shown to abolish the
suppressive role of neutrophils in the context of melanoma by
simultaneously inhibiting neutrophil-mediated IL-10 production
and enhancing IL-12 secretion, thus facilitating the proliferation
and activity of antigen-specific CD8+ T cells [137].

Current NKT cell research and the development of CAR-engineered
NKT cells for cancer immunotherapy. The unique biological
features of iNKT cells, such as their cytolytic and regulatory
capacities, make them ideal effector cells for use in cancer
immunotherapy. Several approaches have been employed to
modulate iNKT cells for use in cancer immunotherapy, including
the administration of α-GalCer, a potent stimulator of iNKT cells
isolated from a marine sponge (used either alone or in
combination with IL-12), α-GalCer-loaded DCs, irradiated tumor
cells, or adoptive transfer of ex vivo expanded and activated
iNKT cells [138]. Preclinical studies of iNKT cell treatment of
melanoma, colon cancer, liver metastasis of colorectal cancer,
multiple myeloma, B-cell lymphoma, ovarian carcinoma, breast
cancer, and renal carcinoma have shown promising results, as
exemplified by the significant inhibition of tumor growth and
metastasis and prolonged survival [132, 138]. Many clinical trials
are underway to evaluate the safety, feasibility, and validity of
iNKT cell-mediated cancer immunotherapy. To date, the majority
of therapeutic iNKT regimens have been well tolerated without
severe off-target toxicity. However, administration of α-GalCer
alone failed to achieve a clinical response, mainly due to limited
NKT cell numbers in circulation and the induction of NKT cell
anergy. Administration of autologous α-GalCer-pulsed APCs and
adoptive transfer of ex vivo expanded and activated iNKT cells has
shown some promise. The evidence supporting these strategies is
indicated by increased in vivo iNKT expansion with either elevated
IFN-γ levels or increased numbers of T and NK cells in patients
with advanced and recurrent NSCLC, head and neck squamous
cell carcinoma, advanced melanoma, and other solid tumors
[139, 140]. A recently completed phase II clinical trial involving the
intravenous administration of α-GalCer-pulsed APCs to patients
with advanced or recurrent NSCLC has reported encouraging
results, including prolonged overall survival [141].
Preclinical studies and several clinical trials involving CAR-iNKT

effector cells are underway and have produced encouraging
results (Table 2). Anti-disialoganglioside GD2-CAR-iNKT cells have
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been developed and evaluated in the treatment of neuroblastoma
in a NOD/SCID/IL2Rγ-null (hu-NSG) mouse model. GD2-CAR
modification significantly enhanced the cytolysis of GD2-positive
neuroblastoma and CD1d-positive M2 macrophages. Interestingly,
4-1BB endodomain-containing GD2-CAR promotes the Th1-like
polarization of iNKT cells. Importantly, these GD2-CAR-iNKT cells
exhibited improved in vivo persistence and trafficking to tumor
areas, effectively inhibited tumor growth, and prolonged survival
without inducing GVHD [142]. IL-15 expression in GD2-CAR-iNKT
cells further enhanced their long-term persistence and infiltration
to tumor sites and reduced PD-1 expression on their cell surface,
leading to more efficient tumor eradication compared with
conventional GD2-CAR iNKT cells in a neuroblastoma xenograft
model [143]. Currently, GD2-specific CAR- and IL-15-expressing
autologous iNKT cells are under investigation in a phase I study for
the treatment of children with relapsed or resistant neuroblas-
toma (NCT03294954). The initial results indicated their safety with
no dose-limiting toxicity. More importantly, the in vivo expansion
of these CAR-iNKT cells and their localization to tumor sites were
observed, with one patient achieving an objective response
leading to the regression of bone metastatic lesions [144]. Another
research group developed CD19-targeting CAR-iNKT cells that
demonstrated more effective cytotoxicity against CD1d-
expressing lymphomas in both a CD1d- and CAR-dependent
manner than conventional anti-CD19-CAR-T cells [145]. Enhanced
in vivo antitumor effects, particularly the eradication of intracranial
and relapsed lymphoma, as well as long-term survival, were
observed in tumor-bearing NSG mice. A transcriptome analysis
revealed that anti-CD19 CAR-iNKT cells expressed higher levels of
numerous chemokine receptors than conventional anti-CD19 CAR-
T cells [145]. A phase I clinical study of allogeneic anti-CD19 CAR
iNKT cells used for the treatment of patients with relapsed or
refractory B-cell malignancies is currently at the recruitment stage
(NCT03774654). A central memory-like CD62L+ iNKT subpopula-
tion was transduced with an anti-CD19 CAR, resulting in anti-CD19
CAR-iNKT cells with high proliferative potential and prolonged
in vivo persistence. The CD19-specific CD62L+ CAR-iNKT subsets
also demonstrated superior therapeutic efficacy in lymphoma
models, signaling promising prospects for CAR-engineered
memory iNKT subpopulations in cancer immunotherapy [146].
Collectively, CAR-engineered iNKT cells have several unique

