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Abstract

Over the past few years, cellular immunotherapy has emerged as a novel treatment option for certain forms of hematologic
malignancies with multiple CAR-T therapies now routinely administered in the clinic. The limitations of generating an autolo-
gous cell product and the challenges of toxicity with CAR-T cells underscore the need to develop novel cell therapy products
that are universal, safe, and potent. Natural killer (NK) cells are part of the innate immune system with unique advantages,
including the potential for off-the-shelf therapy. A recent first-in-human trial of CD19-CAR-NK infusion in patients with
relapsed/refractory lymphoid malignancies proved safe with promising clinical activity. Building on these encouraging
clinical responses, research is now actively exploring ways to further enhance CAR-NK cell potency by prolonging in vivo
persistence and overcoming mechanisms of functional exhaustion. Besides these strategies to modulate CAR-NK cell intrinsic
properties, there are increasing efforts to translate the successes seen in hematologic malignancies to the solid tumor space.
This review will provide an overview on current trends and evolving concepts to genetically engineer the next generation of
CAR-NK therapies. Emphasis will be placed on innovative multiplexed engineering approaches including CRISPR/Cas9 to
overcome CAR-NK functional exhaustion and reprogram immune cell metabolism for enhanced potency.
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reprogramming
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Introduction

Adoptive cellular immunotherapy has moved from the
bench to the bedside and heralds a new, promising era in
the treatment of hematologic malignancies, with multiple
CD19-directed chimeric antigen receptor (CAR)-T thera-
pies now available [1-6]. With the recent FDA approval of
CAR-T cells targeting B cell maturation antigen (BCMA) in
patients with relapsed/refractory (R/R) multiple myeloma [7,
8], the therapeutic scope of adoptive cellular therapeutics
has been successfully expanded beyond CD19 positive lym-
phoid malignancies. While CAR-T cell products undoubt-
fully have improved clinical outcomes and provided new
hope for patients with refractory and relapsed hematologic
malignancies, nearly 5 years of real-world clinical experi-
ence since market approval of the first CAR T cell product
have also led to a somewhat sobering experience for many
in the field. Besides the cumbersome logistics associated
with autologous cell manufacturing and high rates of cell
therapy-related toxicities, the most pressing concern remains
suboptimal long-term disease control. As the most recent
results from the initial pivotal trials show, current genera-
tion CAR-T products still fail to deliver long-term responses
for many patients, with a significant proportion of treated
patients eventually relapsing and succumbing to their dis-
ease [9-11].

CAR constructs are generally composed of an extracel-
lular synthetic receptor for antigen recognition, an extra-
cellular hinge region, a transmembrane domain and one or
multiple intracellular co-stimulatory domains. The CAR
receptor typically is derived from a murine mAb in the form
of a single-chain variable fragment (scFv) but can also be
encoded to express a naturally occurring surface receptor
with affinity for tumor-specific ligands. The latter approach
has gained increased attention as it circumvents the allore-
active potential arising from the murine scFv origin which
can lead to CAR immunogenicity and result in treatment
failure [12]. Depending on the composition of the intracel-
lular signaling domains, CAR constructs can be ascribed to
certain generations. While first generation CAR constructs
rely on a single intracellular signaling domain [13], second
[14, 15] and third [16, 17] generation CAR molecules are
designed for dramatically augmented intracellular effector
signaling by carrying either one or multiple additional co-
stimulatory endodomains, typically in the form of either
CD28 or 4-1BB.

In recent years, CAR engineering of natural killer (NK)
cells has gained considerable traction due to the unique
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biological properties of NK cells that make them highly
attractive cells for cancer immunotherapy. NK cells are
innate immune cells which mediate cytotoxicity against
cancerous and virally infected cells through multiple mecha-
nisms of action [18]. The traditional dogma, by which NK
recognition of abnormal cells is primarily driven by loss
of target MHC-I surface expression, has over time been
expanded by a more subtle understanding of the complex
integration of multiple stimuli from both activating and
inhibitory receptors which collectively determine NK cell
activation state and target engagement. NK cells, even when
genetically engineered to express a CAR molecule, retain
their intrinsic capacity to recognize tumor cells through their
native receptors, thereby providing them with an additional
layer of anti-tumor reactivity independent of CAR-redirected
killing. Of note, NK cells do not rely on the T-cell recep-
tor (TCR) for cytotoxic killing. This endows them with a
more favorable safety profile compared to their T-cell con-
tenders, which, in the allogeneic setting, need to be further
genetically modified to circumvent graft versus host disease
(GvHD).

CAR-NK cells can be generated from NK cells derived
from a variety of different sources including cord blood
(CB), peripheral blood cell (PB), NK cell lines as well as
hematopoietic and induced pluripotent stem cells (iPSC).
While each source of NK cell presents its unique advantages
and challenges, these have been reviewed in detail previ-
ously [19, 20] and will not be the focus of this article.

A new horizon—translating CAR-NK
immunotherapy into the clinic

Clinical application of CAR-engineered NK cells was first
reported in 2018 by a group from mainland China. Using a
third-generation CD33-directed CAR construct with CD28
and 4-1BB co-stimulatory domains to transduce NK-92-de-
rived NK cells, the researchers were able to demonstrate in
a phase 1 study (NCT02944162) the safe infusion of up to
5% 10° CAR-NK cells into three patients with R/R acute
myeloid leukemia (AML). While the therapy proved safe
and without any evidence of significant adverse events,
no durable remissions were attained. The study’s negative
results were attributed mainly to the limited in vivo persis-
tence of irradiated NK-92 cells, with CAR-NK Ievels drop-
ping below detection thresholds within 1 week after infusion
[21]. Indeed, in vivo expansion and long-term persistence
of CAR-engineered lymphocytes constitute the linchpin of
cell-based therapies which, when achieved, provide a deci-
sive edge over mAb therapies by contributing to durable
clinical responses. NK cells physiologically have a life span
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of only 2 weeks [22] which requires any successful CAR-NK
engineering approach to overcome this inherent biological
boundary, to achieve sustained responses.

