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The past several years have seen tremendous advances in the engineering of immune effector cells as therapy for cancer. While
chimeric antigen receptors (CARs) have been used extensively
to redirect the speciﬁcity of autologous T cells against hematological malignancies with striking clinical results, studies of
CAR-modiﬁed natural killer (NK) cells have been largely preclinical. In this review, we focus on recent advances in NK
cell engineering, particularly on preclinical evidence suggesting
that NK cells may be as effective as T cells in recognizing and
killing targets after genetic modiﬁcation. We will discuss strategies to introduce CARs into both primary NK cells and NK
cell lines in an effort to provide antigen speciﬁcity, the challenges of manufacturing engineered NK cells, and evidence
supporting the effectiveness of this approach from preclinical
and early-phase clinical studies using CAR-engineered NK
cells. CAR-NK cells hold great promise as a novel cellular
immunotherapy against refractory malignancies. Notably,
NK cells can provide an “off-the-shelf” product, eliminating
the need for a personalized and patient-speciﬁc product that
plagues current CAR-T cell therapies. The ability to more
potently direct NK cell-mediated cytotoxicity against refractory
tumors through the expression of CAR is likely to contribute to
the recent paradigm shift in cancer treatment.
The past several years have seen tremendous advances in the engineering of immune effector cells as therapy for cancer. Chimeric antigen receptors (CARs) have been used extensively to redirect the
speciﬁcity of autologous T cells against lymphoid leukemia and lymphoma with striking clinical results. The most success has been reported in acute lymphoblastic leukemia (ALL), with several groups
reporting complete remission (CR) rates as high as 90% after administration of a single dose of CD19-CAR-T cells following lymphodepleting chemotherapy, although the responses have been short
lived in some cases. The favorable responses in early-phase trials
of CD19-CAR-T cells (even in heavily pretreated children and
adults)1–3 have resulted in ongoing commercialization efforts in an
attempt to make this therapy more widely available.4,5
However, CAR-modiﬁed T cells have a number of practical limitations. The generation of an autologous CAR-T cell product for each
individual patient is logistically cumbersome and too restrictive for
general clinical use. The manufacturing of CAR-T cells often takes
a number of weeks, making it impractical for the treatment of a pa-

tient with rapidly advancing disease. Furthermore, it is not always
possible to collect enough lymphocytes from heavily pretreated
(and often lymphopenic) patients to allow for the successful generation of clinically relevant doses of CAR-T cells. An allogeneic “offthe-shelf” product could overcome these logistic challenges; however,
allogeneic T cells (even if human leukocyte antigen [HLA] matched)
carry a signiﬁcant risk of graft-versus-host disease (GVHD) mediated
through their native a-b T cell receptor (TCR).
Natural killer (NK) cells are highly cytotoxic immune effectors, killing
their targets in a non-speciﬁc manner.6,7 NK cells lack the potential to
cause GVHD8–11 and thus open opportunities to produce an off-theshelf allogeneic product that could be readily available for immediate
clinical use. Moreover, as engineered NK cells should also retain their
full array of native receptors, they have the potential to exert anticancer activity through mechanisms other than that dictated by the
speciﬁcity of the CAR, which in principle could reduce the risk of
relapse or resistance mediated by loss of CAR-targeted antigen, as reported for CAR-T cell therapy.3,12 Thus, the inherent qualities of NK
cells make them promising candidates for immunotherapy. Augmenting NK cell antitumor responses by introducing antigen speciﬁcity through genetic modiﬁcation is a subject of intense investigation
in the ﬁeld of cancer immuno-oncology.
In this review, we focus on recent advances in NK cell engineering,
particularly on preclinical evidence suggesting that NK cells may be
as equally effective as T cells in recognizing and killing targets after
genetic modiﬁcation. We will discuss strategies to introduce CARs
into both primary NK cells and NK cell lines in an effort to provide
antigen speciﬁcity, the challenges of manufacturing engineered NK
cells, and evidence supporting the effectiveness of this approach
from preclinical and early-phase clinical studies using CAR-engineered NK cells.
NK Biology and Adoptive Immunotherapy

NK cells are innate immune effectors with the ability to exert rapid
cytotoxicity against cancer and virus-infected cells without prior
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Figure 1. Mechanisms of NK-Mediated Cytotoxicity
(A) Spontaneous cytotoxicity. (B) Cytokine release. (C) ADCC. (D) Genetic modification. ADCC, antibody-dependent cell-mediated cytotoxicity; mAb, monoclonal antibody.