features compared with conventional CAR-T cells. For instance,
they are able to eradicate tumor cells in both a CAR- and CD1d-
dependent manner. This synergistic cytotoxicity may not only
potentially limit the likelihood of tumor immune escape but also
eliminate suppressive cells (e.g., by killing CD1d+ TAMs) residing
within the TME. Compared to CAR-T cells, CAR-iNKT cells express
high levels of chemokine receptors, endowing these cells with a
superior ability to localize to tumor sites. Since allogeneic
iNKT cells do not mediate GVHD (and have even been shown to
inhibit GVHD) while maintaining GVT activity [147], they are
considered suitable for universal (“off-the-shelf”) clinical applica-
tion. Despite the efficacy and safety of CAR-iNKT cells, there are
still challenges associated with their translation to the clinic. One
of the major limitations of CAR-iNKT cell therapy is the extremely
low numbers of iNKT cells in the human body. Ex vivo expansion
approaches involve initial activation with α-GalCer, followed by
further activation and expansion with cytokines, anti-CD3/CD28
mAb stimulation, and/or the use of CD1d-expressing APCs in
combination with α-GalCer [145]. Even after following these steps,
producing large quantities of clinical-grade CAR-iNKT cells remains
a challenge. Hematopoietic stem cells (HSCs) and iPSCs can be
reprogrammed and differentiated into iNKT cells [148–150]. The
safety, feasibility, and antitumor potential of HSC-derived iNKT cell
therapy are being evaluated in preclinical studies [148, 151, 152].
HSCs, particularly iPSCs, may serve as ideal sources of easily
expanded “off-the-shelf” CAR-iNKT cells suitable for clinical cancer
therapy.Ta
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Genetic manipulation of γδ T cells for use in cancer
immunotherapy
The biological characteristics of γδ T cells and their roles in antitumor
immunity. Gamma delta T cells are a small subpopulation of
T cells that express a γδ TCR. They account for only 1–5% of CD3+

T cells in peripheral blood but are more abundant at the mucosal
barrier, including in the gut mucosa, skin, and reproductive tracts
[153]. In contrast to αβ T cells, γδ T cells recognize nonpeptidic
phosphoantigens (pAgs) or phosphorylated metabolites. Upon
detecting invading pathogens, inflammation, or malignant trans-
formation, γδ T cells expand rapidly and exert protective immune
responses generally independent of antigen processing and MHC
restriction [154]. Thus, γδ T cells are defined as innate immune
cells, serving as the first line of defense against foreign infections
and malignancy. Despite this label, γδ T cells have characteristics
of both innate and adaptive immune cells and act as bridges
between these two types of immune responses. Upon activation,
γδ T cells exhibit cytotoxicity against tumors and infected cells and
secrete multiple cytokines, such as IFN-γ, TNF-α, and IL-17. Gamma
delta T cells express NKRs, including NKG2D, NKp30, and/or
NKp44, thus synergistically recognizing tumors via both TCRs and
NKRs. Their cytotoxic mechanisms include the release of perforin
and granzymes, the expression of FasL and TNF-related apoptosis-
inducing ligand (TRAIL), and the secretion of IFN-γ and TNF-α.
Gamma delta T cells can also influence the antitumor efficacy of
other immune cells (e.g., DCs, NK, and CD8+ T cells) by producing
IFN-γ or expressing costimulatory molecules and can act as APCs
to present antigens and augment the cytolytic capacity of CD8+