Our group successfully pioneered a novel cord-blood-
derived CD19-directed CAR-NK product with constitutive
IL-15 cytokine support (CD19-CD28-£-2A-iCasp9-1L15)
for sustained in vivo persistence [23]. In an interim analysis
of the first 11 patients with heavily pre-treated R/R lymphoid
malignancies who were infused with this product, eight
(73%) achieved clinically meaningful responses with seven
(63%) achieving a complete remission (CR) (NCT03056339)
[24]. The interim results demonstrated an excellent safety
profile with no occurrences of cytokine release syndrome
(CRS), neurological toxicities, or GvHD. Of note, CAR-
NK cells were detected for up to 1 year after infusion with
responders exhibiting significantly enhanced CAR-NK peak
copy numbers compared to patients who did not have a
response. While larger multicenter trials will eventually need
to validate our encouraging findings and assess long-term
response duration, the interim results clearly demonstrate
the potential of CAR-NK therapy for patients with high-risk
lymphoid malignancies.

Most recently, preliminary data from an ongoing phase 1
clinical trial (NCT04023071) investigating an induced pluri-
potent stem cell (iPSC)-derived NK cell product, FT516,
have been reported. FT516 has been engineered to express
a non-cleavable Fc receptor (CD16a) to specifically redirect
NK cells using monoclonal antibodies and enhance anti-
body-dependent cellular cytotoxicity (ADCC) [25]. Among
the 11 patients with R/R B-NHL who received the investi-
gational cell therapy in combination with rituximab, eight
patients achieved an objective response (73%), six patients
(55%) attained a complete remission and no evidence of
CRS, ICANS or GvHD was observed [26]. Longer follow-
up data will need to address whether the observed responses
are durable and infused NK cells persist over time.

Evolving clinical trials landscape for CAR-NK
immunotherapy

The past few years have witnessed an unprecedented accel-
eration in the early phase clinical trial activity in CAR-NK
immunotherapy with multiple CAR-modified NK cell prod-
ucts currently under clinical investigation. Across the trials
landscape, investigators are testing CAR constructs against a
multitude of target antigens, using different sources of NK
cells and various modular CAR designs. Overall, there are
two main trends to highlight. Most noticeably, there has been
a shift in the scope of targeted disease. While most of the
earlier trials focused on targeting hematologic malignancies,
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many of the more recent trials seek out to explore CAR-NK
cell immunotherapy as a new means to combat solid tumors.
Second, there is an increasing appreciation of more sophisti-
cated construct designs, enabled by multiplexed gene editing
approaches, to enhance NK cell potency and persistence. In
this review we first will summarize the recent clinical trial
activity, highlighting the most promising CAR-NK cell can-
didates currently in clinical testing. In the second part of this
review, we will elaborate on some of the novel genetic engi-
neering avenues pursued to devise the next generation of CAR-
NK cell immunotherapies.

Table 1 provides a list of all currently registered CAR-NK
cell trials. While most CAR-based therapeutic approaches
deliberately set out to target an individual tumor surface
antigen in a highly specific manner, a different strategy has
been employed with the design of NKX101, a donor-derived
CAR-modified NK cell product engineered to express a syn-
thetic NKG2D activating receptor [27]. NKG2D, a germline-
encoded NK cell receptor, interacts with a plethora of stress
ligands expressed on abnormal cells and is considered one of
the central activating receptors driving innate NK cell effec-
tor responses. NKX101 (NGD2D-0X40-CD3¢-1115) demon-
strated promising anti-leukemic activity in vivo [27] and is
currently being evaluated in a phase 1 trial in patients with
R/R AML as well as those with high-risk myelodysplastic
syndrome (NCT04623944).

Another CAR-NK candidate which expresses both
non-cleavable CD16a and a CD19-directed CAR receptor
(CAR.19-NKG2D-2B4-CD3¢-IL15RF-hnCD16) is currently
evaluated clinically in advanced B-NHL and CLL in combina-
tion with anti-CD20 agents (NCT04245722). While no interim
reports have yet been reported, preclinical in vivo data suggest
superior tumor cell clearance for the multiplexed CAR candi-
date versus primary CD19-CAR-T cells [28]. FT538, a further
CAR-NK candidate in clinical testing, has been engineered to
be resistant to anti-CD38-mediated fratricidal killing by means
of double allelic knock-out of CD38 and is being investigated
against R/R multiple myeloma in combination with Daratu-
mumab (NCT04614636). In contrast to CD38 wild type thera-
peutics, CD38~~ CAR-NK cells may provide a clinical edge
as they could eventually move into earlier lines of myeloma
therapy including daratumumab-naive patients.

Other ongoing studies are evaluating CB-derived NK cells
CD19 (NCT04796675) and SARS-CoV-2 (NCT04324996),
and NK-92-derived CAR-NK cells across a broad spec-
trum of tumor antigens including CD7 (NCT02742727),
CD19 (NCT02892695), BCMA (NCT03940833), HER2
(NCTO03383978) and PD-L1 (NCT04847466). While none of
these trials have reported interim results yet, it will be inter-
esting to observe the efficacy of CAR-NK cells against non-
lymphoid malignancies.

Building the next generation of CAR-NK
therapies

While the first part of this review has focused on the ongo-
ing clinical development of CAR-NK immunotherapy, the
second part aims to shed light on the most recent pre-
clinical efforts to overcome some of the shortcomings seen
with the current generation cell therapies.

Cancer cells have evolved sophisticated immunosup-
pressive mechanisms to thwart the effects of infiltrat-
ing lymphocytes and evade tumor immune surveillance.
While earlier research focused predominantly on cancer-
intrinsic mechanisms of immune escape, there has been
an increasing appreciation of immune cell specific factors
which underpin the fundamental phenotypic reconfigura-
tions which leave immune cells in a dysfunctional state of
ineffective tumor control. Finding a way to make CAR-
engineered NK cells more potent, without compromising
their favorable safety profile, is critical for the next genera-
tion of cell therapies. Current CAR-NK therapy constraints
revolve around three recurring themes. First, CAR-NK
therapies have thus far only been successfully applied to
a very narrow repertoire of cancer-specific antigens. Sec-
ond, limited in vivo persistence and eventual immune cell
exhaustion pose a significant hurdle for long-term efficacy.
Lastly, impaired trafficking to tumor beds and the delica-
cies of maneuvering the hostile tumor microenvironment
impede the effective interaction of NK cells and their
adversaries, ultimately leading to tumor immune evasion.