sensitization, hence the designation “natural” killers. NK-mediated
cytotoxicity occurs in a HLA-unrestricted fashion, a desirable quality
for cancer immunotherapy, although NK cells acquire cytotoxic function after encountering and recognizing self-HLA molecules during a
process termed “licensing” or NK cell education.13–15 NK cells are
characterized by a lack of CD3/TCR molecules and expression of
CD16 and CD56 surface antigens. While the majority of NK cells
are in the blood, liver, spleen, and bone marrow, they are also found
to a lesser extent in lymph nodes.15–18
NK cell functions, including degranulation, cytokine release, and
cytotoxicity, are governed by a balance between signals received
from inhibitory receptors (notably, the killer Ig-like receptors
[KIRs] and the heterodimeric C-type lectin receptor [NKG2A]) and
activating receptors (in particular, the natural cytotoxicity receptors
[NCRs] NKp46, NKp30, NKp44, and the C-type lectin-like activating
immunoreceptor NKG2D7) that recognize ligands on their cellular
targets. These receptors therefore require mechanisms to prevent unintentional activation against normal tissues, referred to as “tolerance
to self.” Engagement of inhibitory KIRs (iKIRs) by HLA class I molecules leads to transmission of an inhibitory signal that blocks NK cell
triggering during effector responses. Through a concept known as the
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“missing self” hypothesis, when mature NK cells encounter transformed cells lacking HLA class I, which occurs upon viral or malignant transformation, the inhibitory receptors on the surface of the
NK cell are not engaged. In this context, the NK cell does not receive
inhibitory signals.19,20 In parallel, cellular stress and DNA damage,
both of which occur in cells during viral or malignant transformation,
result in upregulation of “stress ligands” that can be recognized by
activating NK receptors, resulting in a positive signal for NK cells
to kill the target.20–22 NK cells can directly kill tumor cells through
release of cytoplasmic granules containing perforin and granzyme,22–24 and expression of tumor necrosis factor (TNF) family
members such as FasL or TNF-related apoptosis-inducing ligand
(TRAIL), which induce tumor cell apoptosis by interacting with their
respective receptors.22–25 Additionally, antibody-dependent cellular
cytotoxicity (ADCC), mediated by the Fc receptor CD16, can trigger
NK cell degranulation against antibody-coated target cells.7 CD56dim
NK cells express high levels of CD16, while CD56bright NK cells are
CD16 dim or negative16 (Figure 1).
Adoptive Transfer of NK Cells to Target Tumors

Their rapid killing and broad cytotoxicity make NK cells uniquely
primed for use in adoptive therapy. In vitro, NK cells exert
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cytotoxicity against a number of hematologic malignancies, including
acute myeloid leukemia (AML),26–28 ALL,29–33 multiple myeloma
(MM),34–37 as well as many solid tumors including neuroblastoma,
ovarian, colon, renal cell, and gastric carcinomas.33,38–42 However,
many tumors develop evasion strategies to circumvent killing by
autologous NK cells.27,31 For example, some leukemia and lymphoma
cells maintain high surface expression of HLA molecules, making
them invisible to NK attack,31,32 or may lack ligands that signal
through activating NK cell receptors.31 Thus, many groups have
explored strategies to enhance the activity of NK cells, including the
use of cytokines and artiﬁcial antigen-presenting cells (APCs) with
enhanced costimulatory molecules as feeder cells43–46 for their in vivo
expansion. Following incubation with cytokines, particularly interleukin (IL)-2 or IL-15, NK cells acquire the capacity to lyse a broad
array of fresh and cultured tumor targets not normally sensitive to
NK lysis.43–48 Another strategy is combination therapy with monoclonal antibodies to boost ADCC.49–53
Functional NK cells for immunotherapy can be derived from several
different sources, as demonstrated by a number of groups.6–11,54–61
Although adoptive transfer of expanded, activated autologous NK
cells has been safely tolerated in clinical trials, efﬁcacy has been
limited.6,41,47 This is likely related to the inhibition of autologous
NK cells by self-HLA molecules. NK cells from an allogeneic source
provide a promising alternative for immunotherapy. One of the
most promising features of alloreactive NK cells is their ability to
contribute to graft-versus-leukemia/tumor (GvL/GvT) effect without
causing GVHD, as evidenced by preclinical30,36,62,63 and clinical
studies using adoptively transferred haploidentical NK cells in the
pre- and post-transplant settings.6,9–11,64,65 Adoptively transferred
allogeneic NK cells are shown to be safe in patients with hematologic
and solid tumors, although their clinical activity has been modest at
best.9–11,43,54 A number of groups, including the authors, are now
exploring different strategies to genetically reprogram NK cells to
further improve their capacity to kill tumors.
Advantages and Challenges of CAR-NK Cell Therapy

CARs were developed to equip immune effector cells with the ability
to recognize antigens on the surface of tumors and kill their targets in
an HLA-unrestricted fashion.66,67 CARs are composed of an extracellular antigen-binding domain, typically the single-chain variable fragment (scFv) derived from a monoclonal antibody, and an intracellular
signaling domain, usually the CD3z chain of the TCR.68 While CARs
have been used extensively to redirect the speciﬁcity of T cells for clinical use, studies of CAR-modiﬁed NK cells have been largely preclinical to date. However, the dramatic clinical responses and prolonged
remissions observed after the infusion of CD19 CAR-T cells in patients with lymphoid malignancies, particularly ALL,1–5 have rekindled the enthusiasm to further study and optimize CAR-modiﬁed
NK cells for clinical use.