T cells to kill tumor cells [155, 156].
Human γδ T cells can be classified into different subpopulations

based on their usage of TCRγ or TCRδ chains. Most of the studies
have focused on the Vδ1 and Vδ2 subsets. The Vδ2 chain mainly
pairs with the Vγ9 chain to form Vγ9Vδ2 T cells, which account for
~50–95% of peripheral γδ T cells. Vγ9Vδ2 T cells have potent
antitumor capacity, recognize TAAs, such as tumor-derived
isoprene pyrophosphate (IPP), via their butyrophilin 3A1 (BTN3A1,
CD277)- and BTN2A1-dependent TCRs [157–159], and detect
stress proteins through NKG2D and DNAM-1 receptors. They also
express CD16, which can promote ADCC-mediated cytotoxicity.
Vγ9Vδ2 T cells exhibit high levels of cytolytic capacity for the
recognition of unique innate-like nonpeptidic antigens presented
by BTN3A1 and BTN2A1, not classical MHC molecules, which
makes them attractive candidates for cancer immunotherapy
[160, 161]. Vδ1 T cells predominantly reside in solid tissues, such
as the skin, intestine, liver, spleen, and various tumors. Mucosal
tissues are particularly enriched with Vδ1 T cells, which compose
approximately 20-50% of all intraepithelial lymphocytes (IELs) in
the dermis and intestinal epithelia. Vδ1 T cells also recognize and
kill tumor cells in both a TCR- and NKR-dependent manner. The
TCR of Vδ1 T cells is not activated by pAgs, the ligand for which
remains to be identified. It has been demonstrated that MHC class
I-related chain A (MICA) can be recognized by both NKG2D and
the Vδ1 TCR in a sequentially recognized and temporally
organized manner [162]. Several reports have shown that Vδ1
T cells recognize glycolipids (e.g., α-GalCer) presented by CD1d or
CD1c [163, 164]. However, the precise recognition mechanism
employed by the Vδ1 TCR needs to be further clarified. Similar to
Vγ9Vδ2 T cells, Vδ1 T cells also recognize tumors through NKG2D,
binding to its ligands, MICA/B and ULBPs, on stressed or tumor
cells. After activation, particularly upon in vitro stimulation with a
strong TCR agonist and cytokines (IL-2 and IL-15), Vδ1 T cells
express NKp30, NKp44 and NKp46, which are not expressed by
Vγ9Vδ2 T cells, and thus exert antitumor activity combined with
IFN-γ secretion [165–167]. In addition, it has been demonstrated
that Vδ1 T cells readily infiltrate tumor tissues, possibly due to the
higher expression of chemokine receptors compared to Vδ2 T cells
[168]. Moreover, Vδ1 T cells are resistant to activation-induced cell
death (AICD) and T-cell exhaustion upon continuous stimulation,

whereas Vδ2 T cells are susceptible to T-cell exhaustion and AICD
[168]. These unique features render Vδ1 T cells promising effector
cells suitable for cancer immunotherapy.

Current γδ T-cell research and the genetic engineering of γδ T cells
for use in cancer immunotherapy. The unique biological features
of γδ T cells, such as the effective and extensive recognition of
tumor cells, potent cytolytic capacity, rapid secretion of abundant
cytokines, no MHC restriction, and low risk of inducing GVHD,
make γδ T cells excellent candidates for use in cancer therapy.
Cancer therapies relying on γδ T cells have been widely
investigated, and multiple clinical studies have been performed
to evaluate their safety and efficacy in the treatment of cancer
patients with both hematological malignancies and solid tumors.
Multiple clinical trials involving the use of Vγ9Vδ2 T cells in the

