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Significant progress has been made in recent years toward realizing the potential of
natural killer (NK) cells for cancer immunotherapy. NK cells can respond rapidly to
transformed and stressed cells and have the intrinsic potential to extravasate and reach
their targets in almost all body tissues. In addition to donor-derived primary NK cells,
also the established NK cell line NK-92 is being developed for adoptive immunotherapy,
and general safety of infusion of irradiated NK-92 cells has been established in phase
| clinical trials with clinical responses observed in some of the cancer patients treated.
To enhance their therapeutic utility, NK-92 cells have been modified to express chimeric
antigen receptors (CARs) composed of a tumor-specific single chain fragment variable
antibody fragment fused via hinge and transmembrane regions to intracellular signaling
moieties such as CD3¢ or composite signaling domains containing a costimulatory pro-
tein together with CD3¢. CAR-mediated activation of NK cells then bypasses inhibitory
signals and overcomes NK resistance of tumor cells. In contrast to primary NK cells,
CAR-engineered NK-92 cell lines suitable for clinical development can be established
from molecularly and functionally well-characterized single cell clones following good
manufacturing practice-compliant procedures. In preclinical in vitro and in vivo models,
potent antitumor activity of NK-92 variants targeted to differentiation antigens expressed
by hematologic malignancies, and overexpressed or mutated self-antigens associated
with solid tumors has been found, encouraging further development of CAR-engineered
NK-92 cells. Importantly, in syngeneic mouse tumor models, induction of endogenous
antitumor immunity after treatment with CAR-expressing NK-92 cells has been demon-
strated, resulting in cures and long-lasting immunological memory protecting against
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tumor rechallenge at distant sites. Here, we summarize the current status and future
prospects of CAR-engineered NK-92 cells as off-the-shelf cellular therapeutics, with
special emphasis on ErbB2 (HER2)-specific NK-92 cells that are approaching clinical

application.

Keywords: natural killer cells, NK-92, chimeric antigen receptor, adoptive cancer immunotherapy, leukemia,

lymphoma, solid tumors

INTRODUCTION

Natural killer (NK) cells are specialized effectors of the innate
immune system and central players in the defense against viral
infections and cancer. Natural cytotoxicity of NK cells can be trig-
gered rapidly upon appropriate stimulation and is regulated by a
complex balance of signals from germ-line encoded activating
and inhibitory cell surface receptors (1, 2). The antitumoral activ-
ity of NK cells has been well documented in mouse models (3, 4).
In humans, a correlation between low peripheral blood NK-cell
activity and an increased cancer risk was demonstrated (5), and
numbers and phenotype of tumor-infiltrating NK cells likely
influence the course of the disease (6-8). Mechanisms involved
in tumor immune evasion can be diverse and include upregula-
tion of the non-classical MHC molecules HLA-E and HLA-G that
trigger inhibitory NK-cell receptors (9), selective loss of ligands
for activating NK-cell receptors (10, 11), as well as shedding
of soluble forms of MHC class I polypeptide-related sequence
A/B (MICA/B) and B7-H6 (12-14). Furthermore, the tumor
microenvironment plays a crucial role in preventing infiltration
by NK and other immune cells and interfering with the activity of
NK cells already present in the tumor (15, 16). Hypoxia as well as
immunosuppressive factors such as transforming growth factor
(TGF)-B, indoleamine 2,3-deoxygenase (IDO), prostaglandin
E2, nitric oxide (NO), and reactive oxygen species (ROS), which
are produced by regulatory immune cells like regulatory T (Tr)
cells and myeloid-derived suppressor cells, by stromal cells like
cancer-associated fibroblasts, and by tumor cells themselves can
inhibit expression of activating NK-cell receptors, disrupt the
interactions between NK and other immune cells, and avert the
contact of NK cells with tumor cells (17).

To bypass deficiencies in endogenous NK-cell activity, cur-
rent NK-cell therapies are typically based on adoptive transfer of
exvivo-expandedallogeneic NK cells derived fromasuitable donor
(18-20). While displaying graft-versus-leukemia (GvL) or graft-
versus-tumor (GvT) activity, such donor-derived NK cells do not
carry a high risk of inducing graft-versus-host-disease (GvHD)
frequently associated with donor lymphocyte infusion (DLI) of
allogeneic T cells (20). In addition, antibodies that block inhibi-
tory NK-cell receptors such as killer cell immunoglobulin-like
receptors (KIRs) and NKG2A/CDY%4, or link activating NK-cell
receptors to tumor cell surface antigens are being investigated
as activity enhancers for endogenous or adoptively transferred
NK cells (21, 22). Sparked by the clinical success of chimeric
antigen receptor (CAR)-engineered T cells in the treatment of
B-cell malignancies, genetic modification of NK cells with CAR
constructs is receiving increasing attention. CAR engagement in

NK cells can override inhibitory signals deployed by tumor cells
and directly trigger the effector cells” intrinsic cytolytic effector
functions as well as the release of pro-inflammatory cytokines
(23, 24). Nevertheless, despite the close similarity of NK cells
to T cells with respect to their cytotoxic mechanisms, the
development of CAR-engineered NK cells for adoptive cancer
immunotherapy is still in its early stages, owing mainly to the
complexity of isolating, activating, expanding, and manufactur-
inglarge numbers of peripheral blood-derived NK cells, the lower
efficiency of gene transfer when compared to T cells, and the
limited in vivo proliferation and persistence in recipients. While
efforts are being made to overcome these hurdles by improving
ex vivo expansion of NK cells to allow multiple infusions (25),
results from clinical trials with CAR NK cells are not yet available.

Continuously expanding NK cell lines provide an unlimited
source of effector cells to investigate and improve concepts for
genetic engineering of NK cells (23, 26-29) but also hold poten-
tial for development as standardized oft-the-shelf therapeutics for
adoptive cancer immunotherapy. Different human NXK cell lines
have been established, including NK-92, HANK-1, KHYG-1,
NK-YS, NKG, YT, YTS, NKL, and NK3.3 (30). Among them,
NK-92 cells (also termed “aNK” for activated NK) have been
investigated most thoroughly and already been applied in a
clinical setting (31, 32). NK-92 express many activating NK-cell
receptors such as NKp30, NKp46,and NKG2D butlack most of the
inhibitory KIRs, except for low levels of KIR2DL4 (33, 34). Other
inhibitory receptors expressed by NK-92 are Ig-like transcript 2
(ILT-2) and NKG2A/CD94. This unique profile renders NK-92
cells highly cytotoxic against a broad spectrum of malignant cells
of hematologic origin and other cancers (32). General safety of
infusion of irradiated NK-92 cells has been established in phase
I clinical trials in patients with advanced cancers (35, 36), and
results from other phase I and phase II studies may soon become
available (NCT00990717, NCT00900809, NCT02465957; https://
clinicaltrials.gov).