of NK cells and immune-mediated rejection of allogeneic NK cells
within days to weeks makes life-threatening toxicities such as cytokine release syndrome (CRS) less likely. Furthermore, although a
number of patients have received allogeneic CAR-T cells without
an increased incidence of GVHD,69–73 the majority of CAR-T
cell studies to date have used autologous T cells. This is because allogeneic T cells (even if HLA matched) may induce GVHD mediated
through their native a-b TCR. NK cells, on the other hand, do not
cause GVHD, as evidence by preclinical62,63,74 and clinical studies
of haploidentical and cord blood (CB) NK cell infusions in numerous
patients with both hematologic and solid malignancies.6,9–11,34,47
Thus, NK cells offer opportunities to produce an off-the-shelf allogeneic product that could be readily available for immediate clinical use.
Additionally, unlike CAR-T cells, CAR-NK cells will retain their
intrinsic capacity to recognize and target tumor cells through their
native receptors, making disease escape through downregulation of
the CAR target antigen less likely than it is with CAR-T cells.3,12
One could potentially exploit this property by selecting donors either
for NK-CAR production based on KIR-ligand mismatch with the
recipient or based on haplotype B KIR gene content, as both
have been shown to be beneﬁcial in the setting of allogeneic stem
cell transplantation.27,75–78
Initial reluctance to utilize NK cells for CAR-modiﬁed therapy was
largely based on the uncertainty regarding their ability to migrate
to and penetrate tumor tissues, and their presumed overall inferiority
to CAR-T cells.79 Part of this reluctance is related to the limited in vivo
persistence of NK cells, which, while desirable from a safety standpoint, may be limiting from an efﬁcacy standpoint. Additionally, until
relatively recently, the genetic manipulation of NK cells has proven
challenging.80,81 Viral transduction, successful for T cells, has often
been associated with low or variable levels of transgene expression
and unfavorable effects on cell viability in NK cells.80,81 However,
recent optimization in viral transduction and electroporation technologies47,80,81 has revived the enthusiasm for studies to evaluate
the genetic modiﬁcation of NK cells. Perhaps the biggest challenge
to the development of suitable CAR therapies, regardless of the source
of effector cells, is the identiﬁcation of appropriate target antigens. An
ideal target antigen is one that is ubiquitously expressed by tumor
cells, with little to no expression on normal tissue, thus limiting ontarget off-tumor effects.
Primary human NK cells derived from peripheral blood (PB) or CB,
or hematopoietic stem cell progenitors (HSCPs), as well as NK cell
lines have been successfully engineered to express CARs against a
number of targets,82 many of which have also been targeted using
CAR-T cells. CAR-transduced NK cells mediate efﬁcient in vitro
and in vivo killing of tumor targets,80,81 although no clinical data
on the use of CAR-NK cell therapy have been reported to date.
Studies with CAR-Modified Primary NK Cells

There are several advantages to using CAR-NK cells compared to
T cells. For example, adoptively transferred autologous and allogeneic
NK cells have limited in vivo persistence. The lack of clonal expansion