treatment of hematological malignancies (NCT02656147 and
NCT03862833) or solid tumors, including HCC, renal carcinoma,
mammary carcinoma, lung cancer, head and neck cancer,
neuroblastoma, and prostate cancer, have been performed or
are ongoing [161, 169, 170]. Most initial therapies rely on the
adoptive transfer of ex vivo-expanded Vγ9Vδ2 T cells and/or their
in vivo stimulation with synthetic pAgs. The most widely used
stimulants of Vγ9Vδ2 T cells include zoledronic acid (ZOL, a type of
aminobiphosphonate) and a synthetic pAg bromohydrin pyropho-
sphate (BrHPP) in combination with IL-2. A recent clinical trial
revealed that the adoptive transfer of autologous or allogenic
Vγ9Vδ2 T cells is safe and feasible, with only low levels of side
effects being observed [171–175]. Promising clinical responses
have been obtained in the majority of the studies conducted to
date. For instance, six of ten patients with metastatic renal cell
carcinoma displayed stable disease after receiving repeated
infusions of autologous Vγ9Vδ2 T cells [171]. A patient with stage
IV cholangiocarcinoma and recurrent mediastinal lymph node
metastasis receiving repeated allogenic Vγ9Vδ2 T cells responded
well to treatment with minimal side effects [176]. Peritoneal lymph
node metastasis was gradually eliminated. Interestingly, γδ T-cell
therapy greatly improved the patients’ overall immune status, as
evidenced by the increased proportions of functional CD4+ and
CD8+ T cells and a decrease in the percentages of exhausted
CD4+ and CD8+ T cells [176]. In vivo stimulation of Vγ9Vδ2 T cells
with pAgs or ZOL has also exhibited potential, but the clinical
response rates observed have been lower than those achieved
with adoptive transfer [177, 178]. In summary, Vγ9Vδ2 T-cell-based
clinical trials have shown some promising clinical responses;
however, the complete response rates are still relatively low, and
improved overall survival has not been reached, particularly in the
treatment of solid tumors (such as HCC, lung cancer, and renal cell
carcinoma).
Although Vδ1 T cells constitute only a minor proportion of

peripheral blood cells, their unique recognition and activation
features, long-term in vivo survival, and resistance to AICD and
exhaustion render them very attractive candidates for adoptive
cancer therapy. A clinical-grade protocol for the selective
expansion and differentiation of highly cytotoxic Vδ1+ cells,
refined as Delta One T (DOT) cells, was established [179]. Highly
cytotoxic DOT cells are Vδ1-enriched (>60%) γδ T cells produced
through a two-step method. The protocol is designed to
selectively expand and differentiate DOT cells with anti-CD3
mAb and various cytokines (IL-4, IL-15, IFN-γ, and IL-21) for over
3 weeks, achieving 2000-fold expansion. Expanded DOT cells
display enhanced expression of NKRs, particularly NKp30 and
NKp44, and upregulated expression of NKG2D and DNAM-1,
contributing to their potent cytolytic activity. Hence, expanded
DOT cells can recognize a broad range of tumor signals through
their NKRs and TCR, thus endowing them with cytotoxicity against
a broad range of tumors and potentially the ability to overcome
tumor-mediated evasion mechanisms, such as antigen loss.
Indeed, in a xenograft model of CLL and acute myeloid leukemia
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(AML), the adoptive transfer of in vitro-expanded DOT cells
exhibited significant tumor growth inhibition, prevented tumor
metastasis, and extended overall survival [179, 180]. Therefore,
Vδ1 T cells, particularly DOT cells, may represent promising
candidates for use in adoptive cell immunotherapy.
Although promising, immunotherapy based on the adoptive

transfer of natural γδ T cells has yet to demonstrate impressive
clinical efficacy. Novel technologies and strategies are needed to
overcome both the intrinsic functional constraints of γδ T cells and
the suppression of the TME. Table 3 summarizes the CAR- and NKR-
engineered technologies employed to date in γδ T-cell-based
cancer immunotherapy. CAR- and NKR-modified γδ T cells have
several advantages over conventional CAR-αβ T cells. They can
exert antitumor effects more efficiently by recognizing tumor
antigens both through CAR specificity and through endogenous γδ
TCRs. Activated γδ T cells can act as APCs to prime activated CD8+