As outlined in the following sections, the robust ex vivo expan-
sion of NK-92 cells to high cell numbers, their exquisite safety
profile, as well as the ease of genetic modification make this cell
line an ideal platform for the development of CAR-engineered
variants. Here, we provide an overview of the diverse approaches
that have been taken to date to target NK-92 cells to various
hematological malignancies and solid tumors, summarize pre-
clinical in vitro and in vivo studies with special emphasis on
ErbB2 (HER2)-specific CAR NK-92 cells (NK-92/5.28.z) that
are ready to enter clinical trials, and discuss general advantages
and challenges associated with the use of CAR NK-92 cells as an
off-the-shelf cellular therapeutic.
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ADVANCES FROM THE CAR T CELL FIELD
ENABLING THE GENERATION OF
TUMOR-SPECIFIC NK CELLS

Since introduction of the basic CAR design with a single chain
fragment variable (scFv) antibody for target recognition fused
to CD3( or FceRly chains for signaling (first-generation CARs)
by Eshhar and colleagues (37), many groups have contributed
to further improve and develop this concept, facilitating the
clinical success of CAR T cell therapy seen today (38, 39). The
most significant CAR modification was thereby the inclusion
of costimulatory protein domains derived from CD27, CD28,
CD134 (OX40), CD137 (4-1BB), CD244 (2B4) or CD278 (ICOS)
(second-generation CARs), or their combinations (third-
generation CARs) in addition to CD3( to improve T-cell
activation, proliferation, and persistence (40). Other advances
enhancing CAR functionality and providing additional benefits
with respect to stimulating innate immunity, improving safety, or
alleviating tumor immune escape have been reviewed extensively
by Fesnaketal. (41). They include for instance interleukin (IL)-12-
armed T cells redirected for universal cytokine-mediated killing
(TRUCKS) (42), universal CARs activated by modular antibody-
based targeting molecules (43), and dual-targeting tandem CARs
(TanCARs) (44, 45). In patients with lymphomas and leukemias
of B-cell origin, remarkable efficacy was demonstrated and dura-
ble responses were achieved with both, T-cell products harboring
CD19-specific second-generation CD28- or CD137-containing
CARs. While in experimental models CD28-CD3( CARs led to
stronger T-cell activation, CD137-CD3( CARs prolonged in vivo
T-cell persistence and reduced exhaustion (46, 47).

Already early on, it was postulated for first-generation CARs
that they would be functional in NK cells (37), which was for-
mally demonstrated for a CAR-like CD4-CD3( fusion receptor
in human NK3.3 cells (26). In the first report proposing CAR-
engineered NK-92 cells as a continuously expanding off-the-shelf
cell therapeutic, we also applied a first-generation CAR consisting
of an ErbB2-specific scFv antibody fused to CD3{ through a
CD8a hinge region, which resulted in high and specific cytotox-
icity of the genetically modified cells toward ErbB2-expressing
breast cancer cells and other targets of solid tumor origins (23).
Similar first-generation CAR designs were successfully used
in subsequent studies with NK-92 cells targeting the B-cell
differentiation antigens CD19 and CD20 (48-53), CD138 for
recognition of multiple myeloma (54), and various surface anti-
gens expressed by solid tumors including the disialoganglioside
GD2, epithelial cell adhesion molecule (EpCAM), and a peptide
epitope of the melanoma antigen gp100 in complex with HLA-
A2 (55-59) (Table 1). In studies with CD19- and GD2-targeted
primary human NK cells, inclusion of costimulatory CD137 or
CD244 domains in the CAR in addition to CD3{ enhanced both
specific cytotoxicity and production of interferon (IFN)-y and
granulocyte-macrophage colony stimulating factor (GM-CSF)
when compared to first-generation CARs (24, 60). This clearly
demonstrates that at least primary NK cells benefit from CAR-
induced costimulatory signals. In preclinical studies, also an
ErbB2-specific CD28-CD3{ CAR and a CD20-specific CD137-
CD3{ CAR were shown to be functional in donor-derived human

NK cells, but no comparison with respective CD3(-only CARs
was performed (61, 62). Clinical trials with CAR-engineered
primary NK cells for the treatment of B-cell acute lymphoblastic
leukemia (B-ALL) employ CD19-specific CD137-CD3( recep-
tors (NCT00995137, NCT01974479; https://clinicaltrials.gov),
but results from these trials are not yet available.

INFLUENCE OF THE CAR DESIGN ON
FUNCTIONALITY OF RETARGETED
NK-92 CELLS

In the presence of IL-2, NK-92 cells persistently exhibit a pheno-
type similar to activated NK cells (33). Hence, CAR-engineered
NK-92 variants may be less dependent on costimulation than
T cells and primary NK cells (80). Nevertheless, second-genera-
tion CARs employing a composite CD28-CD3( signaling domain
have been shown to be functional in NK-92 cells targeting EpCAM
and ErbB2 on breast cancer cells (28, 67, 68), epidermal growth
factor receptor (EGFR) on glioblastoma cells and breast cancer
brain metastases (70-72), EGFRVIII, a glioblastoma-specific
mutant form of EGFR arising from an in-frame deletion of exons
2-7 of the receptor (71, 72), CD19 on B-cell malignancies (74),
CS1 on multiple myeloma cells (77), and CD33 on acute myeloid
leukemia cells (81). Likewise, second-generation CARs harbor-
ing CD137-CD3( domains and targeting ErbB2 (67), CD19 (74),
or peptide epitopes of Epstein-Barr virus (EBV) latent protein
EBNA3C, and Wilms tumor protein in complex with HLA-A2
(78, 79) have been used successfully with NK-92 cells as well as
third generation CD28-CD137-CD3( CARs that recognize CD3
or CD5 for elimination of malignant T cells (75, 76) (Table 1).

Only two reports compared the functionality of NK-92 cells
harboring CD3(-based first-generation or CD28-CD3(- and
CD137-CD3(-based second-generation CARs directly (67, 74),
using a general CAR design as depicted in Figure 1A. NK-92 cells
express high levels of CD3( and moderate levels of CD28 and
CD137 (23, 34, 67) (Figure 1B), suggesting that the CARs could
readily link to respective endogenous signaling pathways. Indeed,
while differences were relatively small, ErbB2-targeted NK-92 cells
expressing CD28-CD3( and CD137-CD3( CARs displayed more
pronounced cytotoxicity in short-term assays when compared
to a corresponding CD3{-only CAR (67). Conversely, CD19-
targeted NK-92 cells harboring a CD137-CD3( CAR were much
less effective in cell killing than cells expressing a CD3(-only or
a CD28-CD3( CAR containing the same cell targeting domain
(74). With respect to cytokine production, highest amounts of
IFN-y were found in cultures of CD19-specific NK-92 expressing
a CD28-CD3( CAR, while less pronounced levels were secreted
upon CAR activation by cells harboring a CD3(-only CAR, and
only marginally enhanced levels by cells carrying the CD137-
CD3( CAR.

The first-generation CARs included in these studies for
comparison utilized the endogenous transmembrane domain
of CD3(. This allowed formation of both, disulfide-linked CAR
homodimers, and heterodimers of the CAR with endogenous
CD3( of NK-92 cells (67, 74). Such preformed receptor com-
plexes may get activated more rapidly and by lower target antigen
densities than the CARs with CD28-CD3{ and CD137-CD3(
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TABLE 1 | Preclinical studies with CAR NK-92 cells.