Functional NK cells for adoptive therapy can be derived from several
different sources.80 While autologous NK cells can be reproducibly
generated in vitro, they have limited activity against the patient’s
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own tumor cells,27,31,83,84 which may not be easily overcome by engineering the cells to express a CAR.82 Allogeneic NK cells can be generated from the PB of healthy donors or expanded from CB.
Irrespective of the source, there are several features of expanded, activated CB, or PB-derived NK cells that make them useful effectors for
gene modiﬁcation. Expanded, activated NK cells generally express a
vast range of activating receptors, including CD16, NKG2D, and
the NCRs (NKp44 and NKp46), despite donor-to-donor variability.
These activated NK cells are equipped with KIRs and are “licensed
to kill.”47,58,80 Their in vivo expansion and persistence capacity,
although inferior to transferred T cells, is clearly associated with antitumor activity in trials involving hematologic malignancies such as
AML.10,11,80 Additionally, ex vivo expanded primary human NK cells
produce a different spectrum of cytokines than T cells, including
interferon (IFN)-g, IL-3, and granulocyte macrophage colony-stimulating factor (GM-CSF),85,86 which may be associated with a lower
risk of CRS. As mentioned above, the overwhelming majority of
experience with CAR-NK cells remains in the preclinical arena,
with CAR-modiﬁed primary human NK cells redirected against a
number of hematologic and solid tumor antigens, including CD19,
CD20, GD2, and HER-2.87–102
Many of the initial preclinical studies of CAR-NK cells focused on targeting B cell malignancies with anti-CD19 and CD20-CARs.88–90
Although infusion of CD19-CAR-T cells following lymphodepletion
has resulted in dramatic responses in patients with relapsed or refractory CD19+ malignancies,1–5 the results for patients with refractory
Burkitt lymphoma (BL) have been underwhelming. Chu et al.91 therefore set out to target CD20 on BL with a second-generation CD20-targeted NK-CAR molecule, generated using mRNA nucleofection. This
anti-CD20-4-1BB-CD3z CAR was used to genetically modify PB NK
cells from healthy donors that were activated in the presence of a
K-562-based feeder cell line expressing membrane-bound IL-15 and
4-1BB ligand (K562-mbIL15-41BBL). A mere 16 hr following CAR
mRNA nucleofection, 50%–95% of expanded PB NK cells expressed
the CAR molecules, and exhibited markedly enhanced in vitro
cytolytic activity against rituximab-sensitive and resistant BL cells
compared to rituximab alone, while extending survival of Raji-xenografted mice.91 While non-viral expression techniques such as nucleofection or electroporation can produce robust CAR-mediated
killing, the short-lived nature of these CAR molecules would likely
dictate the need for repeated infusions in the clinical setting.
Our group has recently developed a novel approach to the generation
of CAR-CD19+ NK cells that we believe addresses all of the limitations described above. We genetically modiﬁed CB-derived NK cells
with a retroviral vector (iC9/CAR.19/IL15)82 that (1) incorporates
the gene for CAR CD19 to redirect speciﬁcity to CD19; (2) ectopically
produces IL-15, a cytokine crucial for NK cell survival and proliferation103; and (3) expresses a suicide gene, inducible caspase-9 (iC9),
that can be pharmacologically activated to eliminate transduced cells
as needed.104 These genetic modiﬁcations enabled the engineered NK
cells to persist in sufﬁcient numbers with impressive functional
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competence to effectively kill B cell leukemia or lymphoma cells in
a xenograft mouse model.82
Nonetheless, data from primary NK cell reports must take into account the dramatic variability in inherent NK function among donors, different transduction methods used to modify the cells (both
viral and non-viral), and the differing expansion strategies. While
the majority of preclinical reports in primary NK cells utilize retrovirus- or lentivirus-based vectors, a wide range of transduction
efﬁciencies have been reported, ranging from 1% to upward of
90%.88,89,105 Lentiviral transduction possesses some unique beneﬁts
compared to retrovirus. For one, it does not require actively dividing
cells, thus making transduction of primary, non-activated cells a
possibility (although there is rarely a circumstance where a nonexpanded primary NK cell would be utilized). While lenti- and retroviral vectors are designed to ensure persistent transgene expression by
integrating into the host genome, alternative non-viral transduction
methods are also being explored. These methods include electroporation, which introduces CAR-encoding mRNA through pores in the
cell membrane, resulting in immediate expression of the CAR molecule. However, considering mRNA electroporation or a single lentiviral transduction results in markedly lower efﬁciencies in PB or umbilical CB-derived NK cells (<10% and <30%, respectively, in one
report), retroviral transduction may be more suitable when modifying
primary or CB NK cells. One way around this issue is the possibility
of expressing the CAR in induced pluripotent stem cells (iPSCs)
and their subsequent differentiation into mature NK cells,56,106 as
discussed in the section on alternative sources of NK cells below.
Table 1 summarizes the results of preclinical studies using primary
CAR-NK cells published to date.
Studies with CAR-Modified NK Cell Lines

Despite the encouraging data supporting the use of expanded, activated primary CAR-NK cells, the majority of published reports
have utilized NK cell lines to express CAR molecules. Although
several NK cell lines exist (NKG, YT, NK-YS, HANK-1, YTS cells,
and NKL cells),80,107 the most widely studied by far is NK-92, a
human NK-like cell line originally established from a patient with
non-Hodgkin’s Lymphoma (NHL).60,61 NK-92 cells lack almost all
inhibitory KIRs except KIR2DL4.60,61 The lack of KIRs on NK-92
cells may, at least in part, account for their marked in vitro activity
against a broad spectrum of tumor targets.8 Promising in vitro results
have led to early-phase administration of NK-92 cells to over 40
human subjects with advanced cancers.61,108 However, despite the
safety of repeated infusions of NK-92 cells, efﬁcacy remains limited;
therefore, a number of groups are exploring the use of CAR modiﬁcation to enhance the antitumor activity of these cells.82,88–102,109
There are a number of theoretical advantages to genetically modifying
NK-92 cell lines over primary NK cells. NK-92 is an established
and well-characterized homogeneous cell line that has been successfully reproduced and expanded using good manufacturing practice
(GMP)-compliant cryopreserved master cell banks.110 It is a continuously expanding line and “limitless” in number, allowing the

Source

scFv Clone

Construct; Signaling
Domain

Expansion
Method

Costimulatory
Domain

Genetic Modiﬁcation
Method

In Vitro
Cytotoxicity

In Vivo
Cytotoxicity

K562.41BB.IL15

4-1BB

lentiviral transduction

Y

N

88

Reference
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B cell malignancies (CD19)

human PBMCs

FMC63

CD19 CD3z
CD19-DAP10z
CD19-4-1BBz
CD19 truncated

B cell malignancies (CD19)

human PBMCs (expanded
NK, (unstimulated NK)

