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Interest in adoptive cell therapy for treating cancer is
exploding owing to early clinical successes of autologous
chimeric antigen receptor (CAR) T lymphocyte therapy.
However, limitations using T cells and autologous cell
products are apparent as they (1) take weeks to
generate, (2) utilize a 1:1 donor-to-patient model, (3) are
expensive, and (4) are prone to heterogeneity and
manufacturing failures. CAR T cells are also associated
with significant toxicities, including cytokine release
syndrome, immune effector cell–associated neurotox-
icity syndrome, and prolonged cytopenias. To overcome
these issues, natural killer (NK) cells are being explored
as an alternative cell source for allogeneic cell therapies.
NK cells have an inherent ability to recognize cancers,
mediate immune functions of killing and communication,
and do not induce graft-versus-host disease, cytokine
release syndrome, or immune effector cell–associated
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neurotoxicity syndrome. NK cells can be obtained from
blood or cord blood or be derived from hematopoietic
stem and progenitor cells or induced pluripotent stem
cells, and can be expanded and cryopreserved for off-
the-shelf availability. The first wave of point-of-care NK
cell therapies led to the current allogeneic NK cell
products being investigated in clinical trials with prom-
ising preliminary results. Basic advances in NK cell
biology and cellular engineering have led to new trans-
lational strategies to block inhibition, enhance and
broaden target cell recognition, optimize functional
persistence, and provide stealth from patients’ immu-
nity. This review details NK cell biology, as well as NK
cell product manufacturing, engineering, and combina-
tion therapies explored in the clinic leading to the next
generation of potent, off-the-shelf cellular therapies for
blood cancers.
2642/
blood_bld-2022-016200-c-m
ain.pdf by guest on 30 M

ay 2024
Introduction
Natural killer (NK) cells are innate lymphocytes critical for con-
trolling viral infections and eliminating malignant cells, origi-
nally identified by their ability to kill target cells without prior
sensitization.1,2 NK cells are the founding member of innate
lymphoid cells, which are defined by their effector functions,
localization, and transcription factor requirements.3 Human NK
cells recognize malignant cells, especially hematologic cancers,
and respond by killing and producing cytokines and chemo-
kines.4 Landmark hematopoietic cell transplantation (HCT) and
adoptive NK cell clinical trials revealed remarkable safety and
preliminary clinical responses. Advances in our basic under-
standing of NK cell biology, along with methods for NK cell
isolation, expansion, engineering, differentiation from stem
cells, and discovery of memory programs have led to an
explosion of preclinical and clinical research testing NK cell
therapeutics. Through these advances, NK cell–based therapies
provide a complementary clinical strategy to, and overcome
limitations of, US Food and Drug Administration–approved
chimeric antigen receptor (CAR) T-cell therapies. Moreover,
there are many strategies that leverage immunotherapy com-
binations with NK cell therapy. This review focuses on founda-
tional NK cell biology and allogeneic NK cell therapies derived
from primary cells (blood, cord blood [CB], induced pluripotent
stem cells [iPSCs]) in clinical testing. These span point-of-care
rapid NK cell manufacture to “off-the-shelf” products with
ex vivo expansion, engineering, and cryopreservation.
NK cell biology and anticancer
responses
NK cell development and subsets
NK cells develop in the bonemarrow from the common lymphoid
progenitor into immatureCD56brightNKG2A+CD16−KIR−NKcells
and then differentiate into mature CD56dimNKG2A+/−CD16+KIR+

NK cells.5 Conditioning of NK cells to acquire functional compe-
tence (licensing) requires recognition of at least 1 self-inhibitory
receptor that binds to major histocompatibility complex 1
(MHC I) or MHC I-like molecules.6 CD56bright NK cells predomi-
nate in secondary lymphoid organs, whereasCD56dimNKcells are
most abundant in the blood.7,8 CD56bright NK cells produce
abundant cytokines and initially were considered primarily
immunoregulatory.9,10 However, CD56bright NK cells have
increased proliferative potential, robust killing, and other func-
tional responses after priming with interleukin-15 (IL-15),11 the
homeostatic cytokine required for proper NK cell development
and function.12,13 As NK cells mature from CD56bright to CD56dim,
increased CD16a and cytotoxic molecules are expressed.6,8,14

