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Abstract: Cellular therapy has emerged as an attractive option for the treatment of cancer, and
adoptive transfer of chimeric antigen receptor (CAR) expressing T cells has gained FDA approval
in hematologic malignancy. However, limited efficacy has been observed utilizing CAR-T therapy
in solid tumors. Natural killer (NK) cells are crucial for tumor surveillance and exhibit potent killing
capacity of aberrant cells in an antigen-independent manner. Adoptive transfer of unmodified
allogeneic or autologous NK cells has shown limited clinical benefit due to factors including low
cell number, low cytotoxicity and failure to migrate to tumor sites. To address these problems,
immortalized and autologous NK cells have been genetically engineered to express high affinity
receptors (CD16), CARs directed against surface proteins (PD-L1, CD19, Her2, etc.) and endogenous
cytokines (IL-2 and IL-15) that are crucial for NK cell survival and cytotoxicity, with positive
outcomes reported by several groups both preclinically and clinically. With a multitude of NK cellbased therapies currently in clinic trials, it is likely they will play a crucial role in next-generation
cell therapy-based treatment. In this review we will highlight the recent advances and limitations
of allogeneic, autologous and genetically enhanced NK cells used in adoptive cell therapy.
Keywords: Natural killer cells; NK cells; adoptive cell transfer; NK-92; CAR-NK; haNK; t-haNK

1. Introduction
Harnessing the immune system for cancer treatment is one of the most exciting therapeutic
possibilities in the history of cancer treatment, and one of the oldest. While the idea of activating the
immune system through outside agents to boost an anti-cancer response was first applied in the late
1800s, it has taken a century for similar findings to be validated and applied in contemporary
medicine. Modern immunotherapy is comprised of two broad strategies: treating patients with
therapeutic agents that are capable of engaging, expanding and enabling autologous immune cells
within the body, and directly modifying effector immune cells to promote their cytolytic ability.
Direct cellular modification can take place within the patient through in vivo gene therapy techniques
(although no treatment utilizing these methods has gained FDA approval), or by isolating the target
cell population and manipulating it ex vivo.
Ex vivo manipulation of immune cells has gained renown through the development and
application of chimeric antigen-receptor T cells (CAR-T). Through this process, T cells harvested from
a healthy donor (allogeneic) or from the patient (autologous) are expanded and genetically modified
ex vivo and re-introduced into that patient [1]. Two CAR-T therapies have been granted FDA
approval as of this writing: tisagenlecleucel in relapsed/refractory B-cell precursor acute
lymphoblastic leukemia (ALL) [2], and axicabtagene ciloleucel in relapsed/refractory diffuse large Bcell lymphoma [3], both specific for the B cell antigen CD19. While these treatments have gained
success and there are a multitude of ongoing clinical trials utilizing CAR-T, rates of long-term
progression-free survival for CAR-T patients are low, frequently attributed to low CAR-T cell
persistence in vivo and tumor-associated antigen (TAA) modulation or loss (reviewed here: [4]). One
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strategy to circumvent antigen escape is through the use of a cytolytic cell that functions independent
of antigen: the natural killer (NK) cell.
2. Natural Killer Cells
Natural killer cells are large granular lymphocytes that make up approximately 10-15% of the
peripheral blood lymphocyte population, provide a rapid response to viral infection and participate
in anti-tumor immune surveillance. In contrast to T cells, NK cell anti-tumor activity does not require
antigen recognition in complex with MHC; instead, it is activated following a lack of recognition of
“self” markers on tumor cells coupled with a combination of competing activating and inhibitory
receptors. There are three major classes of NK receptors: killer immunoglobulin-like receptors
(KIRs), the primary MHC-I receptors, C-type lectin receptors that recognize non-classical MHC-I or
MHC-I like molecules, and the natural cytotoxicity receptors. Through the process of NK cell
education, the expression of different activating or inhibitory receptors is tuned to prevent NK cells
from targeting the body’s own cells while promoting their recognition of non-self cells. Several
models of how NK education occurs include licensing/arming, disarming, rheostat and tuning. While
the full mechanisms of NK cell education are beyond this article, they have been well reviewed by
other authors [5]. Mature NK cells are capable of rapidly recognizing the difference between self and
non-self cells. Under healthy conditions, inhibitory NK receptors recognize MHC on the target cells
and prevent a cytotoxic response. When a cell is infected with virus or is transformed,
downregulation of MHC proteins prevents this inhibitory reaction, and NK cells are activated and
subsequently lyse the target cell.
2.1. NK Cell Cytotoxicity
NK cells have two major cytotoxic mechanisms, granulocyte apoptosis mediated by perforin and
granzyme and antibody-dependent cell-mediated cytotoxicity (ADCC). Upon NK cell activation,
granulocytes are exocytosed, allowing granulocytic perforin to form pores in the cell membrane of
target cells [6]. Following cell membrane disruption, granzyme serine proteases are delivered to the
cytoplasm of the cell, where they induce apoptosis.
NK cells also induce ADCC, a mode of cell death in which the cell surface receptors Fc𝛾RIIC
(CD32c) and Fc𝛾RIIIA (CD16a) bind the Fc portion of antibodies which have bound target antigen.
After engaging the Fc receptor, NK cells can induce cell death through granulocytic apoptosis,
engagement of tumor-necrosis factor death receptor signaling (mediated by TRAIL proteins) and
release of pro-inflammatory cytokines to help generate an adaptive immune response and promote
lysis by additional immune cells [7]. Different antibody isotypes generate various degrees of ADCC,
allowing this mechanism to be coopted by certain therapeutic antibodies. For example, if a
therapeutic antibody is an IgG1 or IgG3, it can bind the Fc𝛾 receptors on NK cells, and mediate strong
ADCC activity [8]. In addition to serving as one mechanism for antibody cytotoxicity, it is also a
potential strategy for additive therapeutic benefit between monoclonal antibodies (mAbs) and cell
therapies utilizing NK cells.
3. Endogenous NK Cells
The earliest work promoting the NK-mediated innate immune response as a tumor therapy
focused on the patient’s endogenous NK cell population. These strategies include activating
endogenous cells, as well as sensitizing tumor cells to NK-mediated killing. Three general strategies
have been developed to promote NK-mediated tumor lysis: (1) blocking inhibitory NK cell receptors
to increase cytotoxicity against tumors that do not downregulate MHC/HLA proteins, (2) treating
patients with NK-activating cytokines to promote their expansion, activation and cytotoxicity, and
(3) treating patients with additional therapies that result in immunogenic modulation, sensitizing the
tumor to NK cell killing.
3.1. Inhibitory Receptor Blocking
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Similar to checkpoint blockade antibodies, therapeutic mAbs have been designed to block
inhibitory receptors on NK cells. Several inhibitory receptor blocking antibodies are currently in
clinical trials; however, it is a novel strategy that has yet to come to fruition. Two blocking antibodies
are being investigated that interact with the receptor KIR2D. One, IPH2101, was demonstrated to be
effective in vitro and in vivo, where it enhanced NK-mediated killing of KIR matched tumor cell lines
and enhanced ADCC [9,10]. However, while it was demonstrated to be safe in a Phase I clinical trial
of patients with smoldering multiple myeloma, it was not found to be effective in a follow-up Phase
II trial [11]. Further studies are ongoing utilizing IPH2101 in combination with lenalidomide, a
multiple myeloma medication that has been shown to expand NK cell populations [9]. Similar to
IPH2101, a second KIR2D mAb, IPH2102, was demonstrated to be safe in a Phase I trial of
hematological and solid cancers but no clinical efficacy was observed as a monotherapy in a Phase II
trial [12]. Furthermore, a mAb specific for the inhibitory receptor NKG2A increased NK cell killing
of leukemia in vivo [13] and was found safe in a Phase I trial in gynecologic cancers [14].
In addition to NK-specific inhibitory receptors, NK cells also express classical checkpoint
receptors, including CTLA-4, PD-1, TIGIT, LAG-3 and TIM-3. Inhibition of these negative signaling
regulators using checkpoint blockade antibodies may therefore increase their activation state and
cytolytic abilities [15]. Numerous clinical trials are underway investigating the effects of checkpoint
inhibitors on NK cells, and have been reviewed elsewhere [15].
3.2. Cytokines to Activate Endogenous NK cells
Treatment with exogenous cytokines is one of the most frequent immunotherapeutic strategies,
with numerous agents being investigated for clinical use in multiple indications and combinations.
Interleukins -2, -12, -15, -18 and -21 have been shown to promote NK cytotoxicity and proliferation
in vitro and in vivo [16], with IL-2 approved for use in metastatic renal cell carcinoma and metastatic
melanoma [17], and approved as a monotherapy in melanoma treatment [18]. Cytokines also play an
important role in combination with other immunotherapies and in the activation of allogeneic NK
cells. Additionally, several novel immunocytokines are currently in development that promise
improved cytokine specificity and activity. The IL-15 superagonist N-803 promotes enhanced NK cell
function in vitro and in vivo [19], and has demonstrated safety in early stage clinical trials [20]. Phase
I and II trials are currently underway in multiple cancer indications in combination with numerous
immuno-oncology agents (clinicaltrials.gov). Furthermore NHS-IL-12 is a fusion of IL-12 molecules
to a tumor necrosis-targeting human IgG1 that is currently in Phase I and II combination therapy
trials; however, its ability to promote NK cell activity is still under investigation [21].
3.3. Immunogenic Modulation
It has been previously reported that certain standard-of-care therapies are capable of changing
tumor cell phenotype to sensitize them to killing by cytotoxic immune cells including T cells and NK
cells [22,23]. This process has been demonstrated with chemotherapies [24-26], endocrine deprivation
[27,28], sublethal doses of radiation [29-32], as well as cytotoxic small molecules [33-36]. These
findings present rationale for combining standard-of-care therapies with a variety of adoptive cell
transfer strategies.
4. Adoptive Cell Transfer
NK cells can be obtained from a variety of sources within a patient or healthy donor. While
mature NK cells can be isolated from the blood, they can also be differentiated from stem cells,
including those isolated from umbilical cord blood, embryonic stem cells and induced pluripotent
stem cells. NK cells make up approximately 10-15% of peripheral blood lymphocytes. To obtain
clinical grade NK cells, leukapheresis products are first sorted for CD3-CD56+ cell populations, which
are then expanded through cytokine treatment, most commonly IL-2 and IL-15 [37,38]. In addition to
expanding the NK cell population, these cytokines also activate NK cells, resulting in increased
cytotoxicity [16]. Coculture of isolated NK cells with irradiated feeder cell populations has also
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proven effective and was demonstrated to be safe in a Phase I clinical trial in advanced digestive
cancer, and therefore may be a more efficient method for rapid NK cell expansion [39].
NK cells isolated from stem cells benefit from increased ease of storage and purity; however,
functional differences from peripheral blood mononuclear cell (PBMC)‒derived NK cells have been
reported. Notably, in comparison to PBMC-derived NK cells, cord blood NK cells lack expression of
the activation marker CD57, have higher expression of the inhibitory receptor NKG2A and express
fewer inhibitory KIRs [40], leading to decreased cytotoxicity. However, similar to PBMC isolated NK
cells, treatment with IL-2, IL-15, IL-7 or feeder cells has been demonstrated to increase their
cytotoxicity [41], indicating that cord blood NK cells remain a viable option [42]. Similarly, a
multitude of protocols exist for the differentiation of NK cells from embryonic or pluripotent stem
cells that rely on treatment with cytokines or feeder cells [43,44]. Stem cell‒derived NK cells may be
advantageous over their cord blood counterparts due to their similar cytotoxicity profile in
comparison to those isolated from PBMCs [45] and the ability to be maintained as a renewable source
of cells [46].
In the clinic, adoptive cell transfer of NK cells can utilize either autologous NK cells (Figure 1A),
isolated or generated from the patient’s own blood or stem cells, or allogeneic NK cells (Figure 1B),
in which the NK cells are obtained from a healthy donor.