T cells, thus enhancing their antitumor capacity. Vδ1 T cells display
high levels of tropism toward tumor tissues and resistance to AICD
and exhaustion, which are advantageous traits for the treatment of
solid tumors. Furthermore, Vδ1 T cells do not rely on MHC
restriction and are associated with a low risk of GVHD induction,
rendering them suitable candidates for the generation of
allogeneic “off-the-shelf” products for use in cancer therapy.
CD19-targeting polyclonal CAR-γδ T cells have been shown to
significantly enhance the cytolytic activity of γδ T cells against
CD19+ tumor cells in vitro and in vivo, pointing to a synergistic
stimulatory effect between γδ TCRs and CARs [181]. Another study
showed that CD19 CAR-transduced highly expanded γδ T cells
readily eliminated bone marrow leukemic cells in an NSG model.
Importantly, CD19 CAR-γδ T cells primed with ZOL showed the
ability to kill CD19 antigen-negative leukemia cells [182]. A phase I
clinical study is currently underway to evaluate the safety and
efficacy of anti-CD19 CAR-γδ T cells for the treatment of lymphoma
and leukemia (NCT02656147). Other clinical trials have been
established to assess CAR-engineered γδ T cells targeting
hematologic malignancies, namely, anti-CD7 CAR-γδ T cells and
anti-CD20 CAR-γδ T cells (NCT04702841 and NCT04735471). A
phase I trial has recently been initiated to test the efficacy of ADI-
001, the first-in-human allogeneic CAR-γδ T-cell therapy targeting
CD20 for the treatment of B-cell NHL (NCT04735471); the
preliminary safety and tolerability data are expected by the end
of 2021. Regarding solid tumors, GD2-targeted CAR-γδ T cells have
been developed and have shown promising results. Expanded and
GD2-CAR-engineered γδ T cells have not only demonstrated
enhanced GD2-specific killing of GD2-expressing tumors but have
also retained their capability to migrate toward tumor sites and
cross-present antigens to effector αβ T cells [183, 184]. These
results highlight the potential advantages of CAR-γδ T cells over
conventional CAR-T cells, especially in application to solid tumors.
NKR-modified γδ T cells have also shown promising results.
NKG2D-modified Vγ9Vδ2 T cells transduced by mRNA electropora-
tion displayed substantially augmented cytotoxicity against multi-
ple solid tumors. Repeated transfusion of NKG2D-engineered
Vγ9Vδ2 T cells resulted in tumor regression and prolonged survival
in xenograft models of ovarian cancer, colorectal cancer, and
hepatocarcinoma [185]. A phase I clinical trial of NKG2D-
engineered CAR-γδ T cells is currently being undertaken for
the treatment of relapsed or refractory solid tumors, including
triple-negative breast cancer, colorectal cancer, nasopharyngeal
carcinoma, sarcoma, gastric cancer, and prostate cancer
(NCT04107142).
A novel gene manipulation strategy is based on γδ T cells as

sources of high-affinity Vγ9Vδ2 TCRs for the transduction of αβ
T cells, forming novel T cells engineered with defined γδ TCRs
(TEGs). The engineered Vγ9Vδ2 TCR reprograms both CD4+ and
CD8+ T cells and redirects αβ T cells to selectively target a broad
panel of cancer cells while ignoring normal cells [186, 187]. Owing
to the broad reactivity of the Vγ9Vδ2 TCR, TEGs can target a wide Ta
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range of tumor cells while retaining features of conventional αβ
T cells (high proliferative capacity and long-term memory), thus
overcoming the limitations of γδ T cells (low persistence and
impaired activation in the TME) [188]. Indeed, TEGs displayed
potent cytolytic capacity against both hematological malignancies
and solid tumors, including leukemia stem cells [189, 190]. To date,
TEGs have been generated under GMP conditions and are being
evaluated in a phase I clinical trial treating patients with relapsed
and refractory AML and multiple myeloma (NTR6541) [191, 192].
Mounting evidence has demonstrated the promising prospects