Target Antibody Hinge ™ Signaling Gene transfer Cancer type In vivo Treatment Reference
model
ErbB2 (HER2) FRP5 mCD8a  mCD3¢  mCD3¢ Retrovirus Breast ca. CD-1nude  Local Uherek et al. (23)
Ovarian ca. co-injection
SCC
ErbB2 (HER2) FRP5 mCD8a  mCD3{  mCD3¢ Retrovirus Breast ca. BALB/c Systemic Daldrup-Link et al. (63),
nude Meier et al. (64)
ErbB2 (HER2) FRP5 mCD8a  mCD3¢  mCD3¢ Retrovirus Brain metastasis Athymic Systemic (with  Alkins et al. (65),
nude rats FUS) Alkins et al. (66)
ErbB2 (HER2) 4D5-8 higG2 hFceRly  hFceRly Retrovirus Breast ca. NSG Systemic Clemenceau et al. (58)
ErbB2 (HER2) FRP5 hCD8a  hCD3¢ hCD3¢ Lentivirus Breast ca. NSG Systemic Schonfeld et al. (67)
hCD28  hCD28-CD3¢ Ovarian ca.
hCD137 hCD137-CD3¢ Melanoma
RCC
ErbB2 (HER2) n.s. hCD8a  hCD28 hCD28-CD3¢ Electroporation ~ Breast ca. BALB/c Systemic Liu et al. (68)
nude
ErbB2 (HER2) FRP5 hCD8a  hCD28 hCD28-CD3¢ Lentivirus GBM NSG Local Zhang et al. (69)
C57BL/6
Epidermal 528 n.s. n.s. hCD28-CD3¢ Lentivirus Brain metastasis NSG Local Chen et al. (70)
growth factor (combined with
receptor (EGFR) HSV-1)
EGFR R-1 hCD8a  hCD28 hCD28-CD3¢ Lentivirus GBM NSG Local GenBler et al. (71)
EGFR/EGFRVIII - 528 n.s. hCD28 hCD28-CD3¢ Lentivirus GBM NSG Local Han et al. (72)
EGFR/EGFRVIII - 225 hCD8a  hCD28 hCD28-CD3¢ Lentivirus GBM NSG Local GenBler et al. (71)
EGFRuIII MR1-1 hCD8ax  hCD28 hCD28-CD3¢ Lentivirus GBM NSG Local GenBler et al. (71)
GD2 ch14.18 mCD8x  mCD3¢  mCD3¢ Retrovirus NB NSG Local Esser et al. (56),
Breast ca. Seidel et al. (59)
Melanoma
Epithelial cell MOC31 mCD8ax  mCD3¢  mCD3¢ Retrovirus Prostate ca. Athymic Systemic Tavri et al. (55),
adhesion nude rats Meier et al. (73)
molecule
(EpCAM)
EpCAM MOC31 hCD8a  hCD28 hCD28-CD3¢ Lentivirus Breast ca. - - Sahm et al. (28)
CD19 FMC63 mCD8a mCD3¢  mCD3¢ Retrovirus B-ALL - - Romanski et al. (48),
Romanski et al. (53)
CD19 FMC63 mCD8x  mCD3¢  mCD3¢ mRNA B-ALL - - Boissel et al. (50)
transfection CLL
CD19 FMC63 mCD8a  mCD3¢  mCD3¢ mRNA B-ALL - - Boissel et al. (51)
transfection CLL
Lentivirus Burkitt’s lymphoma
CD19 FMC63 mCD8x  mCD3;{  mCD3(¢ Lentivirus B-ALL NOD/SCID  Local Boissel et al. (52)
CLL NSG Systemic
CD19 FMC63 hCD8a  hCD3¢ hCD3¢ Lentivirus B-ALL NSG Systemic Oelsner et al. (74)
hCD28 hCD28-CD3¢ Burkitt’s lymphoma
hCD137 hCD137-CD3¢
CD20 Leu-16 mCD8x  mCD3¢  mCD3¢ Retrovirus B-ALL NSG Local Mdller et al. (49)
CLL co-injection
Burkitt’s lymphoma
CD20 Leu-16 mCD8ax  mCD3¢  mCD3¢ mRNA B-ALL - - Boissel et al. (51)
transfection CLL
Lentivirus Burkitt’s lymphoma
CD20 Leu-16 mCD8a mCD3¢  mCD3¢ Lentivirus B-ALL NOD/SCID  Local Boissel et al. (52)
CLL NSG Systemic
(Continued)
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TABLE 1 | Continued

Target Antibody Hinge ™ Signaling Gene transfer Cancer type In vivo Treatment Reference
model
CD3 n.s. hCD8a  hCD8a hCD28-CD137- Lentivirus PTCL NSG Systemic Chen et al. (75)
CD3¢ T-ALL
CD5 n.s. hCD8a  hCD8a hCD28-CD137- Lentivirus PTCL NSG Systemic Chen et al. (76)
CD3¢ T-ALL
Sézary syndrome
CD138 4B3 hCD8a  hCD3¢ hCD3¢ Lentivirus MM NOD/SCID  Systemic Jiang et al. (54)
CSH Luc90 n.s. n.s. hCD28-CD3¢ Lentivirus MM NSG Systemic Chu et al. (77)
EBNA3C EBNA hCD8a  hCD8a hCD137-CD3¢  Retrovirus BLCL - - Tassev et al. (78)
peptide Clone 315
9p 100200217 GPA7 n.s. HLA-A2  hCD3¢ Electroporation  Melanoma NOD/SCID  Systemic Zhang et al. (57)
peptide
WT1426 peptide Q2L hCD8a  hCD8a hCD137-CD3¢  Retrovirus B-ALL - - Zhao et al. (79)
AMoL
NB

TM, transmembrane domain; n.s., not specified; m, murine; h, human; SCC, squamous cell carcinoma; RCC, renal cell carcinoma; GBM, glioblastoma; NB, neuroblastoma; B-ALL,
B-cell acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; PTCL, peripheral T-cell lymphoma; T-ALL, T-cell acute lymphoblastic leukemia; MM, multiple myeloma;
BLCL, Epstein-Barr virus (EBV)-transformed lymphoblastoid B cell line; AMoL, acute monocytic leukemia; FUS, MRI-guided focused ultrasound.

domains, which contained the transmembrane domains of CD28
and CD137 and did not form covalent dimers as assessed by SDS-
PAGE and immunoblot analysis (74) (Figure 1C). Of note, while
this was not the case for the CD19-specific CD137-CD3({ CAR
tested in NK-92 cells, a different CD19-specific CD137-CD3(
CAR that contained the transmembrane domain of CD8a and
formed covalent CAR homodimers showed enhanced activity in
comparison to a respective CD3C-only CAR in primary NK cells
(24). Also sterical effects such as distance of the target epitope
to the cell surface and CAR accessibility can play a role in deter-
mining the activation threshold of individual CARs (82, 83). This
may explain why in NK-92 cells otherwise identical ErbB2- and
CD19-targeted CD137-CD3( CARs in one case led to higher and
in the other case to lower-specific cell killing when compared to
the respective CD3(-only CAR (67, 74). Hence, while the data
available so far suggest that inclusion of a costimulatory protein
domain in the CAR can be beneficial at least for particular func-
tions of NK-92 cells, continuing research efforts are needed to
clarify whether cytotoxicity, cytokine production, and resistance
to immunosuppressive mechanisms can be improved with a
single, generalized CAR design. Possibly, the most optimal CAR
composition has to be determined experimentally in each case,
taking into consideration CAR-binding affinity, location of the
binding epitope within the target antigen, length of hinge region,
and nature of the transmembrane domain (84).