Figure 1. Methods of NK cell therapy. (A) Autologous NK cell therapy utilizes a patient’s own
endogenous NK cells isolated from peripheral blood. T cells are depleted from the culture followed
by in vitro expansion of NK cells and reinfusion into the patient. (B) Allogeneic NK cell therapy
isolates NK cells from a healthy donor’s PBMCs in a process similar to that in (A); however,
following NK cell expansion in vitro, the cells are infused into a patient. (C) CAR NK therapy can use
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NK cells derived from various sources. NK cells are then genetically modified to express receptors
and cytokines of choice and expanded. The CAR NK cells are then infused into a patient.

4.1. Autologous NK Cells
While in vitro and in vivo studies have widely demonstrated the cytotoxicity of ex vivo
expanded NK cell populations against tumor cell lines, clinical results have been less conclusive. In
a Phase I/II trial of breast and lung cancer, infusions of ex vivo IL-2‒activated NK cells were compared
to injection of a bolus of IL-2. Infusion of activated NK cells and the IL-2 bolus were demonstrated
safe, and cytolytic function of freshly isolated PBMCs post-treatment were elevated in a treatmentagnostic manner. However, neither treatment translated to improved patient outcome [47]. A similar
clinical trial in malignant glioma infused patients with ex vivo IL-2‒activated NK cells in combination
with intravenous injection of low-dose interferon beta. Nine of sixteen (56%) patients exhibited a
decrease in tumor growth, with the decrease persisting for over four weeks in 3/16 (19%) patients
[48]. In metastatic colorectal cancer and lung cancer, Krause et al. incubated peripheral blood
lymphocytes with IL-2 in combination with a heat shock protein 70 (Hsp70) peptide. Hsp70 has been
shown to be upregulated on tumor cells, and in vitro incubation of NK cells with Hsp70 has proven
to increase the cytotoxicity of NK cells specifically against Hsp70 membrane-positive tumors [49].
The Phase I study reported no toxicities and an increase in ex vivo NK cell cytolytic activity against
Hsp70 positive colon carcinoma cells in NK cells from 10/12 patients. Despite this, only 1/12 patient
exhibited stable disease during therapy, with another patient showing stable disease in one
metastasis and progression in others [49]. A Phase II trial investigating autologous Hsp70-peptide
activated NK cells in non-small cell lung cancer is currently underway (NCT02118415). Similarly,
patients with metastatic melanoma and renal cell carcinoma were infused with NK cells activated
with IL-2. Interestingly, NK cells were found to persist in peripheral circulation for between one week
and several months, yet no clinical responses were observed [50].
While these studies and others have reported that adoptive transfer of autologous NK cells is
safe, they also observed an extremely limited clinical benefit [51]. It is likely that the failure of
adoptively transferred autologous NK cells is at least partially due to NK cell recognition of self-HLA
molecules on tumor cells, resulting in decreased cytotoxicity. Interestingly, a recently completed
clinical trial reported increased efficacy of autologous NK cell transfer in patients with epidermal
growth factor receptor (EGFR)‒mutated advanced lung adenocarcinoma compared to EGFR wildtype. It was postulated this was due to decreased HLA expression in the EGFR-mutant tumors,
shifting the balance of inhibitory and activating receptors acting in concert on the NK cells [52].
Additionally, increased clinical success has been reported when combining NK cells with agents that
induce immunogenic modulation such as bortezomib, a reversible proteasome inhibitor [36]. While
work with autologous NK cells continues and approximately 50 clinical trials are currently ongoing
(clincialtrials.gov), investigations into the efficacy of allogeneic NK cell transfer are also underway
and have demonstrated significant clinical potential.
4.2. Allogeneic NK Cells
Allogeneic NK cell transfer for cancer treatment rose serendipitously from observations made
when patients with leukemia were given allogeneic hematopoietic stem cell transplantation (HSCT).
NK cells are the first immune subset to recover, and they mediate a patient’s immune response prior
to expansion of T cell subsets [53]. T cell populations are the primary mediators of graft versus host
disease (GVHD), one of the primary toxicities associated with HSCT. It was hypothesized that these
toxicities eclipsed the benefit of NK cell alloreactivity [54], and that allogeneic transplantation
designed around donor versus recipient NK cell alloreactivity may decrease acute myeloid leukemia
(AML) relapse and protect against GVHD [55]. In a study of 130 patients with hematologic cancers,
those who had KIR ligand incompatibility to their donors had increased probability of disease-free
survival (87% vs 39%), transplant-related mortality (6% vs 40%) and relapse rates (6% vs 21%) [56].
As autologous NK cells suffer from resistance due to recognition of self-HLA signals, selecting
HLA-mismatched NK cell donors would remove the inhibitory signal delivered to the allogeneic NK
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cells, resulting in effective tumor lysis. Infusion of haploidentical NK cells alone was first tested by
Miller et al., who demonstrated that injecting immune-suppressed AML patients with NK cells, and
subsequent IL-2 treatment, resulted in a rise in IL-15, expansion of the NK cell population, and
disease remission in 5/19 patients [57].
These findings have been replicated in additional cohorts of patients with leukemia [58-60],
lymphoma [61], as well as solid tumors, including a Phase II study in recurrent ovarian and breast
cancer [62], and a Phase I study in advanced non-small cell lung cancer [63]. These studies are
described in detail in a recent review by Veluchamy et al. [64]. While adoptive cell therapy utilizing
allogeneic NK cells is safe and has demonstrated clinical efficacy in the context of hematological
malignancies, the results observed in solid tumors are much less impressive [64].
Adoptive cell therapy of allogeneic NK cells suffers from shortcomings similar to that with
autologous NK cells, namely the timely ex vivo expansion and activation of clinical grade NK cells
and persistence in vivo post-inoculation. While allogeneic cells may be banked and used when
necessary, they do not match the ease of using established cell lines [65].
4.3. Immortalized NK Cells
Several NK cell lines have been established as potential therapeutic products, including NKG
[51], KHYG-1 [66], NK-YS [67], YT [68], YTS [69], NK3.3 [70], NKL [71], and NK-92 [72]. To date, only
NK-92 have entered FDA approved clinical trials [16]. NK-92 is an NK-like cell line derived from a
50-year-old male patient with non-Hodgkin’s lymphoma [72] and therefore must be irradiated prior
to infusion into recipient patients as to not cause secondary tumorigenesis. In fact, adoptive transfer
of irradiated NK-92 cells still shows clinical benefit, with some patients experiencing durable
responses. These data further support their use in patients as irradiation increases their safety and
reduces off-target effects through diminished survival and inability to proliferate.
NK-92 cells possess unique characteristics that make them advantageous over naturally
occurring NK cells for use as an adoptive cell therapy. They can be readily expanded ex vivo and do
not exhibit any variation in subtype or phenotypic characteristics, which is a concern when using
allogeneic and autologous NK cells. Furthermore, they lack most KIR receptors but remain armed
with a vast array of activating receptors [73]. This increases their cytotoxic potential against the
majority of tumor cell lines in vitro and in vivo. NK-92 cells mediate their anti-tumor effect through
perforin and granzyme B activity, and have demonstrated efficacy against leukemia, lymphoma,
melanoma, prostate and breast cancer [74].
In a first-in-human Phase I trial of 12 patients with melanoma or renal cell carcinoma, inoculation
of irradiated NK-92 cells proved safe with one minor response [75]. NK-92 cells have since been
utilized in three additional clinical trials in AML [76], hematological malignancies following relapse
after autologous HSCT [77], and diverse solid tumors/sarcomas [78]. NK-92 cells have been
demonstrated to be safe in all contexts, including when up to 20 repeated infusions were delivered
[76]. There are currently three recruiting/active and not recruiting Phase I/II and Phase II clinical trials
utilizing NK-92 cells in combination therapies in Merkel cell carcinoma (NCT02465957), pancreatic
cancer (NCT03136406), and myelodysplastic syndrome, leukemia, lymphoma or multiple myeloma
(NCT02727803).
NK-92 cells also possess disadvantageous qualities, many of which have been engineered out in
later iterations of the cell line. NK-92 cells require exogenous IL-2 for survival and die within 72 hours
of cytokine removal [72]. Because of the extreme toxicity and inadvertent stimulation of regulatory T
cells (Tregs) associated with systemic administration of IL-2 in human patients, NK-92 cells were
engineered to express endogenous endoplasmic reticulum-retained IL-2 [79]. Furthermore, NK-92
cells lack surface expression of CD16, eliminating the ability to mediate ADCC [72]. There are two
allelic variants of CD16 created by a phenylalanine to valine amino acid substitution at position 158,
with only 10% of the human population carrying the high affinity receptor (158V). To return ADCC
competency to the cell line, NK-92 cells have been engineered to express the high affinity
CD16/FcRIIIA (158V) allele (termed high-affinity NK cells, “haNK”). This promotes cell lysis
through binding of the Fc region of IgG1 antibodies, either naturally derived in the host or via
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exogenous delivery of tumor-antigen specific mAbs (i.e., avelumab, trastuzumab, and cetuximab)
[80,81]. haNK cells, although simplistic, are impactful, for even if there is no CAR present to target
the NK cell to the tumor, they still outperform patients’ endogenous NK cells. In a planned Phase I,
3 + 3 dose escalation study, patients with metastatic or locally advanced solid tumors will receive
2x109 haNK cells per infusion (NCT03027128). Primary endpoints are maximum tolerated dose
(MTD)/highest tolerated dose (HTD), recording of any dose limiting toxicities (DLTs) and treatment
associated adverse events. Secondary endpoints are objective response rate (ORR), progression-free
survival (PFS) by RECIST guidelines and overall survival (OS). The study has completed enrollment
but has yet to post results. Other clinical trials utilizing haNK cells, alone or in combination with
other immuno-oncology agents, include a Phase II trial in Merkel cell carcinoma (NCT03853317) and
a Phase I trial in metastatic or locally advanced solid tumors (NCT03027128).
5. Chimeric Antigen Receptor Expressing NK Cells (CAR-NK)
The use of CAR-T in the clinic was first approved by the FDA in 2018 for children and adults
with B cell ALL. However, there are therapeutic difficulties, which include, but are not limited to: (1)
manufacturing autologous CAR-T cells is expensive and logistically challenging, (2) CAR-T cells
derived from allogeneic donors, even if HLA matched, pose a significant threat of GVHD, (3) efficacy
is reduced due to antigen escape and (4) CAR-T cells are still influenced by the tumor
microenvironment (TME) and checkpoint molecules, such as PD-1, TIM-3, LAG-3, CTLA-4 and
TIGIT.
Autologous, allogeneic and NK cell lines can all be engineered to express tumor-targeting CARs
(Figure 1C). CAR constructs for NK cells are similar to those designed for T cells. They have an
extracellular single-chain fragment variable (scFv) of an antibody directed against a tumor-associated
antigen, a hinge region, a transmembrane domain, and intracellular domain(s) generally comprised
of the signaling subunits of costimulatory molecules, such as CD3 and/or CD28. Over the past
decades significant progress has been made in the iterative development of effective CAR constructs.
The biology of these generations of CAR constructs is beyond the scope of this review and has been
extensively reviewed elsewhere [82]. The cumulation of this work has resulted in several CAR-NK
strategies entering the clinic, both in hematologic malignancies and solid tumors. Herein, we will
focus on the clinical efficacy of current and prospective CAR-NK cells.
5.1. Hematologic Malignancies
As observed in CAR-T therapies, approaches utilizing CAR-NK treatment have been most
successfully applied in hematologic malignancies. As of this writing, there are fewer than 10 clinical
trials using CAR-NK cells in the treatment of liquid tumors (clinicaltrials.gov) (Table 1). Below, we
will review advances with CAR-NKs in B cell malignancies (CD19-CAR-NK) and AML (CD33-CARNK).
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CD19 is an attractive target in B cell malignancies, but CD19 CAR-T therapies have substantial
toxic effects and involve complex manufacturing. Liu et al. developed allogeneic cord blood-derived
NK cells that have been retrovirally transduced to express an anti-CD19 CAR, endogenous IL-15 and
an inducible caspase 9 kill switch. In a Phase I/II dose escalation clinical trial at MD Anderson Cancer
Center (NCT03056339), patients with relapsed or refractory CD19 positive cancers were administered
1x105, 1x106 or 1x107 HLA-mismatched anti-CD19-CAR-NK cells. Although the study number was
small, 8/11 patients had a clinical response (CR) (73%) and 7/8 responders had complete remission.
These responses were not dose dependent as CR was observed across all doses, with MTD not
reached, and CAR-NKs were detected at low levels for at least 12 months. Importantly, there was no
observed cytokine release syndrome (CRS) (frequently associated with CAR-T therapy), GVHD or
neurotoxicity [83]. Although this study used fresh, HLA-mismatched CAR-NK cells for each patient,
the group recently reported the ability to generate >100 doses of CAR-NK from a single cord-blood
unit [84], making this a feasible and attractive “off the shelf” therapy if the data can be repeated with
cryopreserved CAR-NK cells.
Additional CAR-NK strategies have been developed targeting CD33, a member of the Siglec
family that is expressed on myeloid leukemic blasts in a majority of patients with AML [85]. CAR-T
therapy has shown very little success targeting CD33, with observations of severe side effects such as
CRS and neurotoxicity [86]. In contrast, the first-in-human clinical trial of CD33-targeting CAR-NK
cells reported that they were safe and well tolerated in three patients with relapsed or refractory AML
(NCT02944162). This CAR-NK line was derived via lentiviral transfection of NK-92 cells with a CAR
targeting CD33, a transmembrane domain and intracellular domain containing two costimulatory
molecules, CD28 and 4-1BB (CD33-CAR-NK-92). Although initial concerns were raised about the
longevity of irradiated CD33-CAR-NK-92 cells in vivo, the cells were detected one-week postinfusion, and there was a modest, although insignificant, treatment effect.
Although only select CAR-NK therapies for hematologic malignancies were highlighted in this
review, it is important to note there are several other CAR-NKs targeting various TAAs in the
preclinical and clinical pipeline, including but not limited to CAR-NKs for use in refractory B cell
lymphoma (CD22-CAR-NK, CD19-CAR-NK, CD22/CD19-CAR-NK), diffuse large B cell lymphoma
(CD19-t-haNK), T cell ALL (CD7-CAR-NK) [87] and relapsed and refractory multiple myeloma
(BCMA-CAR-NK) (NCT03940833) (clinicaltrials.gov) (Table 1).
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5.2. Solid Tumors
A major obstacle presented to CAR therapy is the lack of efficacy in solid tumors. This is due to
poor perfusion to the tumor, TAA heterogeneity and the immunosuppressive TME that accompanies
a solid tumor (Figure 2). CAR-NK therapy attempts to remedy these issues with a limited number of
clinical trials employing this technology in the treatment of solid malignancies, several of which will
be reviewed here (Table 1). The CAR-NK strategies that have progressed the furthest in solid tumors
target the checkpoint molecule programmed cell death protein-1 ligand (PD-L1), as well as common
tumor-associated antigens HER2 and mucin1 (MUC1).