Expression of CD16a (FcγRIIIa) allows for antibody-dependent
cellular cytotoxicity (ADCC).15 These 2 NK cell subsets were
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Figure 1. NK cell responses are determined by the balance of signals received through activating and inhibitory receptors. (A) NK cells sense healthy self-tissues
through interactions between KIR and MHC-I molecules, which inhibit NK cell killing. (B) Malignant or virally infected cells upregulate stress ligands recognized through
NK activating receptors, which can trigger killing. In the event that infected or transformed cells downregulate MHC-I, NK cells kill via missing-self response. (C) NK cells can
induce apoptosis by releasing perforin and granzyme-containing granules or engaging death receptors on target cells; in addition, NK cells produce immune modulating
cytokines and chemokines upon activation. (Inset) main activating and inhibitory receptors expressed by NK cells and their ligands, present on target cells. KIR-Long contain
intracellular immunoreceptor tyrosine-based inhibitory motifs whereas KIR-Short lack intracellular immunoreceptor tyrosine-based inhibitory motifs and instead associate with
membrane adapters with activating motifs.

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/141/8/856/2082642/blood_bld-2022-016200-c-m

ain.pdf by guest on 30 M
ay 2024
more recently confirmed in unbiased approaches using mass
cytometry and cellular indexingof transcriptomes and epitopesby
sequencing, and have differential cell surface and transcription
factor expression, as well as unique functional attributes.16

Importantly, CD56 expression can be upregulated by activation
when generating therapeutic NK cell products, but high CD56
expression in this context does not necessarily equate these cells
with the traditional CD56bright NK cell subset.

Recognition of target cells: activating and
inhibitory receptors
NK cells are important for tumor surveillance17 and antitumor
responses depend upon the balance between signals through
stochastically expressed activating and inhibitory receptors
(Figure 1).18 Activating NK cell receptors recognize a variety of
ligands expressed selectively on transformed or infected cells, and
these signals are transmitted through multiple distinct intracellular
signaling pathways. Most activating receptors require coactivation
ALLOGENEIC NATURAL KILLER CELL THERAPY
with cytokines or engagement of a second activating receptor to
generate robust functional responses, whereas CD16 initiates
responses independently.19,20 Inhibitory receptors include inhibi-
tory killer immunoglobulin-like receptors (iKIRs) that recognize
polymorphic regions of MHC class I (primarily HLA-C/B), and
NKG2A, which recognizes nonclassical HLA-E/G. The down-
regulation or loss of inhibitory ligands (“missing self”) promotes
NK cell activation,21 and KIR immunogenetics have been studied
extensively in early NK-cell therapy studies.22 Expression of NK
cell receptors can be altered with activation or affected by the
cancer microenvironment.23,24 NK cells can be induced to express
inhibitory checkpoint molecules such as TIGIT, LAG-3, Tim-3,
CD161, PD-1, and SIRP1-α.24,25

Cytokine receptor signals
NK cells constitutively express a variety of cytokine receptors
that tune their responses (Figure 2).9,26,27 Cytokine receptor
stimulation of NK cells results in cytokine and chemokine
23 FEBRUARY 2023 | VOLUME 141, NUMBER 8 857
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Figure 2. Constitutively expressed cytokine receptors on NK cells. Common gamma chain (γc) receptors constitutively expressed by NK cells include intermediate affinity
IL-2/IL-15 (βγc) receptor. High-affinity IL-15Rα is presented in trans by other cell types. CD56bright NK cell subsets constitutively express high-affinity IL-2Rα and IL-7R, CD56dim

NK cells upregulate these receptors upon activation. IL-12R is constitutively expressed and required for adaptive memory responses. TGFβR inhibits IL-15R signal transduction
and significantly alters NK cell phenotype and effector functions.

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/141/8/856/2082642/blood_bld-2022-016200-c-m

ain.pdf by guest on 30 M
ay 2024
production, proliferation, improved cytotoxicity, survival, and
enhancedmetabolism.9,26 Cytokine receptor signals can enhance
expression of activating and inhibitory receptors, thereby altering
their sensitivity to a specific target. Common gamma-chain cyto-
kines (γc; IL-2, IL-15, IL-7, IL-21) promote NK cell proliferation,
survival, cytotoxicity, and cytokine production.26,27 Signals via the
IL-2/IL-15 receptor are critical for NK cell homeostasis and
in vivo persistence.28 Furthermore,multiple negative regulators of
IL-2/15 signaling have been identified, including SOCS1, SOCS3,
and CISH.29,30 In addition, IL-12 and IL-18, produced by activated
dendritic cells and macrophages, potently promote NK cell
effector cytokine production and cytotoxic potential.31 IL-10,
although conventionally considered immunosuppressive, is a
pleiotropic cytokine that improves NK cell cytotoxicity and pro-
liferation.32 In contrast, transforming growth factor β (TGFβ) pro-
foundly inhibits NK cell responses in the tumor environment,24,33

promotingNK cell differentiation to be innate lymphoid cell-1-like
with abrogated effector function.34