CONTINUOUS EXPANSION OF CAR
NK-92 CELLS

Isolation and ex vivo expansion of peripheral blood-derived
NK cells for therapeutic applications can be demanding, time-
consuming, and costly (85). Since KIR-mismatched allogeneic
NK cells are superior to autologous cells, a suitable donor needs
to be identified to allow for efficient GvL or GvT activity (18-20).

Moreover, owing to the intricate heterogeneity of human NK cells
with respect to cytotoxic and regulatory activity, NK-cell licens-
ing, unlicensing, and memory, selecting the most appropriate NK
subpopulations for cancer therapy is difficult (86, 87). Sufficient
numbers of NK cells are critical for a better clinical outcome,
which is complicated by the limited ex vivo expansion potential
of NK cells that remains a challenge despite the development of
genetically engineered feeder cells supporting NK-cell growth and
improved protocols for cytokine stimulation (25, 88, 89). These
issues are also relevant for the development of CAR-engineered
primary NK cells, which may explain the slow progress in this
field with respect to CAR T cells.

Chimeric antigen receptor-engineered NK-92 could offer
a valid and cost-effective alternative to primary CAR NK or
T cells, in particular, in cases, where a suitable donor is not avail-
able or the sophisticated infrastructure needed for cell isolation,
expansion, and genetic modification is missing. Methodology
for continuous good manufacturing practice (GMP)-compliant
expansion from an established master cellbank has been validated
in the framework of early phase clinical trials with unmodified
NK-92 cells and can easily be adapted for large-scale production
in centralized facilities (32, 90). This advantage may readily be
extended to CAR-engineered NK-92 variants. In contrast to CAR
approaches based on autologous or donor-derived primary cells,
genetic modification of NK-92 cells is thereby not performed in
a patient-individual setting under tight time constraints. Instead,
a molecularly and functionally well-characterized cell product
can be established for a particular target specificity independent
from the time point of therapeutic application. The resulting
cells are stable with respect to CAR expression and functional-
ity during extended expansion, as recently demonstrated for
ErbB2-specific NK-92/5.28.z cells (also termed “HER2.taNK”
for HER2-specific target-activated NK), a single-cell clone
derived under GMP-compliant conditions that is intended for
clinical use (67).
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FIGURE 1 | Expression of first- and second-generation chimeric
antigen receptors (CARs) in NK-92 cells. (A) Schematic representation of
first- and second-generation CARs for expression in NK-92 cells that consist
of an extracellular single chain fragment variable (scFv) antibody domain for
target recognition fused via a hinge region derived from CD8« (hinge) to
transmembrane and intracellular domains of CD3( (left), transmembrane and
intracellular domains of CD28, and the intracellular domain of CD3¢ (middle),
or transmembrane and intracellular domains of CD137 (4-1BB) and the
intracellular domain of CD3( (right). (B) To assess endogenous expression of
CD28 and CD137, lysates of NK-92 cells were subjected to SDS-PAGE and
subsequent immunoblotting with CD28- and CD137-specific antibodies as
indicated. Lysates of peripheral blood mononuclear cells (PBMCs) from
healthy donors were included for comparison. (C) For analysis of CAR
expression, lysates of NK-92 cells transduced with lentiviral vectors that
encode CD19-specific CARs containing CD3¢, composite CD28-CD3L, or
CD137-CD3¢ signaling domains as represented in (A) were subjected to
SDS-PAGE under reducing (R, left panel) or non-reducing conditions (NR,
right panel) and subsequent immunoblotting with CD8a-specific antibody,
which detects the hinge domain. The positions of CAR monomers,
homodimers of the CD3¢ CAR, and heterodimers of the CD3¢ CAR with
endogenous CD3( are indicated. Data in panel (C) are from
Oelsner et al. (74).

AsNK cells, NK-92 as well as their CAR-expressing derivatives
are dependent on exogenous IL-2 for growth and maintenance of
their activated phenotype (23, 33). To ease cell expansion, differ-
ent groups have engineered NK-92 by retroviral transduction or
particle-mediated non-viral gene transfer to ectopically produce
IL-2, leading to IL-2 secretion and growth of the cells in the
absence of IL-2 supplementation (91, 92). Similarly, IL-15 and
stem cell factor (SCF) have been ectopically expressed in NK-92
using plasmid DNA transfection (93, 94). While the resulting
cells proliferated in medium with lower IL-2 concentrations than
parental NK-92, in contrast to the IL-2-engineered variants, they
were not completely independent from exogenous cytokines. In
humans, high concentrations of IL-2 are associated with severe
toxicity. Furthermore, in contrast to IL-15, IL-2 preferentially
enhances the activity of T, cells, which is not desired in the con-
text of cancer immunotherapy (95). Hence, a modified version

of IL-2 was developed for expression in NK-92, which carries a
C-terminal KDEL endoplasmic reticulum retention signal. This
still allowed activation of IL-2 receptor complexes in the secretory
pathway of the producer cells but limited release of IL-2 and avail-
ability to bystander cells (96, 97). A similar effect was achieved
by expression of unmodified IL-15 in NK-92 using a lentiviral
vector, which supported growth in the absence of exogenous IL-2
but also restricted cytokine activity to the producer cells. When
IL-15 was coexpressed with an EpCAM-specific CAR from a
bicistronic lentiviral vector, transduced cells could be enriched
merely by IL-2 withdrawal, with the selected CAR NK-92 cells
displaying high and specific cytotoxicity in the absence of exog-
enous cytokines (28).

CAR-ENGINEERED NK-92 CELLS EXHIBIT
ANTIBODY-DEPENDENT CELL-MEDIATED
CYTOTOXICITY (ADCC)-LIKE ACTIVITY
AND SERIAL KILLING

Antibody-dependent cell-mediated cytotoxicity of NK cells is
triggered by FcyRIIla (CD16), which associates with CD3( and
FceRly that are linked to overlapping as well as distinct intracel-
lular signaling pathways (98, 99). NK-92, which is phenotypically
CD16-negative, readily mediates ADCC in the presence of a
suitable IgG antibody when engineered to express FcyRIIIa
(27,97, 100). This has sparked efforts to clinically develop geneti-
cally modified NK-92 cells that harbor the high affinity V158
variant of CD16 (termed haNK) in combination with antibodies
of IgGl1 isotype (32, 97). Initial safety assessment of such cells in
cancer patients is expected to begin soon (NCT03027128; https://
clinicaltrials.gov). Interestingly, side by side comparison of
NK-92 cells carrying a CD20-specific first-generation CAR with
a CD3( domain showed more pronounced killing of otherwise
NK-resistant primary CLL cells than CD16-engineered NK-92
applied together with rituximab (52). Similarly, NK-92 cells
harboring an EBV EBNA3C-specific CAR lysed peptide-pulsed
B-cell lymphoblastic cells more efficiently than CD16-engineered
NK-92 in the presence of an anti-EBNA3C-Fc fusion protein (78)
and NK-92 cells expressing a trastuzumab-based ErbB2-specific
CAR with an FceRlIy signaling domain displayed more enhanced
cytotoxicity against breast carcinoma cells than NK-92 harboring
a CD16-FceRIy hybrid receptor in combination with trastuzumab
antibody (58).