Figure 2. Overcoming CAR-T resistance with genetically modified NK cells. (A) Poor survival of
adoptively transferred cells can be overcome in a variety of ways such as ER-retained cytokines,
multiple infusions of CAR NKs, direct site injection and subcutaneous delivery of IL-2 to promote in
vivo survival. (B) Antigen escape can be overcome by NK cells’ ability to lyse target cells in an antigenindependent manner, generation of multi-target CAR-NKs, universal CAR-NKs directed to multiple
tumor antigens simultaneously or in succession, and the ability to infuse multiple rounds of CAR-NK
cells. (C) The immunosuppressive TME is a challenge for CAR-T and CAR-NK cell therapy. Some
strategies to overcome this include combining CAR-NK with blocking mAbs, utilizing CAR-NKs with
receptors specific for inhibitory cytokines that signal through an activating receptor domain,
sequestering of inhibitory cytokines through combinatorial use of bintrafusp alfa (a bifunctional
protein targeting TGF and PD-L1), and having CAR-NK cells that express the high affinity FcRIIIA
receptor to increase ADCC potential.

PD-L1 is upregulated in several cancer types in the TME and on immune suppressor cells.
Infiltrating T lymphocytes often express PD-1, and upon engagement with PD-L1 experience a
significant decrease in effector function. Due to the specific expression of PD-L1 on tumor and
immunosuppressive cells, PD-L1 was identified as an optimal target for CAR therapies. A novel NK92 cell line was engineered to express a CAR specific for PD-L1, ER-retained IL-2 and high affinity
CD16, termed PD-L1 t-haNK [88]. Exciting preclinical data demonstrated PD-L1 specific efficacy of
these cells against 15 tumor cell lines in vitro, and strong anti-tumor efficacy in vivo of triple negative
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breast cancer, bladder and lung tumors [88]. These data contributed to the QUILT 3.064 Phase I
clinical trial evaluating safety and preliminary efficacy of PD-L1 t-haNK in patients with locally
advanced or metastatic solid cancers (NCT04050709). Primary outcomes will address MTD/HTD,
recommended dose for Phase II, and incidence of DLTs and treatment emergent adverse events. ORR,
PFS, and OS will be determined using Response Evaluation Criteria in Solid Tumors (RECIST) and
immune-related (i)RECIST as secondary outcomes. This trial is currently recruiting with no results
posted. In a planned Phase II study currently recruiting, PD-L1 t-haNK in combination with other
agents will be evaluated for safety and efficacy in patients with locally advanced or metastatic
pancreatic cancer (NCT04390399).
HER2 is overexpressed in several cancer types, such as breast cancer [89], gastric cancer [90],
esophageal cancer [91,92], ovarian cancer [93] and endometrial cancer [94]. HER2 is also expressed in
80% of glioblastoma tumors and correlates with poor survival [95]. HER2 is an attractive target for
CAR therapy because it is not generally present in the healthy adult central-nervous system (CNS)
[96]. HER2-CAR-T therapy in glioblastoma has shown trafficking of these cells to the tumor, but the
generation of high effector function T cells within the TME results in rapid selection of antigen-loss
variants [97,98]. Therefore, a HER2-CAR-NK treatment strategy was developed. In a 3+3 dose
escalation Phase I clinical trial (CAR2BRAIN; NCT0338978), patients with recurrent HER2-positive
glioblastoma, with an already scheduled relapse resection surgery, received 1x107, 3x107 or 1x108
ErbB2-NK-92/5.28z CAR-NK cells/2ml injected intracranially. Due to the blood-brain barrier, CARNK cells were delivered through intracranial injection into the resection cavity wall to allow for a
high density of effector cells that would otherwise be excluded from the tumor site (Figure 2A). There
were no DLTs detected with the first two cell concentrations, with the third (1x108) cell dose currently
ongoing. In the subsequent expansion cohort, patients will be eligible to receive up to 12 weekly CARNK infusions administered into the resection cavity through a catheter and reservoir implanted
during the initial relapse resection surgery. Through utilization of HER2-CAR-NK cells, and direct
injection into the tumor site, ErbB2-NK-92/5.28z CAR-NK will maintain effector function despite the
potential antigen loss, which would return cytotoxic function of adoptively transferred cells to that
of baseline NK cells. Further studies in glioblastoma are ongoing utilizing EGFR, another well-known
cell surface protein overexpressed in 40-60% of glioblastoma tumors [99]. Preclinical studies utilizing
NK-92 cells transduced to express a CAR specific for EGFR have shown efficacy in tumor models of
breast cancer brain metastasis [100], glioblastoma models and patient derived glioblastoma stem cells
[101,102].
MUC1 is a heavily glycosylated transmembrane glycoprotein expressed on ductal epithelial
cells, with controversial evidence of its expression on human B and T cells [103,104] (reviewed here:
[105]). MUC1 is overexpressed in several cancer types, including adenocarcinoma [106], making it a
suitable target for CAR-T therapy. However, CAR-T therapies have proven unsuccessful due to the
immunosuppressive TME. To circumvent the immune suppression mediated by the TME, Li et al.
engineered NK-92 cells to express a MUC1-CAR with CD28 and CD137 signaling domains and a
truncated PD-1 peptide (Muc1-CAR-NK-92). These cells were shown to lyse MUC1 target cells in
vitro and in vivo. A Phase I clinical trial (NCT02839954) evaluating the safety and efficacy of Muc1CAR-NK-92 in patients with MUC1 positive relapsed or refractory solid tumors has been recently
completed. Thirteen patients with PD-L1 and MUC1 positive cancers, including but not limited to
lung, pancreatic, ovarian and colon cancer, were enrolled in the trial and received 1x109 Muc1-CARNK-92 cells/infusion. Of the initial 13 patients, three were withdrawn, nine had stable disease and
one patient had progressive disease [107]. A primary outcome measure was to determine the toxicity
profile of Muc1-CAR-NK-92 cells, and notably, there was no evidence of cytokine storm or bone
marrow suppression in any patients on trial. These results support the conclusion that the therapy is
safe and mildly effective.
5.3. Early Phase I Trials
In both hematologic malignancies and solid tumors there are several clinical trials that are
recruiting, or active but not yet recruiting, that have not yet posted results. Although the trials are
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immature, they are noteworthy, and it is important to consider the diverse CAR-NK targets and
treatment strategies under investigation when discussing the future of CAR-NK therapy in the clinic.
Included in this review are CAR-NK targeting NKG2D, prostate-specific membrane antigen (PSMA),
and mesothelin (Table 1).
NKG2D ligands (NKG2DL) are expressed on most human tumor cells, such as ovarian, breast,
prostate, colon and bladder cancer as well as leukemias and lymphomas [108]. NKG2DL is also
expressed on Tregs, myeloid derived suppressor cells (MDSCs) and epithelium promoting tumor
survival and suppression of a robust anti-tumor immune response (reviewed here: [109]). In a Phase
I pilot study (NCT03415100), patients with metastatic solid tumors will receive autologous or
allogeneic NK cells that are transfected via mRNA electroporation to express a CAR specific for
NKG2DL. The primary outcome is number of adverse events with secondary outcome evaluating
anti-tumor response to CAR-NK infusions. Some patients enrolled will receive IL-2, delivered
subcutaneously, to support in vivo growth of adoptively transferred NK cells. Combination strategies
utilizing NKG2DL-CAR-NK infusions with therapies that naturally increase NKG2DL expression on
tumor cells through immunogenic modulation, such as localized irradiation [110], should be
explored.
Additional studies are investigating PSMA, a protein that is highly expressed on epithelial cells
of the prostate with very low or undetectable levels in epithelium of other tissues and organs. The
expression selectivity makes PSMA an ideal candidate for CAR targeting. The safety and efficacy of