Innate memory: adaptive and memory-like NK cell
biology
Human NK cells exhibit several types of innate memory.35-37

Most relevant for clinical translation, to date, are adaptive NK
cells induced via cytomegalovirus infection and memory-like
NK cells that differentiate after brief activation with cytokines
IL-12, IL-15, and IL-18 (Figure 3).38,39 These 2 NK cell types are
functionally distinct and have different molecular programs.
Human adaptive NK cells were first identified after cytomega-
lovirus infections with skewing and expansion of NKG2C+ NK
cells,40 with biased functionality toward responses via CD16
and reduced capacity for cytokine production.41 These cells
undergo epigenetic changes resulting in PLZF, EAT-2, and
FCεR1γ downregulation41-43 that are not evident in memory-like
NK cells.44 Memory-like NK cells demonstrate enhanced
effector functions in response to multiple second stimuli,
including CD16, tumor targets, and cytokine stimulation, as well
as enhanced metabolic features and penetration into lym-
phomas.45-47 Memory-like NK cells pass on their enhanced
858 23 FEBRUARY 2023 | VOLUME 141, NUMBER 8
function after cell division, exhibit a unique epigenetic and
single-cell transcriptomic signature, and functionally persist for
months in the immune compatible setting.44,48 Because of their
enhanced functional properties, adaptive and memory-like NK
cells are being explored clinically.38,39
NK cellular therapy
Allogeneic NK cell therapies have multiple advantages over
existing CAR T-cell therapies. Allogeneic T-cell–based ther-
apies cause graft-versus-host disease (GVHD), whereas NK
cells do not. Compared with T cells, NK cells have remarkably
reduced cytokine release syndrome and immune effector
cell–associated neurotoxicity syndrome toxicity, which may
be explained by expansion kinetics or differences in their
receptor and cytokine biology. Off-the-shelf and point-of-
care NK cell therapies are immediately available, obviating
weeks for autologous CAR T-cell production, and have
economy of scale with many patients treated by a single NK
donor, which markedly reduces cost. Furthermore, both
engineered and nonengineered NK cells have the capacity to
recognize tumors in multiple ways, potentially reducing
antigen-escape failures.

Rapid NK cellular therapy was originally achieved via point-of-
care NK cell isolation from donor apheresis, activation, and
fresh infusion. Newer methods can differentiate and/or expand
NK cells ex vivo, which then are cryopreserved for storage and
administered to a patient after being thawed at the bedside.
NK cells are readily engineered to have enhanced efficacy using
multiple approaches, including viral and nonviral gene transfer
and genetic deletion using CRISPR/Cas9 and base-editing
technologies. These approaches allow for improved NK cell
products via broadened specificity, enhanced quality of the NK
cell response/persistence, or reduced immunogenicity. Thus,
there are several approaches to generate allogenic NK cells for
rapid point-of-care or off-the-shelf use that are being explored
in the clinic (Figure 4).
BERRIEN-ELLIOTT et al
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Early investigations of NK cells in HCT and
adoptive transfer
Although allogeneic HCT is curative for many patients with
acute leukemia via graft-versus-leukemia immune-cell
responses, these patients also have substantial morbidity and
mortality from infections, organ toxicity, and GVHD mediated
by T cells. The concept of NK cells as a major contributor to
graft-versus-leukemia during allogeneic HCT was demonstrated
in patients with high-risk leukemia undergoing MHC-
haploidentical HCT,49 catalyzing the field and leading to
studies of NK cell receptor immunogenetics across many types
of allogeneic HCT.50-53 These studies set the stage for testing
allogeneic adoptive NK cell therapy.

In the first rapid point-of-care NK cell therapy, Miller et al uti-
lized a donor apheresis followed by NK cell enrichment (40%-
50%), overnight IL-2 activation, and the product was adminis-
trated to patients with cancer within 24 to 48 hours.54 This
important study established the need for lymphodepletion that
induced endogenous IL-15 to facilitate in vivo donor NK cell
ALLOGENEIC NATURAL KILLER CELL THERAPY
expansion. Of the patients with relapsed/refractory acute
myeloid leukemia (r/r AML) receiving this enriched allogeneic
NK cell product, 25% had complete remission with no major
toxicities observed. This approach has since been tested in an
expanded number of patients, which confirmed initial results.55-57

This early approach demonstrated the feasibility and safety of NK
cell therapy and thus paved the way for modern approaches.
However, many open questions remain, including optimal NK cell
source, dose, administration schedule, cytokine support, and
mechanisms of response and resistance.