In the following sections of this review, we will (i)
provide an overview of the ongoing preclinical efforts to
redirect CAR specificity to extend the therapeutic scope of
CAR-NK therapies and (ii) discuss some of the most inter-
esting concepts to genetically reprogram CAR-NK cells
to overcome some of the longstanding hurdles outlined
above. We will then highlight the emerging applications of
CAR-NK immunotherapy beyond hematologic malignan-
cies including against COVID-19 and solid tumors, and
iii) end this synopsis with an outlook on how we perceive
CAR-NK immunotherapy will impact the field of cellular
therapy and hematology/oncology over the coming years.

Extending the therapeutic scope
for CAR-NK immunotherapy in hematologic
malignancies

Most of the initial work in CAR-NK cell-based immuno-
therapy has focused on a very limited set of target anti-
gens, mainly in the liquid cancer sphere. This next section
will focus on the quest to find suitable tumor antigens to
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address cancer entities beyond B lymphoid malignan-
cies and broaden the therapeutic scope for CAR-NK cell
immunotherapy.

Aggressive T-cell malignancies

Aggressive T-cell malignancies represent an area of high
unmet medical need, with dismal clinical outcomes and
very limited therapeutic options at hand. CAR-T-based
approaches have proven inherently challenging as shared
expression of surface antigens among CAR-engineered
T cells and transformed T lymphoblasts poses the risk of
fratricide, a phenomenon by which infused CAR-T cells
start attacking themselves leading to their own elimination.
Another reason for concern is rooted in the potential con-
tamination of autologous T-cell products with malignant T
cells during the manufacturing process. CAR-NK cells lack
expression of T-cell markers and can be derived from allo-
geneic sources, providing a compelling edge in the treatment
of T-cell malignancies.

One group tested NK-92-derived cells, transduced to
express a third-generation CAR construct (CD28-4-1BB-
CD3() against the pan-T-cell antigen CD3 and achieved
significantly reduced tumor burden and prolonged survival
in a T-ALL mouse model [29]. Although not as broadly
expressed as CD3, CD4 represents another potential antigen
for T-cell-directed therapies. NK-92 cells transduced with
a third-generation anti-CD4-CAR construct (4-1BB-CD28-
CD3(), when tested against a xenograft mouse model of
anaplastic large cell lymphoma (ALCL), resulted in signifi-
cant tumor control and prolongation of survival [30]. CD5
has similarly been targeted with another group engineering
NK-92 cells with a third-generation CD5-CAR construct
(4-1BB-CD28-CD3{) which resulted in enhanced anti-tumor
efficacy in a T-ALL mouse model. More recently, a group
from Tianjin, China designed a second-generation CD5-
directed CAR construct (2B4-CD3() which showed specific
cytotoxicity against primary T-cell lymphoma cells in vitro
and improved survival in a T-ALL in vivo mouse model
[31]. CD7, while non-essential for normal T-cell develop-
ment and homeostasis, is found on the majority of T-ALL
clones and provides another alluring target for CAR recep-
tor design. You et al. were able to construct a third-genera-
tion CAR molecule (4-1BB-CD28-CD3() based on a CD7
nanobody which elicited potent anti-lymphoma responses
in a mouse model of aggressive T-cell leukemia without
significant fratricide [32]. Clinically, CD7-CAR-NK cells
are already under investigation against aggressive T-cell
malignancies in a Chinese-led phase 1 trial (NCT02742727).

While fratricide and contamination are of lesser concern
with NK cell-based products, prolonged T-cell aplasia due to
inadvertent elimination of healthy T cells resulting in severe
immunosuppression, continues to be a major obstacle to be
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resolved before T-cell-directed therapies become a viable
option in the clinic [33].

One strategy to mitigate the adverse effects of long-term
T-cell aplasia inherent to T-cell-directed CAR-modified
immune cells is to restore the cytotoxic potential of non-
engineered NK cells using bispecific engagers that specifi-
cally guide NK cells towards tumor cells and mediate NK
activation through high-affinity binding of their CD16A
receptor. Our group has reported on the first successful
application of pre-complexed NK cells using the tetravalent
bispecific CD16A:CD30 immune cell engager AMF13 to
induce CAR-like responses against CD30 positive malig-
nancies. In brief, cord-blood-derived NK cells were pre-
conditioned with the cytokines IL-12, IL-15 and IL-18 and
pre-complexed with AMF13. Pursuing this approach, we
were able to demonstrate increases in the cytotoxic potential
of AFM13-loaded NK cells in vitro. When tested in lym-
phoma-bearing mice, AFM13-complexed NK cells elicited
markedly improved anti-tumor responses and significantly
prolonged survival, while no significant adverse toxicities
were observed [34]. This approach is currently being tested
in the clinic (NCT04101331).

Acute myeloid leukemia

Engineering CAR constructs targeting AML has proven
challenging with two obstacles standing out [35]. Shared
antigen expression of leukemic blasts and hematopoietic
progenitor cells, as is the case for CD123 and CD33, raises
the potential threat of on-target off-tumor toxicities eliciting
prolonged multi-lineage cytopenias. Clonal heterogeneity
and varied antigen expression across different AML popula-
tions represent another challenge leaving single-antigen tar-
geted approaches prone to disease relapse, particularly in the
presence of distinct leukemia-initiating clones characterized
by discordant antigen signatures compared to bulk leukemic
cells [35]. Our group and others have devised CAR mol-
ecules targeting CD 123 using both third-generation (CD28-
4-1BB-CD3{) and fourth-generation (CD28-CD3(-IL15)
construct designs, and provided encouraging evidence for
anti-leukemia cytotoxicity in vitro including against primary
AML blasts [36, 37]. More recently, a third-generation CAR
construct targeting CD4 (CD28-4-1BB-CD3{) was shown
to specifically eliminate primary CD4 positive AML blasts
and suppress disease progression in a cell-line-derived
xenograft mouse model [38]. An innovative approach using
the novel site-directed gene-insertion CRISPaint technol-
ogy (CRISPR-assisted insertion tagging) to engineer two
third-generation CD33-directed CAR-NK candidates (CD4-
4-1BB-CD3{ and NKG2D-2B4-CD3{) has been reported to
elicit anti-leukemic activity in vitro [39].