anti-PSMA-CAR-NK cell infusion in metastatic castration resistant prostate cancer patients is being
interrogated in a Phase I, 3 + 3 dose escalation clinical trial (NCT03692663). The occurrence of
treatment-related adverse events, defined as Grade 3 or greater, will be the primary endpoint. This
trial is not yet recruiting and as such no results have been posted as of this writing.
Mesothelin is expressed in low levels in mesothelial cells of pericardium, pleura and peritoneum
of healthy individuals, but is overexpressed in a variety of cancers, including but not limited to
stomach, pancreatic, lung, breast and ovarian cancer [111]. In a single center, single arm, open label
clinical trial (NCT03692637), mesothelin-positive patients with stage II-IV epithelial ovarian cancer
will receive autologous NK cells engineered to express an anti-mesothelin CAR. The study is
designed as a 3 + 3 dose escalation trial where upon enrollment, patient blood is drawn, mononuclear
cells are isolated and sent to a manufacturing facility to produce anti-mesothelin CAR-NK cells that
will then be infused back into the patient. Primary outcomes will be occurrence of treatment-related
adverse events.
6. Next-Next-Generation CAR-NKs
Notable concerns associated with the use of CAR-therapy, T or NK, are the loss or decrease in
expression of targeted TAAs, rendering CAR-T ineffective and returning CAR-NK cytotoxic function
to baseline physiologic capacity of native NK cells, and the influence of the microenvironment on
CAR-NK (Figure 2). Several research groups are exploring different mechanisms of combating these
concerns. Effectively countering antigen loss (Figure 2B) and the immunosuppressive TME (Figure
2C) would increase the therapeutic lifespan and efficacy of CAR-NK treatment strategies and may be
the backbone of next-next-generation CAR-NK therapy.
6.1. Universal CAR (UniCAR)
To avoid antigen escape, Mitwasi and colleagues developed a universal CAR platform
(UniCAR) with an on/off switch to improve safety and controllability [112]. This technology was first
demonstrated with CAR-T cells specific for E5B9, a peptide epitope from the nuclear antigen La-SS/B.
Because this protein is not found on the cell surface, the CAR-T must be directed to the tumor through
the use of a bispecific component, called a target module (TM). TMs usually exist as an E5B9 peptide
epitope fused to a scFV of an antibody directed against a TAA. TMs that exist on this platform may
be combined with additional TMs to target multiple TAAs simultaneously, inducing heterogeneity
in the peptides the CARs are responding to without the risk of off-target effects (Figure 2B). Mitwasi
et al. generated a UniCAR-expressing NK-92 cell line and a TM where the E5B9 epitope is connected
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to an anti-GD2 mAb on an IgG4 backbone. Although the IgG4 isotype significantly increases the halflife and persistence in vivo, the concern about an on-target/off-tumor effect remains low since NK-92
cells are irradiated prior to infusion. The IgG4 backbone was also chosen because it weakly activates
complement C1q, reducing the ability to trigger ADCC in comparison to IgG1 and IgG3. GD2 is
highly overexpressed in a variety of human tumors, and one of the only immunotherapy targets in
neuroblastoma [113,114]. In fact, a mAb against GD2, dinutuximab, was approved for patients with
high risk neuroblastoma [115]. UniCAR NK-92 targeted to GD2- expressing neuroblastoma and
melanoma cells can lyse and secrete IFN in vitro, as well as antigen-specific lysis of Panc-89 cells
directed against EGFR expressed on the cell surface. These data demonstrate proof of concept for
further preclinical and clinical experimentation.
6.2. Shifting Signals
Another challenge facing CAR therapy is the TME (Figure 2C). It is as of yet unknown whether
CAR-NK cells can effectively traffic to a solid tumor, and whether they are as susceptible to the
immunosuppressive TME as CAR-T cells. To avoid the immunosuppressive TME, Wang et al.
constructed NK-92 cells expressing a modified CAR consisting of extracellular TGFRII fused to the
intracellular signaling domain of the activating receptor, NKG2D (TGFRII-NKG2D, termed NK-92TN) [116]. This fusion CAR, in essence, switches the signal delivered from TGF generated from the
immunosuppressive TME into an activating signal. In vitro, NK-92-TN cells are resistant to TGF
suppression, exhibiting no NKG2D downregulation and display increased killing capacity and IFN
production following TGF co-culture. Further interrogation demonstrated that treatment of NK-92TN with TGF did not result in canonical TGFR signaling, as evidenced by the absence of pSMAD2.
In a transwell assay, NK-92-TN cells demonstrate increased migration to tumor cells expressing
TGF, and have increased expression of chemokine receptors (CCR3, CCR6, CXCR4 and CX3CR1) in
comparison to vector control NK-92 cells. In fact, the presence of TGF led to a further enhancement
of NK-92-TN cytolytic properties, chemoattraction to tumor cells and prevention of CD4
differentiation to Tregs in a hepatocellular carcinoma xenograft model. Although the in vitro data
look promising, in vivo, NK-92-TN anti-tumor activity was moderate at best, with a minimal
reduction of tumor weight at endpoint, and a slight, albeit significant increase in tumor infiltrating
lymphocytes in animals treated with NK-92-TN. These results could be due to the model being used
(athymic nude Balb/c mice inoculated with SMMC7721) or that only one dose was administered.
Utilization of humanized mouse models and repeated injections may more closely mirror what is
hoped to be observed in the clinic and include the effects these cells could have on the immune
populations surrounding them.
7. Conclusions
Harnessing cells of the immune system to fight various malignancies has been widely explored,
with the employment of immunotherapy revolutionizing cancer treatment. However, only a fraction
of patients achieve durable clinical responses. Adoptive cell therapy with T cells has undergone
extensive research and demonstrated clinical efficacy, and a growing body of evidence suggests that
NK cells are also safe and efficacious. While decades of research have demonstrated the difficulties
surrounding adoptive cell transfer of allogeneic and autologous NK cells, the data have also found
that NK cells represent a pool of innate immune cells poised for rapid tumor clearance. The
development of novel, immortalized NK cell lines for off-the-shelf therapy, as well as new geneediting techniques to arm NK cells with additional mechanisms for targeting tumor cells (CAR) and
increasing their cytotoxic potential (endogenous cytokine production) are pushing the field forward
in exciting and important ways. It is clear that NK cell transfer is a powerful weapon in the fight
against cancer, and that NK cells will play a significant role in the future of immuno-oncology clinical
strategies.
Acknowledgments: The authors thank Debra Weingarten for her editorial assistance in the preparation of this
manuscript.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
13 of 33

Author Contributions: S.E.F. and B.W. contributed equally to the writing of this manuscript. S.E.F., B.W., and
J.W.H. conceptualized and designed this review. S.E.F., B.W., and J.W.H. wrote the manuscript. S.E.F., B.W., and
J.W.H. reviewed the manuscript.

Funding: This work was funded by the Intramural Research Program of the Center for Cancer Research,
National Cancer Institute (NCI).
Conflicts and Interest: The authors declare no conflict of interest.

References

1.

Kalos, M.; Levine, B.L.; Porter, D.L.; Katz, S.; Grupp, S.A.; Bagg, A.; June, C.H. T
Cells with Chimeric Antigen Receptors Have Potent Antitumor Effects and Can
Establish Memory in Patients with Advanced Leukemia. Sci. Transl. Med. 2011, 3,
11, doi:10.1126/scitranslmed.3002842.

2.

Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.;
Bader, P.; Verneris, M.R.; Stefanski, H.E.; Myers, G.D., et al. Tisagenlecleucel in
Children and Young Adults with B-Cell Lymphoblastic Leukemia. N. Engl. J. Med.
2018, 378, 439-448, doi:10.1056/NEJMoa1709866.