In modern NK cell therapy, there are 3 main tissue sources for
allogeneic NK cells: donor peripheral blood (PB), CB, or dif-
ferentiation from CB hematopoietic stem and progenitor cells
(HSPCs) or iPSCs (Table 1; Figure 5). Although immortalized NK
cell lines have been investigated extensively, they have many
challenges that limit their current therapeutic potential.58

Currently, there are advantages and challenges to each tissue
source for NK cells, and all are being investigated in the clinical
setting.
23 FEBRUARY 2023 | VOLUME 141, NUMBER 8 859
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Off-the-shelf PB NK cells
PB NK cells may be enriched by CD3/CD19-depletion
(~50% CD56+CD3−)54,55 or CD3-depletion and CD56-
selection (>90% CD56+CD3−).44,48,55,59-61 An additional
advantage of off-the-shelf products is the ability to return to the
same donor for future product generation, which allows for
donor selection and optimization. Challenges with PB NK cells
include donor-to-donor variability and a finite NK cell number
that can be obtained from a single apheresis. PB NK cell
heterogeneity can arise from subsets,8 the relative proportion of
self-KIR–licensed NK cells, the expression of activating and
inhibitory NK cell receptors, the alloreactive NK cell fraction,
the activating KIR component encoded in the NK gene com-
plex, and memory programs. Multiple strategies were devel-
oped to expand PB NK cells, thereby providing the ability to
test different dosing schedules. This also eases the barrier to
cellular engineering and gene editing, overcoming the chal-
lenge of limiting NK cell yield from a single donor.

Memory-like NK cell therapy Point-of-care memory-like
NK cells (Figure 3) were developed at Washington University
and tested in a phase 1 clinical trial.59,60 Purified PB NK cells
were stimulated with IL-12, IL-15, and IL-18 for 12 to 16 hours to
860 23 FEBRUARY 2023 | VOLUME 141, NUMBER 8
initiate the memory-like program, washed, and infused as
a single dose into patients with r/r AML after fludarabine/
cyclophosphamide lymphodepletion. NK cells expanded and
differentiated into memory-like NK cells in vivo. Importantly, the
overall safety profile was excellent and composite complete
remissions (CRs) occurred in 47% of patients.60,62 Memory-like
NK cells have also been studied as a way to augment
reduced intensity–conditioned allogeneic HCT, which resulted
in an 87% composite CR rate, >1000-fold NK cell expansion
in vivo, and persistence of memory-like NK cells for >3
months.44 Additional studies have explored memory-like NK
cells for treating post-HCT relapse.48,63 Data spanning 4
different clinical trials indicate that memory-like programs
enhance NK cell responses against leukemia and provide a
platform for ongoing innovation in NK cellular therapy. Wugen
has developed a commercial version of memory-like NK cells
that preserves memory-like biology but supports expansion and
viable cryopreservation.64 These allogeneic off-the-shelf mem-
ory-like NK cells (WU-NK-101) are clinically being tested for r/r
AML (NCT05470140).
Expanded blood NK cells To provide both cytokine and
activating receptor signals to PB NK cells, the Campana group
BERRIEN-ELLIOTT et al



Table 1. Selected off-the-shelf and point-of-care NK products in clinical development derived from PB, CB, or iPSCs
from 490 NK cell clinical trials