Successful triggering of ADCC through CD16 requires its
non-covalent interaction with the Fc portion of an antibody
that is simultaneously bound to its antigen on the surface of a
neighboring target cell, as well as association with intracellular
CD3( and FceRly. Direct linkage of extracellular target recog-
nition and intracellular signaling functions in one molecule as
implemented in a CAR can bypass such complex stoichiometry
and intermolecular interactions, likely accelerating kinetics of
NK-cell activation. CAR signal strength is further enhanced by
integrating CD3(, which in monomeric form contributes three
immunoreceptor tyrosine-based activation motifs (ITAMs) that
are crucial for downstream signaling, while an FceRIy monomer
only provides one ITAM sequence (101). Accordingly, specific
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target-cell recognition by CAR NK-92 results in immediate and
effective ADCC-like activity, characterized by orientation of
cytotoxic granules toward the immunological synapse, release
of high levels of perforin and granzyme B, and rapid induction
of target-cell apoptosis as demonstrated for various tumor-
associated antigens (23, 49, 67, 71, 74). Live cell imaging and
cytotoxicity experiments at effector to target ratios below 1:1
showed that one CAR-engineered NK-92 cell can thereby kill
multiple targets within a few hours (49, 67, 74). This includes
tumor cells exhibiting only moderately enhanced expression of
the chosen target antigen, as demonstrated for established and
tumor-initiating primary glioblastoma cells exposed to ErbB2-
specific NK-92/5.28.z cells (69). NK-92/5.28.z cells also killed
trastuzumab-sensitive and trastuzumab-resistant ErbB2-positive
breast carcinoma cells to a similar extent (Figure 2), attesting
to the different mode of action of the retargeted NK cells and
suggesting their application in a disease setting with existing
resistance to other targeted therapies.

IN VIVO ANTITUMOR ACTIVITY
OF CAR NK-92 CELLS

Initial studies performed with ErbB2-, CD20-, and GD2-targeted
CAR NK-92 cells showed that these cells retain specific cytotoxic-
ity in simplified in vivo models in immunocompromised nude
and NOD-SCID IL2R y™! (NSG) mice, where effector cells were
either subcutaneously coinjected together with tumor cells, or
established subcutaneous tumors treated by peritumoral NK-cell
injection. This resulted in delayed tumor onset and extended sur-
vival when compared to animals receiving parental NK-92 cells
(23, 49, 59). Similar intratumoral treatment may be an option
for cancer indications such as glioblastoma and brain metastasis,
where disease is locally restricted. This has been investigated
with NK-92 cells-expressing second-generation CARs targeting

ErbB2, EGFR, or mutant EGFRVIII, which are expressed by alarge
proportion of human glioblastomas. In orthotopic xenograft mod-
els in NSG mice, repeated stereotactic injection of ErbB2-specific
NK-92/5.28.z cells into the tumor area effectively inhibited tumor
progression and resulted in a marked extension of survival, while
parental NK-92 cells were ineffective (69). Similar effects were
seen upon local application of NK-92 cells equipped with CARs
that recognize EGFR, mutant EGFRVIII, or both antigens against
orthotopic EGFR- and/or EGFRVIII-positive glioblastoma xeno-
grafts or breast cancer brain metastases growing in NSG mice
(70-72). In contrast to EGFR- or EGFRvIII-targeted monospe-
cific NK-92 variants, dual targeting of EGFR and EGFRVIII with
a cetuximab-based CAR recognizing a common epitope of the
receptors, thereby circumvented immune escape in mixed tumors
that similar to the clinical situation, consisted of EGFR-positive
and EGFR/EGFRVIII-double positive glioblastoma cells (71).
For broad applicability in metastatic and disseminated
disease, CAR effector cells must cross tissue barriers and reach
distant tumor sites to be effective. Magnetic resonance imaging,
bioluminescence imaging, and positron emission tomography
experiments as well as direct analysis of tumor infiltration revealed
rapid and specific accumulation of intravenously injected NK-92
carrying first- and second-generation ErbB2-specific or EpCAM-
specific CARs in orthotopic breast and subcutaneous prostate
carcinoma xenografts in rodents (55, 63, 64, 67, 73), while parental
NK-92 cells showed no tumor homing and were mainly localized
to spleen and liver (55). Focused ultrasound has been demon-
strated to allow systemically applied CAR NK-92 cells to cross the
blood-brain barrier and reach breast cancer brain metastases in
a xenograft model in immunocompromised rats (65, 66). Specific
antitumor activity of intravenously applied CAR NK-92 cells has
also been found in a model of locally growing breast carcinoma
(68), in an experimental renal cell carcinoma metastasis model
(67), and models of disseminated leukemia, lymphoma, and
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FIGURE 2 | Activity of NK-92/5.28.z against ErbB2-expressing breast carcinoma cells. Cytotoxicity of CAR-engineered ErbB2-specific NK-92/5.28.z cells
(filled circles) against ErbB2-overexpressing and trastuzumab-sensitive MDA-MB453 (left), or ErbB2-overexpressing and trastuzumab-resistant JIMT-1 (middle) and
CAL-51 (right) breast carcinoma cells was investigated in flow cytometry-based cytotoxicity assays after coincubation of NK cells and tumor cells at different effector
to target ratios (E/T) for 2 h. Parental NK-92 cells were included for comparison (open circles). Mean values + SEM are shown; n = 3.
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multiple myeloma (52, 74-77), underscoring the potential of
CAR-engineered NK-92 cells for the treatment of a large variety
of different cancers.

NK CELLS: A BRIDGE BETWEEN INNATE
AND ADAPTIVE ANTITUMOR IMMUNITY

Natural killer cells do not only play a critical role in antitumor
immunity by directly eliminating malignant cells, but also by
regulating tumor-specific adaptive immune responses through
cross talk with other immune cells. In particular, the interaction
between NK cells and dendritic cells (DCs) is important in this
context (Figure 3). On the one hand, DCs enhance the direct
antitumor activity of NK cells (102). On the other hand, NK cells
regulate DC maturation, thereby determining the effectiveness
of subsequent DC-mediated T-cell activation (103, 104). Once
activated by target cells or soluble factors, NK cells secrete high
amounts of IFN-y and tumor necrosis factor (TNF)-a, which
synergistically contribute to the maturation of immature DCs
(iDCs). This leads to enhanced expression of costimulatory
molecules such as CD80, CD83, and CD86 by the DCs and

favors Thl polarization during subsequent DC-mediated T-cell
activation (105-107). Mature DCs (mDCs) release IL-12, IL-15,
and IL-18, which in turn enhance IFN-y expression by NK cells
and NK-cell cytotoxicity against virus-infected and tumor cells
(103, 108). Likewise, cytotoxicity of NK cells can be boosted by
type I interferons such as IFN-a secreted by plasmacytoid DCs
(pDCs) (109).