An ingenious strategy to generate logic-gated CAR-
NK circuits to address the two longstanding challenges,
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heterogeneous and shared antigen expression, which have
thus far held back the success of AML cellular therapeu-
tics, was reported by Dr. Gary Lee’s group [40]. Guided
by a data-driven bioinformatics approach to predict opti-
mal antigen combinations, they devised logic-gated CD33-
OR-FLT3-NOT-EMCN CAR-NK cells. These cells spe-
cifically target AML blasts and leukemia-initiating cells by
recognizing both CD33 and FLT3, but are inhibited when
encountering endomucin (EMCN) which is present on up
to 70% of FLT3-expressing hematopoietic stem cells. When
co-cultured with FLT3 + EMCN-AML blasts and healthy
FLT3 + EMCN + hematopoietic progenitor cells, their inves-
tigational allogeneic CAR-NK candidate exhibited selective
and differential killing of the targeted blasts while sparing
the hematopoietic stem cell compartment [41, 42].

Multiple myeloma

Multiple myeloma cells express a number of NK activating
ligands and hence should be uniquely positioned to be tar-
geted harnessing the power of CAR-modified NK cells [43].
Reports of CAR-NK immunotherapy to combat multiple
myeloma date back to 2014 with one group reporting on the
in vitro efficacy of a CD138-directed CAR construct used to
genetically modify NK-92MI cells. Another group endowed
NK-92 cells with a CS1-targeted CAR receptor which pro-
longed survival in vivo in a xenograft mouse model [44, 45].
Early efforts to target plasma cell diseases using NK cells
were, however, restrained by concerns over NK fratricide
due to their shared expression of CS1 and CD38. Independ-
ent of this NK cell intrinsic constraint, the field has shifted
its attention towards exploring novel antigens, including
BCMA, with the potential to induce remissions in patients
with previous exposure to anti-CD38 agents. Reinforcing
this notion, a two second-generation NK-92MI-CAR can-
didates (4-1BB-CD3{) targeting either NKG2D or BCMA
were reported to mediate potent anti-myeloma activity
in vitro [46—48]. Another team similarly was able to observe
in vitro anti-tumor efficacy using a backbone encoding for
both non-cleavable CD16a and BCMA combined with dou-
ble allelic CD38 knock-out, paving the way for future com-
bination therapies with CD38-targeted agents [49].

The next frontier—multiplexed genetic
editing

Rational construct design
Besides redirecting CAR-NK cells to different target anti-

gens, more recently the research focus has increasingly
shifted towards optimized construct design based on modular

combinations of different transmembrane and intracellular
costimulatory domains to enhance CAR-NK potency.

Empowered by the versatile genetic engineering capa-
bilities available today, researchers are now set up to fine-
tune CAR constructs to induce more potent anti-tumor
responses, increase antigen affinity or prolong in vivo
persistence. Multiple co-stimulatory elements have been
investigated for their potential to mount more effective
anti-tumor responses, including domains derived from the
immunoglobulin superfamily (CD28, ICOS), the TNF recep-
tor superfamily (4-1BB, CD27, 0X40, and CD40) and oth-
ers including CD40L and toll-like receptors (TLRs) [50].
Compared to some of the earlier CAR-NK constructs which
were primarily based on co-stimulatory domains involved in
T-cell activation, there has been an increasing appreciation
for NK-specific signaling adaptors with DAP10, DAP12 and
2B4 taking on particularly prominent roles [51-53]. These
intracellular signaling adaptors mediate NK cell activation
upon association with their respective upstream receptors.
In a preclinical study investigating a CD19-directed CAR-
NK candidate, incorporation of DAP10, the physiological
adaptor for NK activating receptor NKG2D, enhanced the
anti-tumor potency over a construct using CD3( signaling
alone. Similar observations have been reported by others
with amplified anti-tumor potency by including DAP12 in a
prostate stem cell antigen (PSCA)-targeted CAR construct
[54] and another group employing a 2B4-enhanced signaling
strategy in mesothelin-targeted iPSC-derived natural killer
cells [55].

Armored CARs

Modifications to CAR construct design across the first three
CAR generations rely on physiologically occurring immune
cell receptor domains. Fourth-generation constructs, dubbed
armored CARs, take a dramatically different approach by
incorporating molecular payloads and thereby endowing
the CAR-modified immune cells with additional features
and functionality which cannot be found within any physi-
ological immune cell receptor. This approach enables CAR
constructs to be engineered to address some of the inherent
biological limitations of cellular immunotherapy, thereby
positioning CAR engineering in the center of the synthetic
biology revolution (Fig. 1).