Sponsor
Therapy
name CAR Target Cell source Disease Clinical trial number

Clinical
phase

Wuhan Union Hospital,
China

— + CD19 CB B-cell malignancies NCT04796675 Phase 1

Hangzhou Cheetah Cell
Therapeutics Co, Ltd

— + NKG2D CB AML NCT05247957 Phase 1

Xinqiao Hospital of
Chongqing

— + BCMA CB MM NCT05008536 Phase 1

Washington University CIML NK cells − PBMC
memory-like

r/r AML
after allo-HCT

NCT03068819 Phase 1/2*

Washington University CIML NK cells − PBMC
memory-like

AML with haplo-
HCT

NCT02782546 Phase 2*

Wugen Inc WU-NK-101 − PBMC
memory-like,
expanded

r/r AML NCT05470140 Phase 1

MDACC CAR.70/IL5 CD70 CB r/r hematologic
malignancies

NCT05092451 Phase 1/2

MDACC AFM13-NK − CD30 CB HL, NHL NCT04074746 Phase 1/2

MDACC iC9/CAR.19/IL15 + CD19 CB r/r B-lymphoid
malignancies

NCT03056339 Phase 1/2

Takeda TAK-007 + CD19 CB r/r NHL NCT05020015 Phase 2

CHLA Haplo–IL-21 NK − — PBMC
IL-21 expanded

AML
with HCT

NCT04836390 Phase 2*

Ohio State KDS-1001 − PBMC mIL-21
expanded

AML NCT04220684 Phase 1

Ohio State/NWC UD-NK mIL-21 PBMC mIL-21 UD
expanded

r/r AML NCT05503134 Phase 1

Ohio State UD-NK mIL-21 − PBMC mIL-21 UD
expanded

CTLC NCT04848064 Phase 1

Kiadis/Sanofi KDS-1001 − PBMC mIL-21
expanded

CML NCT04808115 Phase 1

Nkarta Inc NKX101 + NKG2D PBMC AML, MDS NCT04623944 Phase 1

Nkarta Inc NKX019 + CD19 PBMC r/r NHL, CLL
B-ALL

NCT05020678 Phase 1

Nkarta Inc NKX019 + CD19 PBMC r/r NHL, CLL
B-ALL

NCT05020678 Phase 1

Fate Therapeutics FT576 + CD38 and
BCMA

iPSC r/r MM NCT05182073 Phase 1

Fate Therapeutics FT596 + CD19 iPSC NHL NCT04245722 Phase 1

Fate Therapeutics FT536 − CD38 mAb iPSC MM, solid tumors NCT05395052 Phase 1

Fate Therapeutics FT516 − CD20, B7-53,
PD-L1

iPSC NHL, ovarian, RCC,
Merkel cell

NCT04023071
NCT04630769
NCT04551885

Phase 1

Fate Therapeutics FT500 − PD-1 iPSC NHL, solid tumors NCT03841110 Phase 1

Only clinical trials with available information on www.clinicaltrials.gov were considered.

ALL, acute lymphoblastic leukemia; allo, allogenic; BCMA, B-cell maturation antigen; CHLA, Children’s Hospital Los Angeles; CIML, cytokine-induced memory-like; CLL, chronic lymphocytic
leukemia; CML, chronic myeloid leukemia; CTLC, cutaneous T-cell lymphoma; HL, Hodgkin lymphoma; MDACC, MD Anderson Cancer Center; MDS, myelodysplastic syndrome; mIL-21,
membrane-bound IL-21; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; PBMC, peripheral blood mononuclear cells; RCC, renal cancer cell; UD, universal donor.

*Point-of-care allogeneic product.
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engineered K562 feeder cells with membrane-bound (mb) IL-15
and 4-1BB (CD137) ligand and exogenous IL-2.65,66 This yiel-
ded expansion of 25 fold after 7 days, resulting in NK cells with
increased activity against AML targets. Commercial off-the-shelf
CAR-NK cells using mbIL-15-K562 accessory cells have been
developed by Nkarta, engineered with anti-NKG2D-CAR
(NKX101) or anti-CD19-CAR (NKX019) utilizing OX40/CD3ζ
signaling domains. Preclinically, these expanded CAR NK cells
exhibited killing against tumors and persistence in vivo,
improved over conventional NK cells and CAR19-T cells.67

Phase 1 clinical trials using PB expanded CAR-NK cells are
ongoing for patients with r/r AML and myelodysplastic syn-
drome using NKX101 and for patients with B-cell malignancies
with NKX019.68,69

Pioneered at MDACC, K562/41BBL/mbIL-21 is a feeder line
that expands NK cells without causing senescence, resulting in
a higher fold NK cell expansion compared with mbIL-15 feeder
cells. mbIL-21–expanded NK cells showed enhanced function
compared with mbIL-15–expanded NK cells despite similar
expression of NCRs, CD16, and NKG2D.70 mbIL-21–expanded
NK cells retain inhibition by iKIR ligands and mediate ADCC.
These NK cells were translated into phase 1 trials in AML that
demonstrated safety when administered pre-HCT71 or post-
HCT.72 This approach was commercialized by CytoSen/Kiadis/
Sanofi and is being developed as SAR445419 with phase 1
studies ongoing.73,74