Dendritic cell maturation and reciprocal NK-cell activation are
also strongly dependent on the engagement of activating recep-
tors like NKp30, NKG2D, and NKp46 on NK cells (107, 110-113).
Concurrent with inducing DC maturation, NK cells control the
quality of the mDC population by killing iDCs (DC editing),
which can otherwise induce immune tolerance through T-cell
depletion or T, expansion. Discrimination and lysis of iDCs by
NK cells is mainly regulated by activating signals through NKp30
and inhibitory signals through KIRs and the NKG2A/CD%4
complex (107, 114). Accordingly, inhibition of NKp30 signaling
or reduced NKp30 expression results in impaired NK-mediated
killing of iDCs (110, 115, 116). Both mDCs and iDCs express
NKp30 ligands. However, higher amounts of HLA class I and
HLA-E molecules expressed by mDCs protect them from lysis

Lymph node

Tumor cells

Maturation

DC maturation

| Cross-priming |

Periphery

FIGURE 3 | Reciprocal natural killer (NK)—dendritic cell (DC) cross talk. Upon activation by target tumor cells or cytokines, NK cells produce IFN-y and
tumor necrosis factor (TNF)-a that can promote DC maturation. DC maturation is also strongly dependent on the engagement of activating receptors on NK cells
such as NKp30 and NKG2D. Mature DCs (mDCs) will in turn produce interleukin (IL)-12, IL-15, and IL-18, which enhance cytotoxicity and IFN-y secretion of

NK cells. NK cells can also distinguish immature (iDC) and mDCs through activating NKp30 and inhibitory killer cell immunoglobulin-like receptors and NKG2A/CD94
and eliminate immature DCs (iDCs), thereby maintaining the quality of the mDC population (DC editing). NK-cell cytotoxicity can be further augmented by IFN-a
secreted by plasmacytoid DCs (pDCs). NK-induced tumor cell lysis provides antigens, which can be taken up by DCs for antigen presentation. Once maturated,
antigen-loaded mDCs will migrate into tumor-draining lymph nodes, cross-present tumor antigens to naive T cells, and induce their differentiation toward tumor-
specific CD8* cytotoxic T cells and CD4* T helper 1 (Th1) cells.
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by NK cells, whereas lower HLA class I and HLA-E expression
makes iDCs vulnerable (114, 117). Importantly, by direct lysis of
malignant cells, NK cells also provide tumor antigens for uptake
and processing by DCs, which upon maturation and migration
into a tumor-draining lymph node can cross-present such anti-
gens to T cells, thereby inducing Th1 polarization of CD4* T cells
and differentiation of CD8* T cells into tumor-specific cytotoxic
T-lymphocytes (CTLs). NK cells can also migrate into tumor-
draining lymph nodes and provide an early source of IFN-y for
Th1 polarization (118).

CAR-ENGINEERED NK-92 CELLS
OVERCOME IMMUNOSUPPRESSIVE
MECHANISMS AND ENHANCE ADAPTIVE
ANTITUMOR IMMUNITY

As discussed above, efficient NK-cell activation is a prerequisite
for productive NK-DC interaction. However, in cancer patients,
NK-cell abnormalities are frequently found, including reduced
NK-cell numbers, impaired cytotoxicity, and inefficient tumor
infiltration (119). Especially in solid tumors, NK-cell activity is
negatively affected by immunosuppressive factors in the tumor
microenvironment (17, 120). High levels of TGF-p, IDO, and
PGE2, as well as hypoxic conditions strongly inhibit the ability
of NK cells to upregulate cytokine production and expression of
activating cell surface receptors, while decreasing expression of
ligands for activating NK-cell receptors by tumor cells. Under
these conditions, tumor cells can also upregulate the non-
classical MHC class I molecule HLA-G, a ligand for the NK-cell
inhibitory receptors KIR2DL4 and ILT-2 (17, 121). Hence,
therapeutic approaches that restore diminished NK-cell function
may not only enhance direct NK-mediated tumor cell lysis but
also improve clinical outcome by reinforcing DC activity and
induction of adaptive antitumor immune responses.

Killing of cancer cells by CAR-engineered NK-92 is largely inde-
pendent from the activation of endogenously expressed activating
NK receptors and the presence of their ligands on target cells but
mainly mediated by CAR-activation through binding to a cognate
tumor-associated surface antigen (23, 49, 56, 67, 69, 71, 74). As
recently demonstrated for ErbB2-specific NK-92/5.28.z carrying
a CD28-CD3( CAR, such cells retain efficient CAR-mediated
cell killing even under hypoxic conditions and in the presence
of TGF-p concentrations exceeding the elevated TGF-f levels
found in the plasma of cancer patients (69, 122). Furthermore,
target tumor cells ectopically overexpressing human HLA-G were
unable to block specific cell killing by CAR-engineered NK-92
(Zhang et al., unpublished data), although NK-92 cells express
the immunoregulatory receptors KIR2DL4 and ILT-2, which are
activated by HLA-G (34, 123). These findings show that activated
CAR NK-92 cells can maintain their cytotoxic potential in an
immunosuppressive environment similar to the one found within
a solid tumor. In addition, NK-92 readily express activating NK
receptors such as NKp30 and NKG2D while most of the inhibi-
tory KIRs are absent (34), which may make CAR NK-92 cells
particularly effective in aiding DC maturation and editing, and

enhancing DC-mediated cross-priming of tumor-specific T cells
and induction of adaptive antitumor immunity.

We recently investigated this possibility in an immunocompe-
tent mouse model for glioblastoma and could indeed demonstrate
the induction of endogenous antitumor immunity following
therapy with CAR-engineered NK-92 cells (69). In this model, the
majority of mice carrying syngeneic intracranial GL261/ErbB2
glioblastomas were cured upon repeated intratumoral injec-
tion of ErbB2-specific NK-92/5.28.z cells, while unmodified
parental NK-92 cells were unable to inhibit tumor progression
(Figure 4A). Human NK-92 and CAR NK-92 cells do not perma-
nently engraft in immunodeficient mice and are quickly rejected
by immunocompetent animals (67, 69, 124, 125). Nevertheless,
without any further treatment, all mice that were cured from their
initial tumors also rejected a rechallenge with GL261/ErbB2 cells
injected into the other brain hemisphere 4 months after initial
therapy, mediated by an endogenous memory immune response
induced in the animals by initial treatment with NK-92/5.28.z
(69). Sera from these mice contained IgG antibodies reactive with
both GL261/ErbB2 and ErbB2-negative, but otherwise isogenic
GL261 cells (Figure 4B), indicating that the induced protective
antitumor immune response was broadly directed against the
glioblastoma cells and not limited to the CAR target antigen.
Accordingly, mice that were cured of GL261/ErbB2 tumors also
rejected a subsequent challenge with GL261 cells (Zhang et al,,
unpublished data). When animals that had rejected the initial
tumor and the first rechallenge with GL261/ErbB2 were injected
once again with GL261/ErbB2 cells but this time after depletion
of CD4* and CD8* T cells, tumors formed in a large proportion of
the mice. This demonstrates that protective immunity induced by
initial treatment with NK-92/5.28.z cells was also dependent on
T-cell memory (Figure 4C). Similarly, in a later study by Boissel
et al., intratumoral injection with NK-92 cells expressing a CAR
specific for murine CD19 induced protective antitumor immu-
nity in a syngeneic A20 lymphoma model in immunocompetent
mice (126).