3.

Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson,
C.A.; Braunschweig, I.; Oluwole, O.O.; Siddiqi, T.; Lin, Y., et al. Axicabtagene
Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N. Engl. J.
Med. 2017, 377, 2531-2544, doi:10.1056/NEJMoa1707447.

4.

Shah, N.N.; Fry, T.J. Mechanisms of resistance to CAR T cell therapy. Nat Rev Clin
Oncol 2019, 16, 372-385, doi:10.1038/s41571-019-0184-6.

5.

Boudreau, J.E.; Hsu, K.C. Natural Killer Cell Education and the Response to
Infection and Cancer Therapy: Stay Tuned. Trends Immunol 2018, 39, 222-239,
doi:10.1016/j.it.2017.12.001.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
14 of 33

6.

Osinska, I.; Popko, K.; Demkow, U. Perforin: an important player in immune
response. Cent Eur J Immunol 2014, 39, 109-115, doi:10.5114/ceji.2014.42135.

7.

Wang, W.; Erbe, A.K.; Hank, J.A.; Morris, Z.S.; Sondel, P.M. NK Cell-Mediated
Antibody-Dependent Cellular Cytotoxicity in Cancer Immunotherapy. Front
Immunol 2015, 6, 368, doi:10.3389/fimmu.2015.00368.

8.

Lo Nigro, C.; Macagno, M.; Sangiolo, D.; Bertolaccini, L.; Aglietta, M.; Merlano,
M.C. NK-mediated antibody-dependent cell-mediated cytotoxicity in solid tumors:
biological evidence and clinical perspectives. Ann Transl Med 2019, 7, 105,
doi:10.21037/atm.2019.01.42.

9.

Benson, D.M., Jr.; Cohen, A.D.; Jagannath, S.; Munshi, N.C.; Spitzer, G.;
Hofmeister, C.C.; Efebera, Y.A.; Andre, P.; Zerbib, R.; Caligiuri, M.A. A Phase I
Trial of the Anti-KIR Antibody IPH2101 and Lenalidomide in Patients with
Relapsed/Refractory Multiple Myeloma. Clin Cancer Res 2015, 21, 4055-4061,
doi:10.1158/1078-0432.CCR-15-0304.

10.

Sola, C.; Andre, P.; Lemmers, C.; Fuseri, N.; Bonnafous, C.; Blery, M.; Wagtmann,
N.R.; Romagne, F.; Vivier, E.; Ugolini, S. Genetic and antibody-mediated
reprogramming of natural killer cell missing-self recognition in vivo. Proc Natl
Acad Sci U S A 2009, 106, 12879-12884, doi:10.1073/pnas.0901653106.

11.

Carlsten, M.; Korde, N.; Kotecha, R.; Reger, R.; Bor, S.; Kazandjian, D.; Landgren,
O.; Childs, R.W. Checkpoint Inhibition of KIR2D with the Monoclonal Antibody
IPH2101 Induces Contraction and Hyporesponsiveness of NK Cells in Patients with

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
15 of 33

Myeloma. Clin Cancer Res 2016, 22, 5211-5222, doi:10.1158/1078-0432.CCR-161108.
12.

Vey, N.; Karlin, L.; Sadot-Lebouvier, S.; Broussais, F.; Berton-Rigaud, D.; Rey, J.;
Charbonnier, A.; Marie, D.; Andre, P.; Paturel, C., et al. A phase 1 study of
lirilumab (antibody against killer immunoglobulin-like receptor antibody KIR2D;
IPH2102) in patients with solid tumors and hematologic malignancies. Oncotarget
2018, 9, 17675-17688, doi:10.18632/oncotarget.24832.

13.

McWilliams, E.M.; Mele, J.M.; Cheney, C.; Timmerman, E.A.; Fiazuddin, F.;
Strattan, E.J.; Mo, X.; Byrd, J.C.; Muthusamy, N.; Awan, F.T. Therapeutic
CD94/NKG2A blockade improves natural killer cell dysfunction in chronic
lymphocytic leukemia. Oncoimmunology 2016, 5, e1226720,
doi:10.1080/2162402X.2016.1226720.

14.

Tinker, A.V.; Hirte, H.W.; Provencher, D.; Butler, M.; Ritter, H.; Tu, D.; Azim,
H.A., Jr.; Paralejas, P.; Grenier, N.; Hahn, S.A., et al. Dose-Ranging and CohortExpansion Study of Monalizumab (IPH2201) in Patients with Advanced
Gynecologic Malignancies: A Trial of the Canadian Cancer Trials Group (CCTG):
IND221. Clin Cancer Res 2019, 25, 6052-6060, doi:10.1158/1078-0432.CCR-190298.

15.

Khan, M.; Arooj, S.; Wang, H. NK Cell-Based Immune Checkpoint Inhibition.
Front Immunol 2020, 11, 167, doi:10.3389/fimmu.2020.00167.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
16 of 33

16.

Hu, W.; Wang, G.; Huang, D.; Sui, M.; Xu, Y. Cancer Immunotherapy Based on
Natural Killer Cells: Current Progress and New Opportunities. Front Immunol 2019,
10, 1205, doi:10.3389/fimmu.2019.01205.

17.

Floros, T.; Tarhini, A.A. Anticancer Cytokines: Biology and Clinical Effects of
Interferon-alpha2, Interleukin (IL)-2, IL-15, IL-21, and IL-12. Semin Oncol 2015,
42, 539-548, doi:10.1053/j.seminoncol.2015.05.015.

18.

Domingues, B.; Lopes, J.M.; Soares, P.; Populo, H. Melanoma treatment in review.
Immunotargets Ther 2018, 7, 35-49, doi:10.2147/ITT.S134842.

19.

Kim, P.S.; Kwilas, A.R.; Xu, W.; Alter, S.; Jeng, E.K.; Wong, H.C.; Schlom, J.;
Hodge, J.W. IL-15 superagonist/IL-15RalphaSushi-Fc fusion complex (IL15SA/IL-15RalphaSu-Fc; ALT-803) markedly enhances specific subpopulations of
NK and memory CD8+ T cells, and mediates potent anti-tumor activity against
murine breast and colon carcinomas. Oncotarget 2016, 7, 16130-16145,
doi:10.18632/oncotarget.7470.

20.

Wrangle, J.M.; Velcheti, V.; Patel, M.R.; Garrett-Mayer, E.; Hill, E.G.; Ravenel,
J.G.; Miller, J.S.; Farhad, M.; Anderton, K.; Lindsey, K., et al. ALT-803, an IL-15
superagonist, in combination with nivolumab in patients with metastatic non-small
cell lung cancer: a non-randomised, open-label, phase 1b trial. The Lancet Oncology
2018, 19, 694-704, doi:10.1016/s1470-2045(18)30148-7.

21.

Fallon, J.; Tighe, R.; Kradjian, G.; Guzman, W.; Bernhardt, A.; Neuteboom, B.;
Lan, Y.; Sabzevari, H.; Schlom, J.; Greiner, J.W. The immunocytokine NHS-IL12
as a potential cancer therapeutic. Oncotarget 2014, 5, 1869-1884.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
17 of 33

22.

Hodge, J.W.; Kwilas, A.; Ardiani, A.; Gameiro, S.R. Attacking malignant cells that
survive therapy: Exploiting immunogenic modulation. Oncoimmunology 2013, 2,
e26937, doi:10.4161/onci.26937.

23.

Hodge, J.W.; Ardiani, A.; Farsaci, B.; Kwilas, A.R.; Gameiro, S.R. The tipping
point for combination therapy: cancer vaccines with radiation, chemotherapy, or
targeted small molecule inhibitors. Semin Oncol 2012, 39, 323-339,
doi:10.1053/j.seminoncol.2012.02.006.

24.

Garnett, C.T.; Schlom, J.; Hodge, J.W. Combination of docetaxel and recombinant
vaccine enhances T-cell responses and antitumor activity: effects of docetaxel on
immune enhancement. Clin Cancer Res 2008, 14, 3536-3544, doi:10.1158/10780432.CCR-07-4025.

25.

Hodge, J.W.; Garnett, C.T.; Farsaci, B.; Palena, C.; Tsang, K.Y.; Ferrone, S.;
Gameiro, S.R. Chemotherapy-induced immunogenic modulation of tumor cells
enhances killing by cytotoxic T lymphocytes and is distinct from immunogenic cell
death. Int J Cancer 2013, 133, 624-636, doi:10.1002/ijc.28070.

26.

Zingoni, A.; Fionda, C.; Borrelli, C.; Cippitelli, M.; Santoni, A.; Soriani, A. Natural
Killer Cell Response to Chemotherapy-Stressed Cancer Cells: Role in Tumor
Immunosurveillance. Front Immunol 2017, 8, 1194,
doi:10.3389/fimmu.2017.01194.

27.

Ardiani, A.; Gameiro, S.R.; Kwilas, A.R.; Donahue, R.N.; Hodge, J.W. Androgen
deprivation therapy sensitizes prostate cancer cells to T-cell killing through

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
18 of 33

androgen receptor dependent modulation of the apoptotic pathway. Oncotarget
2014, 5, 9335-9348.
28.

Kwilas, A.R.; Gameiro, S.R.; Kim, P.S.; Malamas, A.S.; Hodge, J.W. Improving
clinical benefit for prostate cancer patients through the combination of androgen
deprivation and immunotherapy. Oncoimmunology 2015, 4, e1009303,
doi:10.1080/2162402X.2015.1009303.

29.

Hodge, J.W.; Guha, C.; Neefjes, J.; Gulley, J.L. Synergizing radiation therapy and
immunotherapy for curing incurable cancers. Opportunities and challenges.
Oncology (Williston Park) 2008, 22, 1064-1070; discussion 1075, 1080-1061, 1084.

30.

Chakraborty, M.; Abrams, S.I.; Camphausen, K.; Liu, K.; Scott, T.; Coleman, C.N.;
Hodge, J.W. Irradiation of tumor cells up-regulates Fas and enhances CTL lytic
activity and CTL adoptive immunotherapy. J Immunol 2003, 170, 6338-6347,
doi:10.4049/jimmunol.170.12.6338.

31.

Chakraborty, M.; Gelbard, A.; Carrasquillo, J.A.; Yu, S.; Mamede, M.; Paik, C.H.;
Camphausen, K.; Schlom, J.; Hodge, J.W. Use of radiolabeled monoclonal antibody
to enhance vaccine-mediated antitumor effects. Cancer immunology,
immunotherapy : CII 2008, 57, 1173-1183, doi:10.1007/s00262-008-0449-x.