Additional approaches include utilizing irradiated PB mono-
nuclear cells or B-lymphoblastoid lines to expand human NK
cells.75-80 Commercial approaches developed by Miltenyi using
862 23 FEBRUARY 2023 | VOLUME 141, NUMBER 8
IL-2 in dedicated medium result in expansion of CAR-NK cells
(15%-50% range), which killed CD19+ lymphomas and primary
acute lymphocytic leukemia blasts in vitro, and controlled
CD19+ Daudi cells in vivo.81 Despite remarkable cell expansion,
feeder cells used during NK expansion create a regulatory issue
and complicate consistency of scale manufacturing. Thus,
several strategies have been developed for feeder-free, cyto-
kine-based expansion of allogeneic NK cells for cancer therapy
that mimic the scaffold-function of the accessory cell.82,83

CB NK cells
CB contains ~30% NK cells that exhibit similar NK cell subsets
and capacity for cytokine secretion, albeit with reduced cyto-
toxicity, compared with PB NK cells.84 In addition, CD34+

HSPCs and NK progenitors are also present in higher fre-
quencies, facilitating differentiation. CB-derived NK cells can be
expanded ex vivo (~1000-2000-fold) using cytokines and feeder
cells, and likely result from both progenitor differentiation and
ex vivo NK expansion.85 Thus, CB-derived NK cells have the
advantages of a ready source of NK cells and progenitors that
could be expanded, easily engineered, and differentiated into
NK cells. Challenges include the finite starting cell source,
ex vivo differentiation, and inability to pursue repeat donors.

Clinical-grade expanded CB-derived NK cells have been
developed.85,86 Initial approaches utilized feeder cells and
cytokines,87 with later innovations of artificial feeder cells
expressing mbIL-15 or mbIL-21 and 4-1BBL. Rezvani’s group
developed expanded CB NK cells using K562/mbIL-21/41BBL
engineered to express a CD19-CAR and IL-15.88 This strategy
was translated into a landmark first-in-human phase 1 clinical
BERRIEN-ELLIOTT et al
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study, demonstrating that CB CD19-CAR NK cells induced
objective responses in 73% of patients with r/r CD19+ B-cell
cancers. Responses were not formally assessed for durability
but occurred after multiple prior lines of therapy. In line with
prior experiences with allogeneic NK cells, CD19-CAR CB-NK
cells were safe and well tolerated despite the HLA mismatch
between the patients and their CAR-NK products.89 These
initial clinical data supported an improved safety profile over
traditional CAR T cells, while exhibiting antilymphoma
responses, sparking intense investigation in CAR NK cells.
Innovation of the feeder cells has included CD48 with 4-1BBL
and mbIL-21 that expand CB NK cells >900-fold in 2 weeks with
favorable metabolic fitness and effector function.90 The field of
CB-derived CAR NK cells is an active area of investigation with
many companies advancing this version of NK cell therapy, and
many clinical trials initiated as recently cataloged.58

NK cells can also differentiate and expand from isolated CD34+

HSPCs, utilizing cytokines and stroma-based feeder cells91 or
cytokines alone.92 This has been adapted to clinical scale with
refinements in cellular manufacturing,93 resulting in very large
expansions of functional NK cells. However, some persistent
phenotypic and functional differences remain, including inconsis-
tent KIR expression and an unclear effect on receptor-based
licensing, and reduced CD16 expression. Dolstra et al94 reported
the first clinical study of CD34+ HSPC-derived NK cells as a
consolidation therapy in older patients with high-risk AML. This
approach was advanced as a commercial off-the-shelf product
(GTA002) by Glycostem, with early clinical data supporting safety.
Larger patient cohorts will be needed to understand efficacy, and
future work will address their capacity for engineering.
6/2082642/blood_bld-2022-016200-c-m
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iPSC-derived NK cells
iPSC technology uses stepwise differentiation of somatic cells
into HSPCs and then NK cells, which are then expanded
(iNK).95,96 This sequential differentiation using cytokines and
stromal cells result in the differentiation of NK cells that express
CD56, low levels of KIR, minimal CD16, and intact expression of
other activating NK cell receptors.95 This approach was clini-
cally scaled, providing adequate iPSC-derived NK cells for
clinical testing,96 with preclinical data demonstrating responses
against cancer.97 The iNK methods continue to evolve, with
improvements in efficiency,98 and potential for feeder-free
chemically defined methods.99 Advantages of iPSC-derived
NK cells are their consistency, with a nearly unlimited source
of same-donor cells, and uniformity of the resulting NK cell
product. Challenges overlap with CB HSPC-derived NK cells,
including a lack of complete recapitulation of the physiologic
NK cell differentiation process and conditioning, and the
potential for a constrained NK cell receptor repertoire.100-102 As
an example, FT596 are iNK edited to express CD16a, mbIL-15/
15R, and a CD19-CAR,103 with a preliminary report of
20 patients demonstrating safety, with no GVHD or immune
effector cell–associated neurotoxicity syndrome, and low-grade
cytokine release syndrome (10%). In the 17 evaluable patients,
11 achieved an objective response, including 4 patients previ-
ously receiving CD19-CAR T cells.104 Although these early
results are encouraging, comparing the durability of the
clinical responses (especially CRs) with that of autologous CAR
T cells will be an important clinical outcome. Furthermore,
published reports of in vivo persistence are lacking.
ALLOGENEIC NATURAL KILLER CELL THERAPY
iPSC-derived off-the-shelf cellular therapies, including NK cells,
are discussed in detail by Miller et al in this review series.105