Arguably the most pressing biological constraint is lim-
ited in vivo persistence in the absence of exogenous cytokine
support. While the clinical administration of cytokines is
feasible, it carries with it considerable safety concerns and
might inadvertently stimulate immunosuppressive immune
cell compartments [56]. To overcome these obstacles, our
group demonstrated how constitutive transgenic IL-15
cytokine support enables sustained in vivo persistence and
augmented anti-tumor efficacy in a CD19-targeted CAR-NK
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Fig. 1 Evolution of CAR construct design. (1) First generation CAR
molecules contain a synthetic extracellular receptor for target antigen
recognition, a transmembrane domain and one intracellular signal-
ing domain. (2,3) Second and third generation CAR constructs are
endowed with one or more intracellular co-stimulatory domains
for augmented signaling. (4) Fourth generation constructs, dubbed
armored CARs, contain molecular payloads which endow CAR-
engineered cells with additional features and functionality. (5) Multi-
specific targeting refers to genetic engineering strategies which aim to
simultaneously target multiple tumor antigens. (6) Logic-gated CAR
molecules are engineered to express both an activating (aCAR) and
inhibitory (iCAR) CAR receptor on their surface. The former rec-
ognizes tumor-specific epitopes and is able to initiate immune cell
activation and target engagement. The latter detects epitopes exclu-

candidate in patients with lymphoid malignancies [23, 24].
Empowered by modern bi- and multicistronic vector plat-
forms, fourth-generation constructs can contain more than
one desirable genetic modification, an engineering approach
referred to as multiplexed genetic engineering. In the case of
our group’s CD19-redirected CAR-NK product, we addition-
ally included a molecular safety switch using an inducible
Caspase9 (iCasp9) which can be activated by administration
of a small molecule dimerizing drug to eliminate all circu-
lating adoptive NK cells, in the event of adverse toxicities
[23, 24].
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sively present on healthy tissues and inhibits immune cell activation.
By integrating both signals, logic-gated CAR-modified NK cells
can differentially kill tumor cells while sparing healthy tissues with
shared antigens. (7) Bispecific Killer engagers (BiKes) are bispecific
antibodies with binding sites for both FcRyIII (CD16A) and a tumor-
specific epitope. Acting as a molecular glue, BiKes can bind and
bring NK cells in close proximity of tumor cells for specific target
elimination in a CAR-like manner. aCAR, activating chimeric antigen
receptor; GzmB, granzyme B; HSC, hematopoietic stem cell; iCAR,
inhibitory chimeric antigen receptor; /FNy, interferon gamma; I/-15,
interleukin 15; mAb, monoclonal antibody; PFN, perforin; T-NHL, T
non-Hodgkin lymphoma; TNFea, tumor-necrosis factor alpha. Image
created in BioRender

Genetic disruption of CAR-NK immune checkpoints

Despite the remarkable successes seen with the administra-
tion of adoptive NK cell-based therapy, immune cell exhaus-
tion remains a therapeutic barrier and strategies to overcome
this are warranted to enhance long-term in vivo anti-tumor
efficacy. For building the next generation of CAR-NK thera-
pies, basic research on fundamental NK cell biology has
once again shifted to the center of attention and significant
efforts are underway to identify negative regulators of NK
cell immune function. Recent advances in the understand-
ing of the transcriptional networks involved in immune cell
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exhaustion, in large extent driven by high-throughput sin-
gle-cell-based studies, have helped establish distinct signa-
tures of dysfunctional NK cells. Several distinct phenotypic
changes have been proposed to delineate exhausted NK cell
subsets with upregulation of PD-1, LAG-3, TIM-3 [57] as
well as TIGIT and KLRG1 [58] among those markers that
confer impaired cytotoxic potential and hence embody puta-
tive candidates for targeted genetic ablation.

While the emergence of highly customizable and power-
ful viral vector platforms to deliver CAR molecules into
various immune cell subsets was a prerequisite to enable the
extraordinary strides seen in cellular immunotherapy over
the last decade, the increasing adoption of targeted genetic
perturbations using CRISPR/Cas9-mediated gene editing
has opened up entirely new routes for modulating the under-
lying immune cell biology. Multiplexed genetic engineer-
ing strategies in particular allow for further improvement
of CAR-modified immune cells in a site-directed manner
so as to disrupt molecular pathways that negatively impact
immune cell function. Multiple groups, including our own,
have embarked on this journey to engineer the next genera-
tion of CAR-NK immunotherapies with enhanced potency,
increased in vivo persistence and resistance to mechanisms
of functional exhaustion with the ultimate goal to upend the
field of cell therapy as we know it today (Fig. 2).

Genetic targeting of inhibitory immune checkpoints has
emerged as a tantalizing concept to disrupt negative regula-
tors of CAR-NK function for enhanced anti-tumor control.
While NK cell activation states are intricately controlled
by the complex interplay of both activating and inhibi-
tory surface receptors, checkpoint blockade aims to skew
this equilibrium towards heightened anti-tumor immunity.
Genetic deletion of NKG2A, one of the most prominent ger-
mline-encoded inhibitory NK cell receptors, has previously
been linked to increased cytotoxic potential against tumors
expressing its cognate ligand HLA-E [59]. Blockade of
TIGIT, another inhibitory checkpoint essential for maintain-
ing balanced immune responses, has similarly been shown
to prevent NK cell exhaustion [60]. Our group successfully
targeted the cytokine-inducible Src homology 2-contain-
ing (CIS) protein, a key cytokine checkpoint upstream of
interleukin 15 signaling, and achieved enhanced metabolic
fitness and effector function in armored cord-blood-derived
CAR-NK cells [61]. Other groups are striving to translate
the lessons learned in the context of T-cell immunobiology
and are investigating the effects of PD-1/PD-L1 and CTLA-4
blockade on NK cells [62, 63].

Safeguarding against the immunosuppressive
tumor microenvironment

Apart from NK-intrinsic immune checkpoints, there are sev-
eral extrinsic factors arising from the hostile tumor micro-
environment which collectively create a highly unfavorable
milieu for infiltrating immune cells. A mix of nutrient dep-
rivation, acidity and hypoxia deprives infiltrating effector
cells their anti-tumor activity. Furthermore, tumor cells
have evolved mechanisms to attract regulatory immune cell
compartments such as regulatory B cells and regulatory T
cells as well as myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), platelets, fibro-
blasts and stromal cells which secrete immunosuppressive
cytokines including transforming growth factor p1 (TGFp),
adenosine, indoleamine 2,3-dioxygenase (IDO) and pros-
taglandin E2 (PGE2), further obliterating any remnants of
an effective anti-tumor response. One of these extracellular
immunosuppressive metabolites, adenosine, has success-
fully been rendered ineffective by blocking the expression of
A2A adenosine receptor (A2AR) on the surface of NK cells.
A2AR-deficient NK cells exhibited enhanced tumor control
in a xenograft mouse model of BRAF-mutated melanoma
[64, 65]. Our group successfully rendered primary human
NK cells resistant to the immunosuppressive transforming
growth factor pl1 (TGFf) by targeted perturbation of the
TGFBR2 gene using CRISPR/Cas9 editing [66]. Building
on these observations, we were also able to demonstrate
that disruption of TGFp receptor signaling, both using small
molecule inhibitors and genetic ablation, preserves NK cell
function in a glioblastoma stem cell (GSC)-engrafted mouse
model and prevents formation of a GSC-induced NK cell
inhibitory phenotype [67].