MSCV

CD19-4-1BBz

K562.41BB.IL15

4-1BB

mRNA transfection

Y

N

89

B cell malignancies (CD19)

human PBMCs (expanded
NK, fresh NK)

FMC63

CD19-4-1BBz

K562.41BB.IL15

4-1BB

mRNA electroporation;
retroviral transduction

Y

Y

90

B cell malignancies (CD20)

human PBMCs

NR

CD20-4-1BBz

K562.41BB.IL15

4-1BB

mRNA nucleofection

Y

Y

91

B cell malignancies (CD19);
NBL (GD2)

human PBMCs (healthy
and patient derived)

14G2A

CD19 CD3z
CD19-2B4
CD19-2B4z
14.G2a-2B4z

K562.41BB.IL15

2B4

retroviral transduction

Y

N

87

B cell malignancies (CD19)

UCB

FMC63

iC9/CD19.CD3z/
IL-15

K562.41BB.IL15

none

retroviral transduction

Y

Y

82

B cell malignancies (CD19)

human PBMCs

FMC63

CD19.CD28.4-1BBz

IL-2

CD284-1BB

retroviral (a, g) and
lentiviral transduction

Y

N

105

Osteosarcoma; prostate,
colon, HCC, and breast
cancer (NKG2D)

human PBMCs

NR

NKG2D-DAP10CD3z

K562.41BB.IL15

DAP10

retroviral transduction

Y

Y

126

Ovarian and breast
cancer (HER-2)

human PBMCs

C6.5

HER-2

B-LCL, CD80/86
costimulated

CD28z

retroviral transduction

Y

Y

92

Breast cancer
metastasis (EGFR)

human PBMCs

528

EGFR.CD28.CD3z +
oHSV

IL-2

CD28z

lentiviral transduction

Y

Y

114

Ewing sarcoma (GD2)

human PBMCs

14G2A

14.G2A-2B4z
14.G2A-4-1BB
14.G2A-2B4z.4-1BB

NR

2B44-1BB

retroviral transduction

Y

N

42

EGFR, epidermal growth factor receptor; HCC, hepatocellular carcinoma; N, no; NBL, neuroblastoma; NR, not reported; oHSV, oncolytic herpes simplex virus; PBMC, peripheral blood mononuclear cell; scFV, single-chain
fragment variable; UCB, umbilical cord blood; Y, yes.
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Table 1. Preclinical Studies of Primary NK CARs
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generation of sufﬁcient numbers of NK cells for CAR therapy.95 In
recent years, several groups have engineered NK-92 cells to express
various CARs targeting both hematologic and solid malignancies,
including CD19 and CD20 for B cell leukemia/lymphoma,93,94,96
CD38 and CS-1 for multiple myeloma,97,109 and HER-2 for epithelial
cancers.100,101 CAR-modiﬁed NK-92 cells can also be administered
via intratumoral injection, allowing them to trafﬁc to tumor sites
and exert their effect via a vaccine-like mechanism.111 Moreover,
while transduction efﬁciencies vary widely with primary NK cells,
there is more consistent CAR expression when transducing NK-92
cells, largely owing to the uniformity of the cell line. The transduction
efﬁciencies of NK-92 cells average around 50%, even when using nonviral methods such as electroporation or nucleofection.94,95,112
While a number of studies have established the feasibility of
large-scale expansion and safety of administering NK-92 cells as
allogeneic cellular immunotherapy,93–102,109,113–118 NK-92 cells
have inherent drawbacks that must be taken into account. The
most clinically signiﬁcant drawbacks include their potential tumorigenicity (since NK-92 cells are derived from a patient with NHL),
multiple cytogenetic abnormalities, and latent infection with
Epstein-Barr virus (EBV).60,119 Thus, for safety purposes, NK-92 cells
are irradiated prior to clinical use.119 While most groups agree that
1,000 cGy of radiation is sufﬁcient to prevent engraftment of NK92 cells with minimal effect on their in vitro cytotoxicity, irradiation
prior to infusion is likely to negatively impact their in vivo proliferation, persistence, and long-term antitumor efﬁcacy.100 The efﬁcacy of
CAR-T cells is accepted to be dependent on persistence,4,67 and similarly, the in vivo efﬁcacy of adoptively infused NK cells has been
shown to depend on their in vivo expansion and persistence.45 Moreover, we have shown the importance of in vivo persistence of CARexpressing NK cells for effective and durable antitumor immunity
in an in vivo mouse model of lymphoma.82 While repeated infusions
of irradiated NK-92 cells are feasible and may be used as a means to
circumvent their limited persistence, it is likely that such an approach
will result in induction of antibodies and cellular immunity against
the allogeneic cell line and more rapid rejection with each infusion.
Additionally, NK-92 cells lack expression of several typical activating
receptors (e.g., NKp44 and NKp46110,120), and they do not express
endogenous Fc receptors and thus are not capable of mediating
ADCC. To counteract the latter shortcoming, an NK-92 cell derivative expressing the high-afﬁnity variant of FcgRIII has been developed.121,122 This high-afﬁnity variant can also prove useful in primary
NK cells, as only 10% of the population naturally carry this polymorphism. Table 2 summarizes the results of preclinical studies with
CAR-modiﬁed NK cell lines.
Alternative Sources of NK Cells