These data suggest that the release of tumor antigens through
the cytotoxic activity of CAR NK-92 cells, most likely augmented
by the demonstrated CAR-induced production of high levels of
pro-inflammatory cytokines (67, 69, 71, 74), can not only induce
a humoral immune response directed against the tumor but also
enhance cross-presentation of tumor antigens by murine DCs
for the activation of tumor-specific CTLs. In a clinical setting,
this may be further enhanced by IFN-y, which is released at high
levels by activated CAR NK-92. In murine models, the effects of
human IFN-y are limited due to the species-specificity of IFN-y/
IFNGRI interactions (127, 128). Of note, apoptotic tumor cells
have been shown to be superior to cell lysates or tumor cell RNA
in inducing a tumor-specific T-cell response (129, 130). Hence,
tumor-cell apoptosis induced by the release of cytotoxic granules
from activated CAR NK-92 cells provides tumor antigens in a
most effective form for uptake, processing, and presentation by
DCs. Whether this vaccine or adjuvant effect of CAR NK-92 cells
is a particular consequence of direct intratumoral administration
as performed in our study and the study by Boissel et al. (69, 126)
is subject of ongoing investigations.
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FIGURE 4 | Induction of protective antitumor immunity by CAR-engineered NK-92 cells. (A) Murine GL261/ErbB2 glioblastoma cells (5 x 10° stably
expressing human ErbB2 were stereotactically injected into the right striatum of syngeneic C57BL/6 mice. Seven days later, animals were treated once per week for
3 weeks by intratumoral injection of 2 x 108 parental NK-92 (n = 6) or NK-92/5.28.z cells (n = 8), which express an ErbB2-specific CAR with CD28 and CD3¢
signaling domains. Animals that were cured upon NK-92/5.28.z treatment (n = 5) were rechallenged at day 126 by injection of 5 x 10° GL261/ErbB2 cells into the
left brain hemisphere without further NK-cell therapy and symptom-free survival was followed. Naive C57BL/6 mice injected into the brain with GL261/ErbB2 cells at
day 126 served as a control (n = 5) (69). (B) Induction of IgG serum antibodies against glioblastoma cells in NK-92/5.28.z-treated animals (n = 4) from the
experiment summarized in (A) was investigated by flow cytometry with GL261/ErbB2 (upper panel) and ErbB2-negative parental GL261 cells (lower panel) using
sera collected at day 210. Sera from naive C57BL/6 mice (n = 2) served as controls. MFI, mean fluorescence intensity (geometric mean). Data for GL261/ErbB2
cells are from Zhang et al. (69). (C) T cells in the NK-92/5.28.z-pretreated and rechallenged mice were depleted by intravenous injection of CD4- and CD8-specific
antibodies at days 568, 573, 578, 582, 587, and 592 (left and middle panels). At day 575, these animals were rechallenged a second time with 5 x 10° GL261/
ErbB2 cells injected into the left brain hemisphere without further NK-cell therapy. Tumor development was assessed by MRI at day 595 (right panels).

GENERAL SAFETY ASPECTS OF CAR
NK-92 CELLS

In addition to the well-defined chimeric receptor, polyclonal
CAR T cells carry endogenous, MHC-restricted T-cell recep-
tors (TCRs) of unknown specificity. In an autologous setting,
it can be expected that due to thymic selection, only very few
autoreactive T cells are present in the periphery. Nevertheless,
in donor-derived CAR T cells, CAR-induced activation and
expansion may accidentally result in increased TCR-mediated
reactivity with the recipient’s tissues, leading to severe GvHD
(131). Unlike T cells, NK cells do not carry genetically rearranged
clonogenic receptors. Ligands for germline-encoded activating

NK-cell receptors are typically upregulated only by stressed cells
after virus infection or malignant transformation, which is the
basis of the NK cells’ intrinsic antitumor activity (2). Hence, the
activating receptors NKp30, NKp46, and NKG2D expressed by
NK-92 can be expected to contribute to the antitumor activity
of CAR-engineered variants rather than causing adverse effects
(34). The natural cytotoxicity of NK-92 is largely retained by
CAR-expressing variants as demonstrated in different studies
using K562 cells as targets (23, 49).

Donor lymphocyte infusion with allogeneic NK cells is
mostly performed in the context of hematopoietic stem cell
transplantation and generally considered safe, without a high
risk of inducing GvHD (20). Nevertheless, depending on donor
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selection and ex vivo activation, development of acute GvHD
after NK DLI has been described, attributed to NK-dependent
augmentation of T-cell alloreactivity (132). In two clinical tri-
als with NK-92 cells, only mild infusion-related side effects
were noted, while no severe treatment-related toxicities were
observed even at a cell dose as high as 1 X 10'/m? body surface
(31, 35, 36). While HLA-specific antibodies reactive with the
allogeneic cells were found in some patients after NK-92 therapy,
this was not linked to adverse effects. To prevent potential engraft-
ment of NK-92 that was initially derived from a non-Hodgkin
lymphoma patient (33), the cells were irradiated with 10 Gy prior
to infusion, prohibiting further proliferation but only resulting in
a gradual decline of cytotoxicity over several days (31). Since it
is presently unknown whether non-irradiated NK-92 cells have
the potential to form secondary lymphoma in a human host,
irradiation of the cells before infusion will also be included as
a safety measure in a planned phase I clinical trial investigating
intratumoral injection of ErbB2-specific NK-92/5.28.z cells in
patients with recurrent ErbB2-positive glioblastoma (69, 133).
Like parental NK-92, CAR-engineered NK-92 variants tran-
siently retain specific cytotoxicity after y-irradiation with 10 Gy,
with unchanged in vitro and in vivo antitumor activity (23, 56,
67, 69). This extends to the immunostimulatory activity of CAR
NK-92 cells, which was also found for irradiated ErbB2-specific
NK-92/5.28.z cells in an immunocompetent glioblastoma mouse
model similar to the one described in Figure 4 (Zhang et al,
unpublished data). Hence, in contrast to CAR T cells, which are
capable of uncontrolled in vivo expansion, the effective dose of
CARNK-92 cells can be tightly managed to establish a therapeutic
window, albeit at the price of potentially higher cell numbers and
more frequent treatment intervals needed.

A major concern with CAR T-cell therapy is cytokine release
syndrome (CRS) frequently observed in clinical trials with CD19-
specific effector cells, which can be severe and even cause fatalities.
IL-6 production and IL-6 trans-signaling after massive activation
of infused CAR T cells were found to play a critical role in CRS
(134). CRS can be managed with the IL-6 receptor (IL-6R) block-
ing antibody tocilizumab or steroid treatment (134-136). While
the latter inhibits CAR T-cell expansion and activity, it constitutes
an important option for patients who do not respond to the IL-6R
antagonist. In contrast to CAR T cells, activated CAR NK-92 cells
do not produce measurable amounts of IL-6 and IL-4 as demon-
strated for NK-92 variants targeted to EGFR, EGFRVIII, ErbB2, or
CD19 (67, 69, 71, 74). Instead, upon CAR activation, these cells
secrete high levels of IFN-y, macrophage inflammatory protein
(MIP)-1a (CCL3), GM-CSE, and moderate levels of TNF-«. This
cytokine/chemokine profile appears more favorable and less likely
to induce CRS, while supporting the CAR NK-92-induced activa-
tion of endogenous antitumor immunity described above.