Together these studies highlight how novel genetic engi-
neering approaches can be employed to disarm the hos-
tile tumor microenvironment by rendering CAR-modified
immune cells resistant to some of the most notorious immu-
nosuppressive mechanisms, a theme we project will continue
to have important reverberations in the treatment of human
cancers, particularly when targeting solid tumors.

Designing safe CAR-NK products for clinical use

While these new tools allow to introduce deliberate genetic
interventions, opening up opportunities to extend the scope
and potency of cellular immunotherapies, they pose a theo-
retical risk of non-specific off-target genetic lesions result-
ing in unintended adverse outcomes [68]. Hence, careful
safety considerations are required, particularly when aiming
to administer CRISPR/Cas9 gene-edited cell products in the
clinic. Recent innovations, that include the transient delivery
of high-fidelity Cas9 ribonucleoprotein complexes through
electroporation, mitigate most of these undesired genomic
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Multiplexed engineering strategies for building the next-generation of

CAR-NK immunotherapy
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Fig.2 Multiplexed engineering strategies for building the next-
generation of CAR-NK immunotherapy. (1) Ectopic expression
of chemokine receptors enhances NK trafficking and infiltration
into tumor beds. (2) Genetic disruption of negative regulators of
NK immune function can help overcome functional exhaustion.
(3) Neutralizing scFvs can intercept extracellular GM-CSF which
has been linked to CRS/ICANS. (4) Cytokine pre-conditioning
using I1-12/15/18 induces formation of memory-like NK cells with
enhanced potency. (5) Knock-out of both surface and intracellular
molecules conditions NK cells for combination therapies by prevent-
ing fratricide (CD38 KO) or immunosuppression (GR KO). (6) Meta-

alterations and powerful sequencing technologies [69-71]
that are sensitive enough to detect even the rarest off-site
lesions provide an additional safety margin for genetically
engineered lymphocytes for clinical use.

Modulating CAR-NK metabolism

A growing body of work has established the crucial role of
rapid metabolic reconfigurations required for NK cells to
effectively mount anti-tumor responses [72, 73]. Targeting
of immune-metabolic pathways, hence, has emerged as
an intriguing concept to render NK cells more metaboli-
cally robust and preserve their functional capacity. In NK
cells, IFNy production has been shown to be dependent
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bolic reprogramming aims to render NK cells resistant to mechanisms
of functional exhaustion by intervening in metabolic pathways. (7)
Targeted genetic ablation of inhibitory receptors can safeguard CAR-
NK cells against the immunosuppressive tumor microenvironment.
A2AR, adenosine A2A receptor; CRS, cytokine release syndrome;
GM-CSF, granulocyte macrophage colony stimulating factor; GR,
glucocorticoid receptor; ICANS, immune -cell-associated neuro-
toxicity syndrome; I[-10/12/15/18, interleukin 10/12/15/18; IDO,
indoleamine 2,3-dioxygenase; PGE2, prostaglandin E2; scFv, single-
chain variable fragment; TGFf, transforming-factor beta; TGFBR?2,
transforming-factor beta receptor 2. Image created in BioRender

on glucose-driven oxidative phosphorylation [74]. Once
activated, NK cells undergo substantial metabolic changes,
thereby increasing the rates of glycolysis and oxidative
phosphorylation (OXPHOS) to support the energy require-
ments to mount effective immune responses [75-77]. NK
cell metabolic requirements are highly context-specific;
hence, regulatory pathways altering the metabolic machin-
ery and configuration need to be meticulously orchestrated
to meet the dynamic energy and biosynthesis demands.
Mammalian target of rapamycin complex 1 (mTORC1)
plays a key role in regulating NK cell metabolism and
facilitates both early NK cell development as well as acti-
vation-induced expression of nutrient transporters and gly-
colytic enzymes to support functional responses in mature
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NK cells. Indeed, our group and others have demonstrated
that disruption of CISH signaling metabolically repro-
grams CAR-NK cells to maintain elevated mTORCI1 and
MYC activity, promoting in vivo persistence and enhanced
anti-tumor activity [61, 78, 79].

At the transcriptional level, sterol regulatory element-
binding protein (SREBP) and MYC have been identified
as the two central regulatory elements orchestrating the
metabolic adaptations which enable activated NK cells to
effectively mount immune responses. MYC signaling serves
to adapt the metabolic machinery to the specific require-
ments of NK cells by upregulating the expression of glucose
transporters and glycolytic enzymes as well as increasing
mitogenesis. Intracellular MYC levels are extremely short
lived and tightly regulated by the dynamic interplay of MYC
protein biosynthesis and proteasomal degradation. One
mechanism by which intracellular MYC protein levels are
maintained in check in NK cells is by glycogen synthase
kinase 3 (GSK3)-mediated phosphorylation with subsequent
ubiquitination and proteasomal degradation. In patients with
AML, GSK3 expression has been shown to be upregulated
and linked to impaired NK cell cytotoxicity that can be
restored by genetic or pharmacologic GSK repression [80].
In line with these observations, pharmacologic inhibition of
GSK3 has been found to stabilize MYC levels in NK cells,
thereby increasing their anti-tumor potency [81].