Another source of NK cells suitable for CAR expression are NK cells
derived from human pluripotent stem cells (HPSCs). Both human
embryonic stem cells (hESCs) and induced pluripotent stem cells
(iPSCs) can be maintained indeﬁnitely to provide an almost limitless
supply of NK cells.56,57 Lowe et al.123 recently described a protocol for
the differentiation of NK cells from CD34+ human HPSCs isolated
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from cryopreserved CB, which were then modiﬁed to express
CD19-CAR molecules. The same group also described a feeder-free
protocol for the generation of gene-modiﬁed NK cells from HPSCs
using insulin-like growth factor 1, which could potentially be used
as a platform to express other CAR molecules.123
CARs Targeting Activating Receptors or Other NK Cell Signaling
Molecules

All CAR-NK constructs discussed thus far incorporate the intracellular signaling chain CD3z, conferring speciﬁc cytotoxicity to
surface-expressed tumor-associated antigens.67 Another attractive
strategy is the development of CAR-NK cells that target ligands for
activating NK receptors such as NKG2D. NKG2D ligands, including
major histocompatibility complex (MHC) class I chain-related A
(MICA), MICB, and several UL-16-binding proteins (ULBPs), are
upregulated on the surface of many tumor cells and virally infected
cells.124,125 Thus, an NKG2D CAR has the potential to recognize
approximately 90% of human tumor types.126 An additional beneﬁt
of such an approach is that an NKG2D CAR not only recognizes
tumor cells but also the NKG2D ligands expressed on immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs)
and regulatory T cells (Tregs).126,127 However, NKG2D ligands are
also induced under a variety of physiological circumstances such as
inﬂammation, which raises concerns about “on-target/off-tumor”
toxicity. Even though NK cells normally express NKG2D, expression
of an NKG2D CAR has been shown to greatly enhance their activity
beyond the endogenous NKG2D receptor alone.126 NKG2D lacks a
signaling motif in its cytoplasmic domain and upon its ligation, signal
transduction occurs via the phosphorylation of DNAX-activating
protein 10 (DAP10), which in turn recruits downstream signaling
effector molecules and ultimately results in cytotoxicity.128,129 To
test whether supraphysiologic activating signals can enhance NKmediated cytotoxicity, Chang et al.126 co-expressed DAP10 with the
NKG2D/CD3z CAR and tested the activity of NK cells transduced
with this CAR against multiple cell lines derived from a number of
different malignancies, with the best responses demonstrated against
ALL, osteosarcoma, prostate carcinoma, and rhabdomyosarcoma.
One drawback to this strategy is the downregulation or loss of
activating ligands on the surface of some primary hematologic malignancies,31 which could affect NKG2D-mediated cytotoxicity. Interestingly, the authors found no signiﬁcant correlation between the
overall level of NKG2D ligand expression and NKG2D-DAP10CD3z receptor-mediated cytotoxicity.
In an effort to establish a CAR that provides an alternative route to
activate NK cells, Topfer et al.130 incorporated DNAX-activation protein 12 (DAP12) as an intracellular signaling domain, as well as the
prostate stem cell antigen (PSCA) scFv (derived from the hybridoma
7F5), in both primary NK cells and the NK cell line YTS. DAP12 is
expressed in NK cells and associates with a number of activating receptors, including the C-type lectin receptor NKG2C, the natural
cytotoxicity receptor NKp44, and the activating KIRs KIR3DS1 and
KIR2DS1/2/5.130 The anti-PSCA-DAP12 CAR expressed in both primary NK cells and the YTS-NK cell line was able to lyse otherwise
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Table 2. Preclinical studies of NK Cell Line CARs
Disease (Antigen Targeted)

Source

scFv Clone

Construct; Signaling
Domain

Costimulatory
Domain

Genetic Modiﬁcation
Method

In Vitro
Cytotoxicity

In Vivo
Cytotoxicity

Y

N

93

Reference

B cell malignancies (CD19)

NK-92

FMC63

CD19 CD3z

none

retroviral
transduction

CLL (CD19)

NK-92

FMC63

CD19 CD3z

none

mRNA
electroporation

Y

N

94

B cell malignancies
(CD19 and CD20)

NK-92

FMC63

CD19 CD3z

none

lentiviral
transduction

Y

Y

95

B cell malignancies (CD20)

NK-92

Leu-16

CD19 CD3z

none

retroviral
transduction

Y

Y

96

B cell malignancies (CD19)

NK-92

FMC63

CD19 CD3z
CD28 CD3z
CD137 CD3z

CD28/4-1BB

lentiviral
transduction

Y

Y

113

MM (CD138)

NK-92MI

4B3

CD138 CD3z

none

lentiviral
transduction

Y

Y

97

MM (CS1)