Enhancing allogeneic NK cell responses
Although current NK cell therapies are being evaluated in a
variety of clinical trials, the field remains in its infancy. Multiple
strategies are advancing to develop the next generation of
NK cell therapies and combinations including blocking inhibi-
tory signals, enhancing target recognition, increasing effector
functionality and persistence, and masking from host immunity.

Blocking inhibitory signals
Inhibitory receptors can be constitutive or induced on NK cells
(Figure 1). Blocking monoclonal antibodies (mAbs) have been
developed against families of inhibitory KIR2D (lirilumab) with
the premise that blocking iKIR binding would unleash NK cells
through “missing self.” Two phase 1 clinical trials demonstrated
safety, mAb occupancy, and preliminary evidence of response
in AML and myeloma,106,107 whereas subsequent phase 1,108

and randomized phase 2 studies showed no clinical improve-
ment.109 This might be owing to loss of licensing with pro-
longed KIR blockade.

Monalizumab blocks the inhibitory NKG2A receptor from its
HLA-E/G ligands. This approach has been tested in solid tumors
and found to be safe,110 however, combinations with tumor-
targeting mAb in solid tumors failed to demonstrate clinical
improvements in a randomized study (INTERLINK-1, phase 3;
NCT04590963). Notably, clinical data in hematologic malig-
nancies are lacking, and monalizumab might have improved
effects when used in diseases with dominant NKG2A impair-
ment of NK cell responses, or in conjunction with adoptive
allogeneic NK cell therapy in which NKG2A is a dominant
checkpoint.60 Gene editing approaches have been developed
to delete NKG2A that eliminate NKG2A inhibitory signals.60,111

Additional mAbs evaluated preclinically to block induced NK
cell inhibitory receptors include TIM-3, TIGIT, LAG3, PD-1,
CD161, and CD96.112-114 Rational development of these
inhibitory checkpoints should be guided by basic and functional
biology in specific hematologic malignancies.

Cytokines also induce regulatory checkpoints, with IL-15R
signaling resulting in upregulation of several suppressors
that quench IL-15R–based JAK/STAT signals. The cytokine-
inducible SH2-containing protein (CIS) has been identified as
a negative regulator of NK cell survival and function in the
presence of IL-15.29 Multiple groups have demonstrated that
deletion of CIS results in enhanced NK cell survival and func-
tionality,115,116 whereas memory-like NK cells have reduced CIS
expression.117 TGFβ is a potent negative regulator of NK cell
functionality and expressed in several hematologic malig-
nancies.118 Gene editing to remove TGFβR2 from NK cells is
being explored preclinically.119 Strategies to provide cytokines
to restore or enhance NK cell responses or to inhibit the
negative effects of TGFβ are also in the clinic.26

Suppressive cell types also limit NK cell activity. Regulatory
T cells (Treg) produce suppressive TGFβ and myeloid-derived
suppressor cells can inhibit NK cell functions by secreting
reactive oxygen species, by directly inducing Tregs, and by
direct cell contact via inhibitory ligand expression.120 In the
23 FEBRUARY 2023 | VOLUME 141, NUMBER 8 863
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hypoxic tumor environment, high levels of adenosine triphos-
phate are released from the cancer cells and myeloid-derived
suppressor cells that are then consecutively degraded through
ectoenzymes CD39 and CD73 to become adenosine (ADO).
ADO suppresses NK cell function, and several groups are
investigating approaches to minimize ADO effects on NK cells,
including engineering of CD73-NK CAR as well as inhibition of
the ADO A2A receptor.121-123