of γδ T-cell-based cancer therapy, particularly as a safe and
effective platform for allogeneic “off-the-shelf” cell products.
However, to date, the current clinical applications of CAR- and
NKR-γδ T cells have not yet demonstrated superior therapeutic
efficacy over conventional CAR-T cells, particularly for solid tumors.
A deeper understanding of the recognition mechanisms, the
intracellular signaling pathways implicated, and the molecular
interactions relevant to CARs and NKRs will provide insight for the
optimization of CAR γδ T cells. Taking advantage of the novel gene
manipulation techniques available for the rational modification of
γδ T cells to optimize their proliferation, survival, and persistence
can further improve the validity of genetically engineered γδ T cells
in clinical therapy. Combination with other therapeutic
approaches, such as conventional CAR-αβ T cells or immune
checkpoint blockade, may be required to achieve more significant
clinical efficacy. More advanced-phase clinical trials are needed to
determine the efficacy of genetically engineered γδ T-cell-based
immunotherapy.

CONCLUSIONS AND FUTURE PERSPECTIVES
The development and characteristics of CAR- and NKR-engineered
IKCs are summarized in Fig. 2. IKCs have some unique advantages

over conventional αβ T cells when used as candidates for CAR
cancer immunotherapy (Table 4): (1) they respond rapidly in
response to cellular stress or malignant transformation, (2) they
employ multiple antigen recognition mechanisms and exert CAR-
dependent and CAR-independent cytolytic effects (e.g., NKR and
CD1d), thus leading to more effective antitumor efficacy. Their
NKRs recognize a broad spectrum of antigens, endowing IKCs with
the ability to kill various cancer cells even following antigen loss or
MHC downregulation, thus preventing tumor escape, (3) Upon
activation, IKCs can enhance the antitumor activities of other
effector cells by producing cytokines or acting as APCs, (4) IKCs do
not induce CRS, GVHD, or other types of autoreactivity and have
demonstrated an excellent safety record to date, and (5) IKCs can
be generated from many sources, including autologous or
allogeneic cells, UCB, hematopoietic stem/progenitor cells, iPSCs,
and human embryonic stem cells. They are therefore suitable for
the development of allogeneic “off-the-shelf” products from
healthy donors, reducing manufacturing time and cost. Intrigu-
ingly, certain IKCs (e.g., Vδ1 cells and NKT cells) display high levels
of tropism to tumor tissues and are resistant to AICD and
exhaustion, while others (NK and NKT cells) have the ability to kill
immunosuppressive cells (e.g., MDSCs and TAMs) in the TME,
thereby helping to control solid tumors.
However, there are still challenges facing the translation of

these IKCs into the clinic. One of these challenges is the low
frequency of IKCs in the human body. Large-scale ex vivo
expansion is required prior to infusion or gene modification.
Numerous research teams have tried to overcome this hurdle by
using various amplification techniques and have been able to
obtain enough clinical-grade expanded effector cells (NK, NKT,
and γδ T cells) for use in therapy [179, 193, 194]. Induced PSCs can
be reprogrammed to directionally differentiate into different
effector cells and represent ideal sources of easily expanded