NK-92

NR

CD19 CD3z CD28z

CD28

lentiviral
transduction

Y

Y

109

NBL (GD2)

NK-92

Ch14;18

GD2 CD3z

none

retroviral
transduction

Y

N

98

Breast/ovarian cancer
(ErbB2/HER-2)

NK-92

FRP5

FRP5 CD3z

none

retroviral
transduction

Y

Y

99

Breast cancer/RCC (HER-2)

NK-92

FRP5

HER-2. CD3z
HER-2. CD28.CD3z
HER-2. CD137.CD3z

CD28/4-1BB

lentiviral
transduction

Y

Y

100

Breast cancer (EpCAM)

NK-92

MOC31

EpCAM. CD28.
CD3z -IL-15

CD28

lentiviral
transduction

Y

N

101

Breast cancer
metastasis (EGFR)

NK-92

528

EGFR CD28.CD3z +
oHSV

CD28z

lentiviral
transduction

Y

Y

114

Melanoma (GPA7)

NK-92

NR

-GPA7-CD3z

None

mRNA
electroporation

Y

Y

102

GBM (EGFR, EGFRvIII)

NK-92NKL

528

CD28.CD3z

CD28z

lentiviral
transduction

Y

Y

115

GBM (EGFR, EGFRvIII,
common epitope)

NK-92

R1
MR1-1
225

EGFR.CD28.CD3z
EGFRvIII
CD28.CD3z
common
epitope-.CD28.CD3z

CD28z

lentiviral
transduction

Y

Y

116

(EBV)+ T cells, EBNA3C

NK-92MI

EBNA clone
315 (HLA A2)

4-1BB.CD3z

4-1BB

retroviral
transduction

Y

N

117

T cell malignancies (CD5)

NK-92

TIB104

CD5-CD28.41BB.CD3z

CD28z
4-1BBz

lentiviral
transduction

Y

Y

118

B-ALL, B cell acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; EBV, Epstein-Barr virus; EGFR, epidermal growth factor receptor; EpCAM, epithelial cell adhesion
molecule; GBM, glioblastoma multiforme; MM, multiple myeloma; NBL, neuroblastoma; NR, not reported; oHSV, oncolytic herpes simplex virus; RCC, renal cell carcinoma; scFv,
single-chain fragment variable.

resistant PSCA+ HLA-B/C- and HLA-C-matched tumor cells, both
in in vitro and in mouse models. Interestingly, the YTS-NK CAR
incorporating the DAP-12 signaling domain improved the speciﬁc
cytotoxicity compared with NK cells expressing an anti-PSCACD3z-based CAR. To our knowledge, this work is the ﬁrst to demonstrate the ability of a single immunoreceptor tyrosine-based activation
motif (ITAM)-containing DAP12-CAR to initiate downstream
signaling as efﬁciently as a CD3z-based CAR, which contains three
ITAMs. Importantly, this DAP12-signaling CAR did not require

additional costimulatory signaling molecules for in vitro activation
and cytotoxicity, which the authors hypothesized are not necessary
for DAP12-mediated NK cell activation.
Aside from CAR modiﬁcation, another promising immunotherapeutic strategy involves engineering NK cells to express cytokines
known to be important for boosting NK cell cytotoxicity. This
approach may also prolong NK cell persistence and would obviate
the need for in vivo cytokine supplementation, which is toxic.
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However, an obvious concern is the risk of inducing CRS and other
cytokine-induced systemic toxicity. There is also a more than theoretical risk of inducing malignant transformation in the transduced cells
following persistent autocrine stimulation, which has been observed
for IL-2-engineered T cells.131 One group sought to avoid toxicities
by temporarily introducing genes coding for IL-2 or IL-15 using
short-lived (but stable) expression models such as mRNA electroporation of NK cells.79,97
Special Considerations for Clinical Translation of CAR-NK Cell
Therapy

Despite the promising preclinical results with CAR-NK cells, the
well-established safety proﬁle of unmodiﬁed NK cells, and the recent
clinical successes with CAR-T cells, as of December 2016, only two
clinical trials of CAR-NK cell therapy have actively enrolled patients
(NCT00995137 from St. Jude Children’s Research Hospital and
NCT01974479 from The National University Health System,
Singapore). Both trials are targeting refractory CD19+ ALL with an
identical second-generation anti-CD19 CAR that incorporates the
4-1BB costimulatory domain (anti-CD19-BB-z), transduced into
haploidentical donor-derived NK cells.90 While the St. Jude trial
was only open to pediatric patients and is closed to enrollment, the
Singapore trial is actively enrolling both children and adults. In this
dose-escalation trial, pediatric and adult patients receive a single
intravenous (i.v.) infusion of anti-CD19-BB-z NK cells at doses of
0.5  107 to 1  108 CD56+ cells/kg. The clinical results of these
studies are awaited.
Within the last few months, several other trials involving CAR-NK
cell therapy have been registered on ClinicalTrials.gov. PersonGen
BioTherapeutics, based in China, obtained regulatory approval
for several trials to administer sequential doses of third-generation
(relevant scFv attached to TCRz, CD28, and 4-1BB signaling
domains) CAR-transduced NK-92 cells (on days 0, 3, and 5). The
group is targeting refractory CD7+ leukemia/lymphomas in adults
(NCT02742727), CD33+ myeloid malignancies in children and adults
(NCT02944162), and refractory CD19+ malignancies in children and
adults planned to undergo hematopoietic stem cell transplantation
(HSCT) (NCT02892695). The group is also targeting MUC1+
relapsed and refractory solid tumors (NCT02839954). Our group
also plans a clinical study to test the safety and efﬁcacy of escalating
doses of off-the-shelf CB-derived NK cells, engineered to express
iC9.CAR19.CD28-z-2A-IL-15 in patients with relapsed or refractory
B-lymphoid malignancies in early 2017.