32.

Yang, G.; Kong, Q.; Wang, G.; Jin, H.; Zhou, L.; Yu, D.; Niu, C.; Han, W.; Li, W.;
Cui, J. Low-dose ionizing radiation induces direct activation of natural killer cells
and provides a novel approach for adoptive cellular immunotherapy. Cancer
Biother Radiopharm 2014, 29, 428-434, doi:10.1089/cbr.2014.1702.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
19 of 33

33.

Grenga, I.; Kwilas, A.R.; Donahue, R.N.; Farsaci, B.; Hodge, J.W. Inhibition of the
angiopoietin/Tie2 axis induces immunogenic modulation, which sensitizes human
tumor cells to immune attack. J Immunother Cancer 2015, 3, 52,
doi:10.1186/s40425-015-0096-7.

34.

Donahue, R.N.; Duncan, B.B.; Fry, T.J.; Jones, B.; Bachovchin, W.W.; Kiritsy,
C.P.; Lai, J.H.; Wu, W.; Zhao, P.; Liu, Y., et al. A pan inhibitor of DASH family
enzymes induces immunogenic modulation and sensitizes murine and human
carcinoma cells to antigen-specific cytotoxic T lymphocyte killing: implications for
combination therapy with cancer vaccines. Vaccine 2014, 32, 3223-3231,
doi:10.1016/j.vaccine.2014.04.008.

35.

Fenerty, K.E.; Padget, M.; Wolfson, B.; Gameiro, S.R.; Su, Z.; Lee, J.H.;
Rabizadeh, S.; Soon-Shiong, P.; Hodge, J.W. Immunotherapy utilizing the
combination of natural killer- and antibody dependent cellular cytotoxicity
(ADCC)-mediating agents with poly (ADP-ribose) polymerase (PARP) inhibition. J
Immunother Cancer 2018, 6, 133, doi:10.1186/s40425-018-0445-4.

36.

Lundqvist, A.; Berg, M.; Smith, A.; Childs, R.W. Bortezomib Treatment to
Potentiate the Anti-tumor Immunity of Ex-vivo Expanded Adoptively Infused
Autologous Natural Killer Cells. J Cancer 2011, 2, 383-385, doi:10.7150/jca.2.383.

37.

Suck, G.; Oei, V.Y.; Linn, Y.C.; Ho, S.H.; Chu, S.; Choong, A.; Niam, M.; Koh,
M.B. Interleukin-15 supports generation of highly potent clinical-grade natural
killer cells in long-term cultures for targeting hematological malignancies. Exp
Hematol 2011, 39, 904-914, doi:10.1016/j.exphem.2011.06.003.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
20 of 33

38.

Brehm, C.; Huenecke, S.; Quaiser, A.; Esser, R.; Bremm, M.; Kloess, S.; Soerensen,
J.; Kreyenberg, H.; Seidl, C.; Becker, P.S., et al. IL-2 stimulated but not
unstimulated NK cells induce selective disappearance of peripheral blood cells:
concomitant results to a phase I/II study. PLoS One 2011, 6, e27351,
doi:10.1371/journal.pone.0027351.

39.

Sakamoto, N.; Ishikawa, T.; Kokura, S.; Okayama, T.; Oka, K.; Ideno, M.; Sakai,
F.; Kato, A.; Tanabe, M.; Enoki, T., et al. Phase I clinical trial of autologous NK
cell therapy using novel expansion method in patients with advanced digestive
cancer. J Transl Med 2015, 13, 277, doi:10.1186/s12967-015-0632-8.

40.

Luevano, M.; Daryouzeh, M.; Alnabhan, R.; Querol, S.; Khakoo, S.; Madrigal, A.;
Saudemont, A. The unique profile of cord blood natural killer cells balances
incomplete maturation and effective killing function upon activation. Hum Immunol
2012, 73, 248-257, doi:10.1016/j.humimm.2011.12.015.

41.

Cavazzana-Calvo, M.; Hacein-Bey, S.; de Saint Basile, G.; De Coene, C.; Selz, F.;
Le Deist, F.; Fischer, A. Role of interleukin-2 (IL-2), IL-7, and IL-15 in natural
killer cell differentiation from cord blood hematopoietic progenitor cells and from
gamma c transduced severe combined immunodeficiency X1 bone marrow cells.
Blood 1996, 88, 3901-3909.

42.

Mehta, R.S.; Shpall, E.J.; Rezvani, K. Cord Blood as a Source of Natural Killer
Cells. Front Med (Lausanne) 2015, 2, 93, doi:10.3389/fmed.2015.00093.

43.

Knorr, D.A.; Ni, Z.; Hermanson, D.; Hexum, M.K.; Bendzick, L.; Cooper, L.J.; Lee,
D.A.; Kaufman, D.S. Clinical-scale derivation of natural killer cells from human

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
21 of 33

pluripotent stem cells for cancer therapy. Stem Cells Transl Med 2013, 2, 274-283,
doi:10.5966/sctm.2012-0084.
44.

Dezell, S.A.; Ahn, Y.O.; Spanholtz, J.; Wang, H.; Weeres, M.; Jackson, S.; Cooley,
S.; Dolstra, H.; Miller, J.S.; Verneris, M.R. Natural killer cell differentiation from
hematopoietic stem cells: a comparative analysis of heparin- and stromal cellsupported methods. Biol Blood Marrow Transplant 2012, 18, 536-545,
doi:10.1016/j.bbmt.2011.11.023.

45.

Woll, P.S.; Grzywacz, B.; Tian, X.; Marcus, R.K.; Knorr, D.A.; Verneris, M.R.;
Kaufman, D.S. Human embryonic stem cells differentiate into a homogeneous
population of natural killer cells with potent in vivo antitumor activity. Blood 2009,
113, 6094-6101, doi:10.1182/blood-2008-06-165225.

46.

Knorr, D.A.; Kaufman, D.S. Pluripotent stem cell-derived natural killer cells for
cancer therapy. Transl Res 2010, 156, 147-154, doi:10.1016/j.trsl.2010.07.008.

47.

Burns, L.J.; Weisdorf, D.J.; DeFor, T.E.; Vesole, D.H.; Repka, T.L.; Blazar, B.R.;
Burger, S.R.; Panoskaltsis-Mortari, A.; Keever-Taylor, C.A.; Zhang, M.J., et al. IL2-based immunotherapy after autologous transplantation for lymphoma and breast
cancer induces immune activation and cytokine release: a phase I/II trial. Bone
Marrow Transplant 2003, 32, 177-186, doi:10.1038/sj.bmt.1704086.

48.

Ishikawa, E.; Tsuboi, K.; Saijo, K.; Harada, H.; Takano, S.; Nose, T.; Ohno, T.
Autologous natural killer cell therapy for human recurrent malignant glioma.
Anticancer Res 2004, 24, 1861-1871.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
22 of 33

49.

Krause, S.W.; Gastpar, R.; Andreesen, R.; Gross, C.; Ullrich, H.; Thonigs, G.;
Pfister, K.; Multhoff, G. Treatment of colon and lung cancer patients with ex vivo
heat shock protein 70-peptide-activated, autologous natural killer cells: a clinical
phase i trial. Clin Cancer Res 2004, 10, 3699-3707, doi:10.1158/1078-0432.Ccr-030683.

50.

Parkhurst, M.R.; Riley, J.P.; Dudley, M.E.; Rosenberg, S.A. Adoptive transfer of
autologous natural killer cells leads to high levels of circulating natural killer cells
but does not mediate tumor regression. Clin Cancer Res 2011, 17, 6287-6297,
doi:10.1158/1078-0432.CCR-11-1347.

51.

Cheng, M.; Chen, Y.; Xiao, W.; Sun, R.; Tian, Z. NK cell-based immunotherapy for
malignant diseases. Cell Mol Immunol 2013, 10, 230-252, doi:10.1038/cmi.2013.10.

52.

Hong, G.; Chen, X.; Sun, X.; Zhou, M.; Liu, B.; Li, Z.; Yu, Z.; Gao, W.; Liu, T.
Effect of autologous NK cell immunotherapy on advanced lung adenocarcinoma
with EGFR mutations. Precision Clinical Medicine 2019, 2, 235-245,
doi:10.1093/pcmedi/pbz023.

53.

Cooley, S.; Parham, P.; Miller, J.S. Strategies to activate NK cells to prevent relapse
and induce remission following hematopoietic stem cell transplantation. Blood
2018, 131, 1053-1062, doi:10.1182/blood-2017-08-752170.

54.

Bishara, A.; De Santis, D.; Witt, C.C.; Brautbar, C.; Christiansen, F.T.; Or, R.;
Nagler, A.; Slavin, S. The beneficial role of inhibitory KIR genes of HLA class I
NK epitopes in haploidentically mismatched stem cell allografts may be masked by

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
23 of 33

residual donor-alloreactive T cells causing GVHD. Tissue Antigens 2004, 63, 204211, doi:10.1111/j.0001-2815.2004.00182.x.
55.

Ruggeri, L.; Capanni, M.; Urbani, E.; Perruccio, K.; Shlomchik, W.D.; Tosti, A.;
Posati, S.; Rogaia, D.; Frassoni, F.; Aversa, F., et al. Effectiveness of donor natural
killer cell alloreactivity in mismatched hematopoietic transplants. Science 2002,
295, 2097-2100, doi:DOI 10.1126/science.1068440.

56.

Giebel, S.; Locatelli, F.; Lamparelli, T.; Velardi, A.; Davies, S.; Frumento, G.;
Maccario, R.; Bonetti, F.; Wojnar, J.; Martinetti, M., et al. Survival advantage with
KIR ligand incompatibility in hematopoietic stem cell transplantation from
unrelated donors. Blood 2003, 102, 814-819, doi:10.1182/blood-2003-01-0091.

57.

Miller, J.S.; Soignier, Y.; Panoskaltsis-Mortari, A.; McNearney, S.A.; Yun, G.H.;
Fautsch, S.K.; McKenna, D.; Le, C.; Defor, T.E.; Burns, L.J., et al. Successful
adoptive transfer and in vivo expansion of human haploidentical NK cells in
patients with cancer. Blood 2005, 105, 3051-3057, doi:10.1182/blood-2004-072974.

58.

Curti, A.; Ruggeri, L.; D'Addio, A.; Bontadini, A.; Dan, E.; Motta, M.R.;
Trabanelli, S.; Giudice, V.; Urbani, E.; Martinelli, G., et al. Successful transfer of
alloreactive haploidentical KIR ligand-mismatched natural killer cells after infusion
in elderly high risk acute myeloid leukemia patients. Blood 2011, 118, 3273-3279,
doi:10.1182/blood-2011-01-329508.