POTENTIAL ON-TARGET/OFF-TUMOR
TOXICITY

Chimeric antigen receptor effector cells specifically targeting
mutated tumor antigens and viral antigens not expressed in
normal tissues do not carry the risk of inducing on-target/
off-tumor toxicity. This safety feature is given for CAR NK-92

cells selective for the tumor-specific EGFR mutant EGFRvIII
frequently expressed in glioblastoma (71) and genetically modi-
fied NK-92 cells recognizing an epitope of the EBV latent protein
EBNA3C in complex with HLA-A2 (78). However, most CARs
currently available are directed to non-mutated self-antigens
differentially expressed by the cancer cells. Consequently, there
is a possibility for on-target/off-tumor activity against antigen-
positive healthy tissues, which can result in severe toxicities.
B-cell aplasia is typically observed after CD19 CAR T-cell therapy
but can easily be managed by infusion of immunoglobulins. This
may be different if a tumor-associated target antigen is also pre-
sent in vital tissues. In a clinical trial conducted at the National
Cancer Institute, a fatal adverse event occurred after infusion of
autologous T cells modified to express an ErbB2-specific third
generation CAR based on trastuzumab (137). Although antigen-
independent CAR activation due to the combination of three
signaling domains (CD137, CD28, CD3() cannot be excluded
(46), massive T-cell activation and respiratory failure immedi-
ately after CAR T-cell infusion may have been triggered at least in
part by ErbB2 expressed at low levels on normal lung epithelium.
In addition to CAR affinity, the location of the CAR-binding
epitope within the target antigen can play a decisive role in effector
cell activation and influence on-target/off-tumor effects (82, 138).
In the case of CAR T cells, CARs directed to membrane-distal
epitopes were shown to be superior in binding but less potent in
mediating activation than CARs directed to membrane-proximal
epitopes of the same antigen (82, 83). We recently showed a simi-
lar effect for CAR NK-92 cells targeting EGFR, where a second-
generation CAR based on antibody cetuximab, which interacts
with domain IIT of EGFR mediated more potent cytotoxicity than
an otherwise identical CAR based on antibody R1 that recognizes
an epitope within the N-terminal EGFR domain I (71). The tras-
tuzumab-derived ErbB2-specific scFv antibody fragment used by
Morgan et al. binds to the juxtamembrane region (domain IV) of
the target receptor (137, 139). In contrast, antibody FRP5 used for
the generation of ErbB2-specific NK-92/5.28.z cells recognizes
a discontinuous epitope within domain I of ErbB2 facing away
from the cell surface (44, 140). Consequently, FRP5-based CARs
are less likely than trastuzumab-based CARs to get activated by
ErbB2 expressed at moderate levels, which is supported by data
from a clinical trial in sarcoma patients with ErbB2-specific
T cells carrying an FRP5-based second-generation CAR, where
no on-target/off-tumor toxicities were observed (141).
Irradiated CAR NK-92 cells do not expand and persist in vivo.
Hence, they may even be applicable in a clinical setting to target
more abundantly expressed self-antigens such as non-mutated
EGER (70-72), since side effects due to reactivity with normal tis-
sues would be expected to be transient. In the future, more sophis-
ticated safety measures like expression of inducible caspase-9
(iCasp9) as a suicide gene may thereby replace y-irradiation of
NK-92 and CAR NK-92 cells, allowing to rapidly eliminate the
cells in case of toxicities, but also to extend in vivo activity with
a reduction in the cell dose and treatment frequency needed.
iCasp9 represents a fusion of the human FK506-binding protein
FKBP12 harboring an F36V mutation, and truncated human
caspase-9 lacking the caspase activation and recruitment domain
(142). In the presence of otherwise inert FK506 analogs such as
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FIGURE 5 | Inducible caspase-9 (iCasp9) as a safety switch for
CAR-engineered NK-92 cells. (A) NK-92 cells transduced with a lentiviral
vector that encodes iCasp9 and ErbB2-specific CAR 5.28.z separated by a
Thosea asigna virus self-cleaving peptide (T2A) (NK-92/iCasp9_T2A_5.28.2)
were incubated in the presence of 10 nM of the homodimerizer AP20187 for
iCasp9 activation. Lysates of cells collected after 10, 20, 30, or 60 min of
exposure to AP20187 were subjected to SDS-PAGE and subsequent
immunoblotting with a caspase-9-specific antibody. Lysates of NK-92/
iCasp9_T2A_5.28.z cells kept without dimerizer and parental NK-92 cells
incubated in the absence or presence of AP20187 served as controls. (B)
Cytotoxicity of NK-92/iCasp9_T2A_5.28.z cells against ErbB2-
overexpressing MDA-MB453 breast carcinoma cells was investigated in flow
cytometry-based cytotoxicity assays after co-incubation of NK cells and
tumor cells at different effector to target ratios (E/T) for 2 h in the absence
(filed circles) or presence of AP20187 (open circles). Parental NK-92 cells
were included for comparison (gray boxes). Mean values + SEM are shown;
n=2.

AP1903 or AP20187, iCasp9 dimerizes, inducing caspase activa-
tion and apoptotic cell death. NK-92 cells coexpressing iCasp9
and a CAR are viable in the absence of dimerizer and retain high
and specific CAR-mediated cytotoxicity. In contrast, addition of
AP20187 rapidly induces activation of iCasp9 and cleavage of
endogenous caspases, precluding any further cell killing by the
CAR-engineered cells (Figure 5).

CONCLUSION AND FUTURE
PERSPECTIVES

Over the past 25 years, NK-92 cells have transformed from a
readily available model for studies on human NK cell biology to
a promising cell therapeutic for applications in adoptive cancer
immunotherapy. As outlined above, genetic modification of
NK-92 with CARs has emerged as a successful strategy to enhance
the cells’ intrinsic antitumor activity and provide them with
the capacity for selective target recognition. The ability of CAR
NK-92 cells to bypass the immunosuppressive effects of TGF-f

and hypoxia in preclinical studies and to enhance or initiate adap-
tive antitumor immunity is encouraging (69). Nevertheless, the
potential impact of immunosuppressive factors like IDO, PGE2,
IL-4, NO, and ROS abundant in the tumor microenvironment
has not yet been investigated. Concurrent interference with
these mechanisms may offer an opportunity to further improve
the direct antitumor activity of CAR NK-92 and enhance their
immunostimulatory potential. Also, clarifying the relevance of
checkpoint regulators such as PD-1 for CAR NK-92 functional-
ity (74) and investigating combination therapies with checkpoint
inhibitors and other immunomodulatory regimens appears
warranted. Specific cytotoxicity of the NK cells may be enhanced
by ectopic expression of components of the cytolytic machinery
(143). Chemoattractants like CXCR3 ligands and chemerin can
increase accumulation of NK cells at tumor sites (144, 145) and
modulation of chemokine receptor expression would likely aug-
ment the tumor homing capability of CAR NK-92 cells (146).

Clinical responses seen in individual patients treated with
parental NK-92 and ease of improvement by genetic modification
with Fc receptors and CARs not only increased efforts of academic
researchers to design tailor-made variants for specific disease enti-
ties and target antigens but also sparked commercial interest, which
is essential to address the challenges associated with standardization
of such cell products, large-scale expansion, logistics for distribu-
tion, and advanced clinical development (32, 90). Current efforts
in the CAR T-cell field are aimed at generating similar universal
cell products by eliminating endogenous TCR and MHC with
the help of sophisticated gene editing procedures (147-149). This
underscores the relevance of truly off-the-shelf CAR cell products
like CAR NK-92 for broader applicability of this therapeutic strat-
egy. Early phase clinical trials with CAR NK-92 cells are expected
to commence in the near future. Insights from these studies will
be essential to judge the therapeutic potential of CAR NK-92 in
comparison to ex vivo expanded and CAR-engineered primary
NK cells and determine the direction of further development.
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