Maintaining NK cell mitochondrial fitness
for memory formation

Deriving implications from the dynamic interplay of meta-
bolic programs that underpin immune cell differentiation
and functional responses has become an imperative to guide
future genetic engineering approaches for building the next
generation of CAR-NK immunotherapies. NK cells have
traditionally been ascribed to the innate immune system.
However, recent studies have increasingly challenged this
paradigm as a result of the discovery of cytokine-induced
memory-like phenotypes [82]. Todd A. Fehninger and his
group translated this approach to the clinic and demonstrated
that preactivation of isolated NK cells with IL-12, IL-15
and IL-18 robustly induced formation of a memory-like
NK cell phenotype with enhanced effector function against
myeloid leukemic blasts [83, 84]. Building on their obser-
vations, the authors enrolled patients with AML in a phase
I clinical trial (NCT01898793) evaluating the concept of
interleukin-preactivated NK cells, and observed clini-
cal responses in five out of nine (56%) evaluable patients
including four complete remissions (44%). Transferring the
knowledge acquired to CAR-engineered NK cells, the same
group recently reported on the successful application of
CD19-CAR-modified memory-like NK cells against a xeno-
graft lymphoma mouse model [85]. Several groups are now

investigating and analyzing the immunometabolic signatures
underpinning this distinct memory-like NK phenotype [73].
Mitochondrial fitness, in particular, has come to the center
of attention with growing evidence linking mitochondrial
dysfunction to impaired NK cell immune responses, and
strategies to promote mitochondrial health to improve NK
cell function are already under way [34, 86, 87].

CAR-NK immunotherapy in solid tumors

Although cellular immunotherapy has opened promising
avenues of treatment for hematologic malignancies, these
successes have so far not been successfully transferred to
the treatment of solid tumors. Besides the intrinsic chal-
lenges of CAR-NK immunotherapy such as limited in vivo
persistence and functional exhaustion, solid tumors pose a
unique set of obstacles for cell-based treatment strategies
routed in their complex clonal heterogeneity, shared antigen
expression with healthy tissues, and the inherently hostile
immunosuppressive microenvironment. Furthermore, solid
tumors have evolved mechanisms to downregulate activating
NK cell ligands on their surface and can effectively impair
trafficking of immune cells into tumor beds. Despite these
challenges, there has been a growing interest in combatting
solid tumors using cellular therapeutics in multiple, cur-
rently ongoing, early phase studies targeting a diverse range
of antigens including HER2 (glioblastoma; NCT03383978),
PSMA (prostate cancer; NCT03692663), mesothelin
(ovarian cancer; NCT03692637), MUCI1 (advanced solid
tumors; NCT02839954), NKG2D (advanced solid tumors;
NCT03415100) and ROBO1 (advanced solid tumors;
NCT03940820 and pancreatic cancer; NCT03941457).

Gene engineering for improved CAR-NK trafficking

To achieve clinically meaningful anti-tumor responses and
enable the widespread adoption of engineered cellular thera-
peutics for the treatment of solid tumors, the next genera-
tion of CAR-NK therapies will need to be engineered for
enhanced migration into tumor beds and improved ability
to penetrate the barriers imposed by solid tumors. Several
groups are now working on genetic modifications of NK
chemokine receptors to allow more efficient NK homing
into tumor sites. In renal cell carcinoma, NK cells modi-
fied to express supraphysiological levels of CXCR2 exhib-
ited improved trafficking to sites of disease manifestation
[88]. Similarly, forced expression of chemokine receptor
4 (CXCR4) on EGFRvVIII-directed CAR-NK cells led to
improved survival in an animal model of glioblastoma [89].
Yu Yugan Ng and colleagues recently tested ectopic expres-
sion of CXCR1 in a CAR targeting NKG2D ligands, and
were able to demonstrate improved immune cell infiltration
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and augmented anti-tumor efficacy in a mouse model of
peritoneal ovarian cancer [90].

Whereas many hematologic malignancies are inherently
mono- or oligoclonal diseases, solid tumors are character-
ized by complex clonal landscapes with a high degree of
heterogeneity. Single antigen-directed cellular therapies
face significant obstacles combatting heterogeneous tumors
driven by multiple co-evolving clones, each with its dis-
tinct immune phenotype and antigen expression pattern.
Cell-based therapies applied to combat solid tumors must
also disentangle the intricacies of shared antigen expression
between tumor and healthy tissues to avoid inadvertent on-
target, off-tumor toxicities.

Dual and multi-specific targeting has emerged as a prom-
ising concept to mitigate the challenges imposed by het-
erogeneous and shared antigen expression. In the effort to
devise therapies against highly refractory diseases such as
glioblastoma, NK-92-derived natural killer cells have been
equipped with a dual-specific CAR construct with specificity
towards both wild type EGFR and EGFRvVIIL. When injected
into two different xenograft models of GBM, the dual-tar-
geting CAR-NK cells effectively negated tumor growth and
improved survival independent of the EGRF mutation status
[91]. In early 2021, Jeffrey Miller’s group presented their
work on multi-specific off-the-shelf B7-H3-targeted iPSC-
derived CAR-NK cells which can recognize a broad range of
solid tumors. B7-H3 (CD276), a member of the B7 protein
superfamily, is upregulated on a wide range of tumors, par-
ticularly in the metastatic setting and has been linked to poor
prognosis [92]. In their study, the authors were able to detect
strong cytotoxicity signals in vitro against ovarian, prostate,
bone, and breast cancer cell lines. Despite its conspicuous
appeal as pan-cancer antigen, recent reports of potential on-
target off-tumor toxicities have surfaced which led to the
temporary halt of an ongoing phase 1 clinical study evalu-
ating a bispecific T cell engager targeting B7-H3 and CD3
[93]. Efforts to advance B7-H3-directed therapies into the
clinic, hence, will need to proceed with prudence and care-
fully monitor any signals of emerging safety concerns.