59.

Rubnitz, J.E.; Inaba, H.; Ribeiro, R.C.; Pounds, S.; Rooney, B.; Bell, T.; Pui, C.H.;
Leung, W. NKAML: a pilot study to determine the safety and feasibility of

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
24 of 33

haploidentical natural killer cell transplantation in childhood acute myeloid
leukemia. J Clin Oncol 2010, 28, 955-959, doi:10.1200/JCO.2009.24.4590.
60.

Shaffer, B.C.; Le Luduec, J.B.; Forlenza, C.; Jakubowski, A.A.; Perales, M.A.;
Young, J.W.; Hsu, K.C. Phase II Study of Haploidentical Natural Killer Cell
Infusion for Treatment of Relapsed or Persistent Myeloid Malignancies Following
Allogeneic Hematopoietic Cell Transplantation. Biol Blood Marrow Transplant
2016, 22, 705-709, doi:10.1016/j.bbmt.2015.12.028.

61.

Bachanova, V.; Burns, L.J.; McKenna, D.H.; Curtsinger, J.; Panoskaltsis-Mortari,
A.; Lindgren, B.R.; Cooley, S.; Weisdorf, D.; Miller, J.S. Allogeneic natural killer
cells for refractory lymphoma. Cancer Immunol Immunother 2010, 59, 1739-1744,
doi:10.1007/s00262-010-0896-z.

62.

Geller, M.A.; Cooley, S.; Judson, P.L.; Ghebre, R.; Carson, L.F.; Argenta, P.A.;
Jonson, A.L.; Panoskaltsis-Mortari, A.; Curtsinger, J.; McKenna, D., et al. A phase
II study of allogeneic natural killer cell therapy to treat patients with recurrent
ovarian and breast cancer. Cytotherapy 2011, 13, 98-107,
doi:10.3109/14653249.2010.515582.

63.

Iliopoulou, E.G.; Kountourakis, P.; Karamouzis, M.V.; Doufexis, D.; Ardavanis, A.;
Baxevanis, C.N.; Rigatos, G.; Papamichail, M.; Perez, S.A. A phase I trial of
adoptive transfer of allogeneic natural killer cells in patients with advanced nonsmall cell lung cancer. Cancer Immunol Immunother 2010, 59, 1781-1789,
doi:10.1007/s00262-010-0904-3.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
25 of 33

64.

Veluchamy, J.P.; Kok, N.; van der Vliet, H.J.; Verheul, H.M.W.; de Gruijl, T.D.;
Spanholtz, J. The Rise of Allogeneic Natural Killer Cells As a Platform for Cancer
Immunotherapy: Recent Innovations and Future Developments. Front Immunol
2017, 8, 631, doi:10.3389/fimmu.2017.00631.

65.

Lupo, K.B.; Matosevic, S. Natural Killer Cells as Allogeneic Effectors in Adoptive
Cancer Immunotherapy. Cancers (Basel) 2019, 11, doi:10.3390/cancers11060769.

66.

Yagita, M.; Huang, C.L.; Umehara, H.; Matsuo, Y.; Tabata, R.; Miyake, M.;
Konaka, Y.; Takatsuki, K. A novel natural killer cell line (KHYG-1) from a patient
with aggressive natural killer cell leukemia carrying a p53 point mutation. Leukemia
2000, 14, 922-930, doi:10.1038/sj.leu.2401769.

67.

Tsuchiyama, J.; Yoshino, T.; Mori, M.; Kondoh, E.; Oka, T.; Akagi, T.; Hiraki, A.;
Nakayama, H.; Shibuya, A.; Ma, Y., et al. Characterization of a novel human
natural killer-cell line (NK-YS) established from natural killer cell
lymphoma/leukemia associated with Epstein-Barr virus infection. Blood 1998, 92,
1374-1383.

68.

Yodoi, J.; Teshigawara, K.; Nikaido, T.; Fukui, K.; Noma, T.; Honjo, T.; Takigawa,
M.; Sasaki, M.; Minato, N.; Tsudo, M., et al. TCGF (IL 2)-receptor inducing
factor(s). I. Regulation of IL 2 receptor on a natural killer-like cell line (YT cells). J
Immunol 1985, 134, 1623-1630.

69.

Yoneda, N.; Tatsumi, E.; Kawano, S.; Teshigawara, K.; Oka, T.; Fukuda, M.;
Yamaguchi, N. Detection of Epstein-Barr virus genome in natural-killer-like cell
line, YT. Leukemia 1992, 6, 136-141.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
26 of 33

70.

Kornbluth, J.; Flomenberg, N.; Dupont, B. Cell surface phenotype of a cloned line
of human natural killer cells. J Immunol 1982, 129, 2831-2837.

71.

Robertson, M.J.; Cochran, K.J.; Cameron, C.; Le, J.M.; Tantravahi, R.; Ritz, J.
Characterization of a cell line, NKL, derived from an aggressive human natural
killer cell leukemia. Exp Hematol 1996, 24, 406-415.

72.

Gong, J.H.; Maki, G.; Klingemann, H.G. Characterization of a human cell line (NK92) with phenotypical and functional characteristics of activated natural killer cells.
Leukemia 1994, 8, 652-658.

73.

Maki, G.; Klingemann, H.G.; Martinson, J.A.; Tam, Y.K. Factors regulating the
cytotoxic activity of the human natural killer cell line, NK-92. J Hematother Stem
Cell Res 2001, 10, 369-383, doi:10.1089/152581601750288975.

74.

Tonn, T.; Becker, S.; Esser, R.; Schwabe, D.; Seifried, E. Cellular immunotherapy
of malignancies using the clonal natural killer cell line NK-92. J Hematoth Stem
Cell 2001, 10, 535-544, doi:Doi 10.1089/15258160152509145.

75.

Arai, S.; Meagher, R.; Swearingen, M.; Myint, H.; Rich, E.; Martinson, J.;
Klingemann, H. Infusion of the allogeneic cell line NK-92 in patients with advanced
renal cell cancer or melanoma: a phase I trial. Cytotherapy 2008, 10, 625-632,
doi:10.1080/14653240802301872.

76.

Boyiadzis, M.; Agha, M.; Redner, R.L.; Sehgal, A.; Im, A.; Hou, J.Z.; Farah, R.;
Dorritie, K.A.; Raptis, A.; Lim, S.H., et al. Phase 1 clinical trial of adoptive
immunotherapy using "off-the-shelf" activated natural killer cells in patients with

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
27 of 33

refractory and relapsed acute myeloid leukemia. Cytotherapy 2017, 19, 1225-1232,
doi:10.1016/j.jcyt.2017.07.008.
77.

Williams, B.A.; Law, A.D.; Routy, B.; denHollander, N.; Gupta, V.; Wang, X.H.;
Chaboureau, A.; Viswanathan, S.; Keating, A. A phase I trial of NK-92 cells for
refractory hematological malignancies relapsing after autologous hematopoietic cell
transplantation shows safety and evidence of efficacy. Oncotarget 2017, 8, 8925689268, doi:10.18632/oncotarget.19204.

78.

Tonn, T.; Schwabe, D.; Klingemann, H.G.; Becker, S.; Esser, R.; Koehl, U.;
Suttorp, M.; Seifried, E.; Ottmann, O.G.; Bug, G. Treatment of patients with
advanced cancer with the natural killer cell line NK-92. Cytotherapy 2013, 15,
1563-1570, doi:10.1016/j.jcyt.2013.06.017.

79.

Konstantinidis, K.V.; Alici, E.; Aints, A.; Christensson, B.; Ljunggren, H.G.;
Dilber, M.S. Targeting IL-2 to the endoplasmic reticulum confines autocrine growth
stimulation to NK-92 cells. Exp Hematol 2005, 33, 159-164,
doi:10.1016/j.exphem.2004.11.003.

80.

Jochems, C.; Hodge, J.W.; Fantini, M.; Fujii, R.; Morillon, Y.M., 2nd; Greiner,
J.W.; Padget, M.R.; Tritsch, S.R.; Tsang, K.Y.; Campbell, K.S., et al. An NK cell
line (haNK) expressing high levels of granzyme and engineered to express the high
affinity CD16 allele. Oncotarget 2016, 7, 86359-86373,
doi:10.18632/oncotarget.13411.

81.

Jochems, C.; Hodge, J.W.; Fantini, M.; Tsang, K.Y.; Vandeveer, A.J.; Gulley, J.L.;
Schlom, J. ADCC employing an NK cell line (haNK) expressing the high affinity

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
28 of 33

CD16 allele with avelumab, an anti-PD-L1 antibody. Int J Cancer 2017, 141, 583593, doi:10.1002/ijc.30767.
82.

Guedan, S.; Calderon, H.; Posey, A.D., Jr.; Maus, M.V. Engineering and Design of
Chimeric Antigen Receptors. Mol Ther Methods Clin Dev 2019, 12, 145-156,
doi:10.1016/j.omtm.2018.12.009.

83.

Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P.; Basar, R.; Nassif
Kerbauy, L.; Overman, B.; Thall, P.; Kaplan, M., et al. Use of CAR-Transduced
Natural Killer Cells in CD19-Positive Lymphoid Tumors. N Engl J Med 2020, 382,
545-553, doi:10.1056/NEJMoa1910607.

84.

Liu, E.; Tong, Y.; Dotti, G.; Shaim, H.; Savoldo, B.; Mukherjee, M.; Orange, J.;
Wan, X.; Lu, X.; Reynolds, A., et al. Cord blood NK cells engineered to express IL15 and a CD19-targeted CAR show long-term persistence and potent antitumor
activity. Leukemia 2018, 32, 520-531, doi:10.1038/leu.2017.226.

85.

Walter, R.B.; Appelbaum, F.R.; Estey, E.H.; Bernstein, I.D. Acute myeloid
leukemia stem cells and CD33-targeted immunotherapy. Blood 2012, 119, 61986208, doi:10.1182/blood-2011-11-325050.

86.

Gill, S.; Tasian, S.K.; Ruella, M.; Shestova, O.; Li, Y.; Porter, D.L.; Carroll, M.;
Danet-Desnoyers, G.; Scholler, J.; Grupp, S.A., et al. Preclinical targeting of human
acute myeloid leukemia and myeloablation using chimeric antigen receptormodified T cells. Blood 2014, 123, 2343-2354, doi:10.1182/blood-2013-09-529537.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
29 of 33

87.