Wiskott-Aldrich, or chronic granulomatous disease132–136), comes
with distinct regulatory hurdles prior to use in humans. Electroporation, besides being technically simpler and less stringently regulated,
avoids the use of viral vectors and the associated risks of oncogene
activation and insertional mutagenesis.112 However, while some
groups report transfection efﬁciencies of up to 80%–90% in NK-92
cells with clinical-grade electroporators,90 the majority of published
studies with ex vivo expanded primary NK cells have been largely
disappointing, with transfection efﬁciencies as low as 10%.94 Moreover, CAR molecule expression is short lived, typically lasting <
7 days,137 which is likely to negatively impact the long-term efﬁcacy
of the CAR-NK cells. While few reports have overtly explored the
effects of transduction on the viability, phenotype, and functionality
of the NK cells, existing data suggest a minimal effect on these
parameters.95
An additional concept that has yet to be explored is whether
lymphodepletion will be necessary to prevent rejection of the infused
allogeneic CAR-NK cells. Aside from inducing lymphopenia, lymphodepleting chemotherapy depletes other immunosuppressive cells
within the tumor microenvironment such as Tregs and MDSCs,
which may negatively impact NK cell cytotoxicity or their in vivo
expansion.79 Lastly, given the recent safety concerns associated
with infusion of CAR-modiﬁed T cells, careful consideration of
whether a suicide system (e.g., based on caspase-9 or thymidine kinase) deserves incorporation into the construct must be taken into
account.67,104,138
Further unanswered questions include whether repeated infusions
could trigger immunogenicity, especially since the majority of scFvs
are murine-based, and may elicit human anti-mouse antibodies
(HAMAs) or cellular-mediated rejection/sensitization. While the
development of HAMA immunogenicity has been studied extensively
following CAR-T cell infusions, it has not been a signiﬁcant problem
in CAR-T cell studies, likely because most patients to date have
received a single infusion of autologous cells. Fewer reports have discussed cell-mediated responses, although the use of allogeneic NK
cells in this context may make this problem less theoretical and
more practical.
Further studies exploring the optimal vector, construct, and transduction method are necessary to identify the “perfect NK CAR” for
immunotherapy.
What Does the Future Hold?

A number of scientiﬁc questions and regulatory hurdles remain to be
addressed before CAR-NK therapy can be extended to larger cohorts
of patients. Although powerful methods for isolation, expansion, and
transduction of NK cells have been described, the preparation of the
cells remains burdensome. Compared to lentiviral constructs, retroviral constructs confer higher transduction efﬁciencies but also carry
a higher potential risk of insertional mutagenesis.132,133 This risk,
which has remained largely theoretical (aside from in select populations with X-linked severe combined immunodeﬁciency [SCID],
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The next several years will provide clinical validation of genetically
engineered NK cells and are likely to shape the future of immunotherapy. Combinatorial techniques will be tested to improve the efﬁcacy of tumor-speciﬁc NK cells, whether through harnessing the
innate power of the NK cell, inhibiting or knock out of immune
checkpoints,139 or targeting of the tumor microenvironment. Additional gene editing techniques currently being explored in the setting
of adoptive T cell therapy, such as CRISPR/Cas9 and transcription
activator-like effector nuclease (TALEN), are also likely to be tested
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in the setting of NK cells, with some groups demonstrating preclinical
feasibility of these techniques (Navarro, 2016, Society for Natural Immunity, conference). Such strategies come with signiﬁcant regulatory
hurdles of their own, and to date, only one clinical trial utilizing this
technology is actively recruiting patients,140–142 although trials targeting NY-ESO1 and PD-1 are in development.
Despite the questions that remain, CAR-NK cells hold great promise
as a novel cellular immunotherapy against refractory malignancies.
Notably, NK cells can provide an off-the-shelf product that can be
used as an allogeneic product to treat patients, eliminating the need
for a personalized and patient-speciﬁc product that plagues current
CAR-T cell therapies. The ability to more potently direct NK
cell-mediated cytotoxicity against refractory tumors through the
expression of CAR is likely to contribute to the recent paradigm shift
in cancer treatment.
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