Fig. 2 CAR- and NKR-engineered innate killer cells. IKCs can be engineered to express CAR and NKR, giving rise to CAR- or NKR-engineered
IKCs with more powerful tumor targeting and efficient cytolytic capacity to kill tumor cells. CAR- or NKR-engineered NK cells exert direct
cytolysis against tumor cells in both a CAR- and NKR-dependent manner and through antibody-dependent cellular cytotoxicity (ADCC). NKT
cell activation depends on the recognition of glycosphingolipids, glycolipids, or lipid antigens (e.g., α-GalCer). CAR-engineered NKT cells
exhibit a more effective antitumor immune response and are able to eradicate tumor cells in both a CAR- and CD1d-dependent manner. γδ
T cells recognize phosphoantigens (pAgs). They can be engineered to include a CAR or NKR, thus driving direct antitumor responses through
CAR or NKR recognition and by ADCC
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clinical-grade standardized “off-the-shelf” CAR- or NKR-engineered
IKCs suitable for cancer therapy [59, 195]. Another problem is the
efficiency of IKC gene engineering. Some IKCs are difficult to
transduce or transfect, particularly peripheral blood-derived NK
cells and γδ T cells. Various strategies, including changing the virus
pseudotype (e.g., BaEV) or stimulation with cytokines and/or some
compounds, have been developed to enhance viral transduction
of IKCs [55, 196]. Several recent studies have reported that the
transduction efficiency can be improved to achieve ~30–70% NK
cells, 40–60% γδ T cells, and 60–80% NKT cells [145, 182, 197].
Precisely optimizing CAR or NKR structures, including the
extracellular recognition, transmembrane, and intracellular signal-
ing domains, is critical for fine-tuning CAR activity [198, 199]. It is
important to design and optimize these engineering strategies,
tailoring them to specific cell activation features and diseases
[200]. For example, constructing NK-specific CARs or NKRs to
generate optimized CAR- or NKR-NK cells depends on the features
of specific intracellular signal pathway features. Due to the
heterogeneity of IKCs, distinct subsets may have different
functions. For instance, some subpopulations, such as IL-17-
producing γδ T cells, might play an immunosuppressive or
protumor role. It is worth exploring strategies to selectively
expand and modify particular IKC subsets for the treatment of
corresponding tumor types. The longer lifespan of memory-like
NK cells may render them ideal sources for NK-cell therapy [201–
203]. Cytomegalovirus (CMV)-induced adaptive memory NK cells
not only survive longer in vivo but also have the ability to resist
the suppressive effects of Tregs and MDSCs [204, 205]. Cytokine
(IL-12, IL-15, and IL-18)-induced memory-like NK cells have
exhibited potent antitumor responses and have been shown to
induce CR in 50% of relapsed/refractory AML patients with poor
prognosis [206]. Furthermore, when modified with an anti-CD19
CAR, cytokine-induced memory-like NK cells displayed enhanced
responses against NK-resistant leukemia and lymphoma [207]. The
use of CAR- or NKR-engineered memory-like NK cells or a specific
NK-cell subset would likely lead to considerable benefits. The
major issues facing CAR-T-cell therapy, particularly in the
treatment of solid tumors, include tumor heterogeneity, poor
trafficking and infiltration into the tumor sites, low in vivo survival
and persistence, and the immunosuppressive TME. The same
obstacles must also be overcome by CAR- or NKR-engineered IKCs.

Researchers are addressing these current obstacles with a wide
range of engineering strategies to improve the safety, efficacy,
and applicability of gene-modified cell therapies. Recent advances
in synthetic biology and novel genetic engineering approaches
(such as gene-editing and cellular reprogramming) have provided
new opportunities for the genetic modification and manipulation
of immune cells [208, 209]. These strategies will be employed to
optimize the antitumor efficacy of IKCs to minimize their intrinsic
drawbacks and overcome extrinsic challenges presented by the
TME, thus maximizing the efficacy of future cancer therapies.
Despite showing some promise, immunotherapy involving

genetically engineered IKCs is still in its infancy. A more
comprehensive understanding of the biological characteristics of
these intriguing cells will help to provide new strategies and
improve their antitumor efficacy. The optimization of engineering
strategies due to advances in synthetic biology and precise gene-
editing techniques will endow these currently used drugs with the
ability to target tumors more precisely and effectively, as well as
widen their applications. A more in-depth investigation of the
clinical therapeutic efficacy of engineered IKCs in cancer therapy is
necessary. In conclusion, IKCs and adaptive CTLs each have their
own unique characteristics and complementary features, the
rational combination of which, together with other therapeutic
approaches, will certainly lead to significantly improved clinical
efficacy.
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