You, F.; Wang, Y.; Jiang, L.; Zhu, X.; Chen, D.; Yuan, L.; An, G.; Meng, H.; Yang,
L. A novel CD7 chimeric antigen receptor-modified NK-92MI cell line targeting Tcell acute lymphoblastic leukemia. Am J Cancer Res 2019, 9, 64-78.

88.

Fabian, K.P.; Padget, M.R.; Donahue, R.N.; Solocinski, K.; Robbins, Y.; Allen,
C.T.; Lee, J.H.; Rabizadeh, S.; Soon-Shiong, P.; Schlom, J., et al. PD-L1 targeting
high-affinity NK (t-haNK) cells induce direct antitumor effects and target
suppressive MDSC populations. J Immunother Cancer 2020, 8, doi:10.1136/jitc2019-000450.

89.

Burstein, H.J. The distinctive nature of HER2-positive breast cancers. N Engl J Med
2005, 353, 1652-1654, doi:10.1056/NEJMp058197.

90.

Grabsch, H.; Sivakumar, S.; Gray, S.; Gabbert, H.E.; Muller, W. HER2 expression
in gastric cancer: Rare, heterogeneous and of no prognostic value - conclusions
from 924 cases of two independent series. Cell Oncol 2010, 32, 57-65,
doi:10.3233/CLO-2009-0497.

91.

Fléjou, J.F.; Paraf, F.; Muzeau, F.; Fékété, F.; Hénin, D.; Jothy, S.; Potet, F.
Expression of c-erbB-2 oncogene product in Barrett's adenocarcinoma: pathological
and prognostic correlations. J Clin Pathol 1994, 47, 23-26, doi:10.1136/jcp.47.1.23.

92.

Yoon, H.H.; Shi, Q.; Sukov, W.R.; Wiktor, A.E.; Khan, M.; Sattler, C.A.; Grothey,
A.; Wu, T.T.; Diasio, R.B.; Jenkins, R.B., et al. Association of HER2/ErbB2
expression and gene amplification with pathologic features and prognosis in
esophageal adenocarcinomas. Clin Cancer Res 2012, 18, 546-554,
doi:10.1158/1078-0432.CCR-11-2272.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
30 of 33

93.

Berchuck, A.; Kamel, A.; Whitaker, R.; Kerns, B.; Olt, G.; Kinney, R.; Soper, J.T.;
Dodge, R.; Clarke-Pearson, D.L.; Marks, P., et al. Overexpression of HER-2/neu is
associated with poor survival in advanced epithelial ovarian cancer. Cancer Res
1990, 50, 4087-4091.

94.

Rolitsky, C.D.; Theil, K.S.; McGaughy, V.R.; Copeland, L.J.; Niemann, T.H. HER2/neu amplification and overexpression in endometrial carcinoma. Int J Gynecol
Pathol 1999, 18, 138-143, doi:10.1097/00004347-199904000-00007.

95.

Schlegel, J.; Stumm, G.; Brändle, K.; Merdes, A.; Mechtersheimer, G.; Hynes, N.E.;
Kiessling, M. Amplification and differential expression of members of the erbBgene family in human glioblastoma. J Neurooncol 1994, 22, 201-207,
doi:10.1007/bf01052920.

96.

Press, M.F.; Cordon-Cardo, C.; Slamon, D.J. Expression of the HER-2/neu protooncogene in normal human adult and fetal tissues. Oncogene 1990, 5, 953-962.

97.

O'Rourke, D.M.; Nasrallah, M.P.; Desai, A.; Melenhorst, J.J.; Mansfield, K.;
Morrissette, J.J.D.; Martinez-Lage, M.; Brem, S.; Maloney, E.; Shen, A., et al. A
single dose of peripherally infused EGFRvIII-directed CAR T cells mediates
antigen loss and induces adaptive resistance in patients with recurrent glioblastoma.
Sci Transl Med 2017, 9, doi:10.1126/scitranslmed.aaa0984.

98.

Brown, C.E.; Badie, B.; Barish, M.E.; Weng, L.; Ostberg, J.R.; Chang, W.C.;
Naranjo, A.; Starr, R.; Wagner, J.; Wright, C., et al. Bioactivity and Safety of
IL13Rα2-Redirected Chimeric Antigen Receptor CD8+ T Cells in Patients with

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
31 of 33

Recurrent Glioblastoma. Clin Cancer Res 2015, 21, 4062-4072, doi:10.1158/10780432.Ccr-15-0428.
99.

Sugawa, N.; Ekstrand, A.J.; James, C.D.; Collins, V.P. Identical splicing of aberrant
epidermal growth factor receptor transcripts from amplified rearranged genes in
human glioblastomas. Proceedings of the National Academy of Sciences 1990, 87,
8602-8606, doi:10.1073/pnas.87.21.8602.

100.

Chen, X.; Han, J.; Chu, J.; Zhang, L.; Zhang, J.; Chen, C.; Chen, L.; Wang, Y.;
Wang, H.; Yi, L., et al. A combinational therapy of EGFR-CAR NK cells and
oncolytic herpes simplex virus 1 for breast cancer brain metastases. Oncotarget
2016, 7, 27764-27777, doi:10.18632/oncotarget.8526.

101.

Genssler, S.; Burger, M.C.; Zhang, C.; Oelsner, S.; Mildenberger, I.; Wagner, M.;
Steinbach, J.P.; Wels, W.S. Dual targeting of glioblastoma with chimeric antigen
receptor-engineered natural killer cells overcomes heterogeneity of target antigen
expression and enhances antitumor activity and survival. Oncoimmunology 2016, 5,
e1119354, doi:10.1080/2162402X.2015.1119354.

102.

Han, J.; Chu, J.; Keung Chan, W.; Zhang, J.; Wang, Y.; Cohen, J.B.; Victor, A.;
Meisen, W.H.; Kim, S.H.; Grandi, P., et al. CAR-Engineered NK Cells Targeting
Wild-Type EGFR and EGFRvIII Enhance Killing of Glioblastoma and PatientDerived Glioblastoma Stem Cells. Sci Rep 2015, 5, 11483, doi:10.1038/srep11483.

103.

Gendler, S.J. MUC1, the renaissance molecule. J Mammary Gland Biol Neoplasia
2001, 6, 339-353, doi:10.1023/a:1011379725811.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131
32 of 33

104.

Chang, J.F.; Zhao, H.L.; Phillips, J.; Greenburg, G. The epithelial mucin, MUC1, is
expressed on resting T lymphocytes and can function as a negative regulator of T
cell activation. Cell Immunol 2000, 201, 83-88, doi:10.1006/cimm.2000.1643.

105.

Nath, S.; Mukherjee, P. MUC1: a multifaceted oncoprotein with a key role in cancer
progression. Trends Mol Med 2014, 20, 332-342,
doi:10.1016/j.molmed.2014.02.007.

106.

Finn, O.J.; Gantt, K.R.; Lepisto, A.J.; Pejawar-Gaddy, S.; Xue, J.; Beatty, P.L.
Importance of MUC1 and spontaneous mouse tumor models for understanding the
immunobiology of human adenocarcinomas. Immunol Res 2011, 50, 261-268,
doi:10.1007/s12026-011-8214-1.

107.

Li, Q.; Wang, Y.; Lin, M.; Xia, L.; Bao, Y.; Sun, X.; Yang, L. Abstract A014: Phase
I clinical trial with PD-1/MUC1 CAR-pNK92 immunotherapy. Cancer Immunology
Research 2019, 7, A014-A014, doi:10.1158/2326-6074.Cricimteatiaacr18-a014.

108.

Spear, P.; Wu, M.R.; Sentman, M.L.; Sentman, C.L. NKG2D ligands as therapeutic
targets. Cancer Immun 2013, 13, 8.

109.

Duan, S.; Guo, W.; Xu, Z.; He, Y.; Liang, C.; Mo, Y.; Wang, Y.; Xiong, F.; Guo,
C.; Li, Y., et al. Natural killer group 2D receptor and its ligands in cancer immune
escape. Mol Cancer 2019, 18, 29, doi:10.1186/s12943-019-0956-8.

110.

Ruocco, M.G.; Pilones, K.A.; Kawashima, N.; Cammer, M.; Huang, J.; Babb, J.S.;
Liu, M.; Formenti, S.C.; Dustin, M.L.; Demaria, S. Suppressing T cell motility
induced by anti-CTLA-4 monotherapy improves antitumor effects. J Clin Invest
2012, 122, 3718-3730, doi:10.1172/jci61931.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 July 2020

doi:10.20944/preprints202007.0139.v1

Peer-reviewed version available at Cancers 2020, 12, 2131; doi:10.3390/cancers12082131

33 of 33

111.

Hassan, R.; Thomas, A.; Alewine, C.; Le, D.T.; Jaffee, E.M.; Pastan, I. Mesothelin
Immunotherapy for Cancer: Ready for Prime Time? J Clin Oncol 2016, 34, 41714179, doi:10.1200/JCO.2016.68.3672.

112.

Mitwasi, N.; Feldmann, A.; Arndt, C.; Koristka, S.; Berndt, N.; Jureczek, J.;
Loureiro, L.R.; Bergmann, R.; Mathe, D.; Hegedus, N., et al. "UniCAR"-modified
off-the-shelf NK-92 cells for targeting of GD2-expressing tumour cells. Sci Rep
2020, 10, 2141, doi:10.1038/s41598-020-59082-4.

113.

Suzuki, M.; Cheung, N.K. Disialoganglioside GD2 as a therapeutic target for human
diseases. Expert Opin Ther Targets 2015, 19, 349-362,
doi:10.1517/14728222.2014.986459.

114.

Cheever, M.A.; Allison, J.P.; Ferris, A.S.; Finn, O.J.; Hastings, B.M.; Hecht, T.T.;
Mellman, I.; Prindiville, S.A.; Viner, J.L.; Weiner, L.M., et al. The prioritization of
cancer antigens: a national cancer institute pilot project for the acceleration of
translational research. Clin Cancer Res 2009, 15, 5323-5337, doi:10.1158/10780432.Ccr-09-0737.

115.

Sait, S.; Modak, S. Anti-GD2 immunotherapy for neuroblastoma. Expert Rev
Anticancer Ther 2017, 17, 889-904, doi:10.1080/14737140.2017.1364995.

116.

Wang, Z.; Guo, L.; Song, Y.; Zhang, Y.; Lin, D.; Hu, B.; Mei, Y.; Sandikin, D.;
Liu, H. Augmented anti-tumor activity of NK-92 cells expressing chimeric
receptors of TGF-betaR II and NKG2D. Cancer Immunol Immunother 2017, 66,
537-548, doi:10.1007/s00262-017-1959-1.