Enhancing target cell recognition and effector
responses
Multiple mechanisms to enhance NK cell tumor targeting are
being explored clinically. Tumor targeting with mAbs has
widely been employed for hematologic cancers as a therapeutic
strategy to recruit NK cells expressing CD16a to tumor cells
leading to ADCC.15 Bispecific and trispecific engagers build
upon mAb and are small molecules that can enhance targeting
and function (reviewed in Demaria et al124). The ligation of
coactivating receptors by anti-CD137 and anti-SLAMF7 agonist
mAbs are being explored as an alternative strategy to
enhancing expansion and persistence.125

CAR engineering is readily applicable to NK cells to provide
synthetic activating receptors and thereby broaden target
specificity.125 First-generation NK CARs employed intracellular
signaling domains, which were used in CAR T cells (Figure 4),89

but intracellular signaling domains specific to NK cells have
been tested in vitro,126 and it is likely that each NK cell product
will have individual optimal signaling preferences. Alternative
targeting approaches are being explored with NKG2D and
TCR-like CAR.127,128 Complex CAR targeting systems incorpo-
rating an activating CAR against a tumor antigen and NK self-
recognizing inhibitory CAR are currently also being explored.129

Improving functional persistence: cytokines
and stealth
Early NK cell trials correlated expansion with improved clinical
activity against AML,55 which is consistent with CAR T cells
Recipient
CD4+ and CD8+ T cells

Donor MHC-II

Evades T cell
allogeneic rejection

MHC-I

TCR

MHC-I/II
KO

HL

Figure 6. Strategies for stealth NK cell products. Approaches that limit T-cell respons
recipient NK cell killing via missing-self responses. Current strategies include knocking ou
from recipient lymphocyte-mediated rejection.
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correlation of expansion/persistence with clinical responses.130 As
a living drug, NK cells can expand after transfer, circulate, traffic to
tissues and sites of disease, and persist depending on the
homeostatic signals and programs available. Because NK cell
exhaustion has been reported, emphasis is placed on functional
expansion and persistence, which are likely governed by different
signals and programs from T cells.24 In general, approaches to
enhance functional persistence, or the cellular area-under-the-
curve, include using cytokine support in vivo, harnessing
memory-like or adaptive programs, or engineering autonomous
support systems into NK cell products, employing repeat dosing
schedules, and shielding allogeneic NK cells from host rejection.

NK cells require homeostatic cytokine support after transfer.
Providing intermediate or low dose rhIL-2 for 2 weeks after
transfer has been tested in multiple clinical trials and is gener-
ally considered safe with evidence of in vivo functional persis-
tence.54,55,60 Synthetic IL-15R agonists have been
developed,131 and based on favorable in vivo pharmacokinetics
are being explored as rhIL-2 alternatives.13 However, caution
should be used selecting an IL-15R agonist because systemic
administration at moderate to high doses can result in
unwanted recipient CD8 T-cell activation and rapid allo-
mediated rejection.44,62 Furthermore, prolonged exposure to
IL-15R stimulation can result in a cytokine-exhausted state,132

suggesting that intermittent or low-level stimulation might be
optimal. Alternative engineering approaches have been
employed to provide autocrine cytokine support through solu-
ble cytokines or through the engineering of mbIL-15. Many
groups are testing IL-15 “armored” CAR NK cells clinically89,133

with persistence being reported by quantitative polymerase
chain reaction as long as 1 year with CD19-CAR with hIL-15.

Extrinsic factors, such as the host immune system, also contribute
to limited allogenic NK cell persistence. A major barrier for allo-
genic NK cells, and all allogenic cell products, in the clinical
setting is immune rejection resulting in decreased persistence of
adoptively transferred cells, which likely limits clinical responses.
Recipient NK cells
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Thus, strategies are needed to cloak allogenic NK cells from the
host immune system, including endogenous T cells and NK cells.
Approaches that hide donor NK cells from recipient T cells,
commonly MHC-I-deletion,21 make the donor NK cells susceptible
to recipient NK killing. Strategies currently being explored to cloak
donor cells from endogenous NK and T cells include engineering
to express HLA-E, HLA-G, or CD47, and knock out of MHC class I
and II (Figure 6).134,135

Conclusions
The future of off-the-shelf cellular NK cell products for treating
blood cancers is promising because they overcome many of the
limitations of autologous CAR T cells. Advances in the fields of
gene editing have allowed for rapid development of next-
generation allogenic NK cellular therapies, although rejection
of allogenic NK cells by host immune system remains a major
barrier in the field. The ultimate success of off-the-shelf NK cell
products will likely require a combinatorial approach to
enhance targeting, inhibit negative regulators, and enhance
survival and donor NK cell persistence.
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