Adoptive CAR-NK immunotherapy
for the treatment of viral pathogens
including COVID-19

Although most applications of CAR immunotherapy have
thus far focused on addressing cancer, adoptive cell-based
therapies have gained much notice as a powerful route to
treat life-threatening treatment-refractory viral infections,
particularly in highly vulnerable immunocompromised
patient populations including those with primary immuno-
deficiencies and allogeneic stem cell recipients [94].
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Virus-specific T cells (VST), both donor-derived and
from third-party cell banks, continue to be explored in the
treatment of several viral pathogens including cytomegalo-
virus, Epstein—Barr virus, adenovirus, HHV6, BK virus
and JC virus [94-97]. Against the backdrop of the ongo-
ing global COVID-19 pandemic, many groups have rushed
to translate the learnings from virus-specific T cells to
address SARS-CoV-2 infections using novel cellular based
approaches. While the share of vaccinated people has in
recent months risen markedly in most developed countries,
there still is a strong unmet need for effective treatments for
high-risk and immunocompromised patients who might not
achieve sustained neutralizing antibody responses. Legiti-
mate concerns about the eventual emergence of immune
escape mutants including those which can evade current
vaccination and treatment efforts, remain, and thus uphold
the interest in adoptive cell-based approaches for the treat-
ment of COVID-19.

Our group successfully expanded SARS-CoV-2-directed
cytotoxic T cells (CTL) from the peripheral blood of recov-
ered donors [98] and is currently leading a phase 1/2 trial
to assess the feasibility, safety and efficacy of SARS-CoV-2
virus-specific T cells (VST) in patients with mild to moder-
ate COVID-19 disease (NCT047422595). With increasing
evidence supporting the use of corticosteroids to improve
outcomes for patients with COVID-19, we furthermore pro-
pose a novel engineering strategy delete the gene encod-
ing for the endogenous glucocorticoid receptor (NR3C1)
of these donor-derived SARS-CoV-2-specific VSTs using
CRISPR/Cas9 gene editing, thereby rendering the lympho-
cytes resistant to the immunosuppressive potential of cor-
ticosteroids [98].

Aside from isolating and expanding SARS-CoV-2-di-
rected cytotoxic lymphocytes from recovered donors, sev-
eral other groups have been exploring ways to specifically
modify natural killer cells to recognize and kill SARS-
CoV-2-infected host cells. In 2020, a group in mainland
China evaluated a novel dual NKG2D-ACE2-engineered
cord-blood-derived CAR-NK cell candidate in its ability to
combat COVID-19 and is testing this approach in an ongo-
ing clinical phase 1/2 trial (NCT04324996). Genetically
equipped with constitutive II-15 cytokine support and tar-
geting both the highly conserved S protein of SARS-CoV-2
through expression of its natural receptor ACE2, as well
as NKG2D ligands on infected cells by encoding for the
multi-specific activating receptor NKG2D, their investiga-
tional CAR construct may be an interesting approach for
the treatment of high-risk COVID-19 patients. Aiming to
negate cytokine release syndrome and potential neurotoxic-
ity, the construct has been designed to secrete a neutralizing
scFv fragment against GM-CSF which has been implicated
in the onset and progression of CRS and ICANS [99]. Very
recently, Dongfang Liu’s group reported on the generation
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of NK-92 cell-line-derived CAR-NK cells targeting SARS-
CoV-2 and its D614G mutant. Using the scFv fragment
from SARS-CoV-2 neutralizing antibody S309, the authors
were able to demonstrate improved in vitro cytotoxic activ-
ity against pseudotyped SARS-CoV-2 viral particles and
pseudo-SARS-CoV-2 infected target cells compared to an
earlier construct the group had previously reported on [100,
101].

In summary, these early reports on CAR-modified natural
killer cells targeting SARS-CoV-2 illustrate the broad appli-
cability and immense potential of CAR-NK immunotherapy
even beyond cancer, and foreshadow an era of universal off-
the-shelf immune cell-based strategies in the treatment of
other severe and life-threatening diseases.

Stitching it all together—CAR-NK
immunotherapy coming of age

Despite recent advances, fundamental questions regarding
the clinical administration CAR-NK cell immunotherapy
remain. These include optimal patient selection, as well as
ideal therapeutic sequencing of CAR-NK immunotherapy in
the context of other established treatment regimens includ-
ing autologous and allogeneic stem cell transplantation
for hematologic malignancies. Future studies will need to
address how to best select high-risk patients for CAR-NK
immunotherapy by identifying prognostic biomarkers and
assessing the optimal sequencing of CAR-redirected NK
therapies to feed into established treatment algorithms.
While the recent report of the first successful clinical
application of CAR-NK-based cellular therapy against high-
risk lymphoid malignancies represents a major milestone
in the field of cancer immunotherapy [24], it only marks
the beginning of an exponential wave of cellular engineer-
ing innovations in the upcoming years. Going forward, we
project that while conventional, non-antigen-specific cell-
based therapies in the form of autologous and allogeneic
stem cell transplant will continue to play an important role
in the management of high-risk patients with hematologic
malignancies for the foreseeable future, it is likely that anti-
gen-specific CAR-based therapies will, over time, move up
to earlier lines of therapy. Allogeneic off-the-shelf CAR-NK
cell-based therapies are especially poised to supplant long-
held treatment paradigms due to their broad applicability
in the allogeneic setting and their tremendous cost-benefit
compared to autologous cell products. For solid tumors, first
interim reports of the currently ongoing clinical trials are
highly anticipated and will allow for a more robust perspec-
tive on how fast cellular immunotherapy can conquer this
area of high unmet medical need. Encouragingly, research
activity has been spurred in recent years, and many promis-
ing CAR-NK cell candidates leveraging highly innovative

next-generation genetic engineering approaches are under-
way to address the unique challenges of solid tumors and
expected to advance to clinical testing in the near term.
Underpinning these developments is the ever-growing
understanding of fundamental immune cell biology, increas-
ingly driven by powerful multi-omics and high-dimensional
single cell analyses, which in many ways continue to lay the
groundwork for a burst of innovations in the near future.
Turbocharged with the powerful advances in genetic engi-
neering capabilities, these insights are poised to spur further
therapeutic innovations and, over time, radically alter long-
held treatment paradigms and dramatically improve clinical
outcomes to the benefit of generations of patients to come.
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