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ABSTRACT: Natural killer (NK) cells recognize targets stressed by malignant transformation or infection and can be long-lived.
They become educated by interacting with major histocompatibility antigen (MHC) class I molecules to gain function to kill
targets and produce cytokines. In the clinic, haploidentical NK cells can be adoptively transferred to treat cancer. Persistence and
in vivo expansion of NK cells depends on lymphodepleting chemotherapy to make space and induce release of endogenous IL15. In vivo expansion is also enhanced by cytokine administration but IL-2 has the down side of stimulating CD25hi regulatory
T cells (Tregs). Other limitations to NK-cell therapy include poor in vivo survival and lack of specificity. Bispecific or trispecific
killer engagers that target CD16 on NK cells to enhance recognition of tumor antigens, and desintegrin and metalloproteinase
17 (ADAM17) inhibition that prevents CD16 shedding after NK-cell activation should promote enhanced killing of cancer with
specificity. These are exciting times; more than 35 years after NK cells were initially described, we are exploiting their capacity
for clinical therapy.
KEY WORDS: NK cells, adoptive transfer, allogeneic NK cells, cancer
ABBREVIATIONS: ADAM17: a desintegrin and metalloprotease-17; AML: acute myeloid leukemia; BiKEs: bispecific killer
engagers; CR: complete remission; IL: interleukin; KIR: killer immunoglobulin receptors; MHC: major histocompatibility antigen; NK: natural killer; Treg: regulatory T cells.

I. INTRODUCTION
Both innate and adaptive immunity actively prevent neoplastic development in the process called
“cancer immunosurveillance.” In the early 1970s,
Dr. Ronald Herberman and colleagues discovered
a new class of lymphocytes that they called natural
killer (NK) cells. Subsequently, these investigators
were among the first to demonstrate that effector
lymphocytes from athymic nude mice are highly
reactive against several syngeneic and allogeneic
tumors in a 51Chromium-release cytotoxicity assay.
They recognized that anti-tumor reactivity was not
T-cell dependent.1,2 Foreign, damaged, malignant
and viral transformed cells may lose expression of
major histocompatibility antigen (MHC) class I in
a process of “loss of self ” and, as a result, become
“susceptible” to autologous NK-cell killing.3–5 NK
cells are educated by interaction with MHC class I
molecules to gain potent function to kill malignantly
transformed cells without prior sensitization by
either direct cellular cytotoxicity, antibody-mediated
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cellular killing, or release of potent cytokines, such
as interferon gamma (IFN-γ), that lyse susceptible
targets.6–8 We now better understand that NK cells
can be long-lived and can remember past exposures.9–12 Harnessing NK cells to treat cancer has
evolved over the last 30 years to extend from strategies for unleashing autologous NK cells cytotoxicity
by exogenous cytokines and activators to adoptive
transfer of autologous or allogeneic NK cells.
The initial application of autologous NK-cell–
enriched cellular products to treat cancer was pioneered at the National Cancer Institute in 1980.13
Basic principles postulated in these trials laid the
foundation for the adoptive cell therapy field. The
potential role of allogeneic NK cells in cancer elimination has been more difficult to demonstrate. The
most direct evidence comes from clinical observations
following allogeneic donor stem cell transplantation.
NK cells rapidly reconstitute after donor stem cell
transplantation. In instances where haploidentical
donor and recipients were mismatched in KIR–KIR
ligands (class I HLA), donor NK cells mediated
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strong anti-leukemia cellular responses capable of
protecting patients from leukemia relapse.14,15 We
demonstrated in proof-of-concept clinical studies that
adoptively transferred HLA-haploidentical donor
NK cells can expand following lympho-depleting
chemotherapy and can eliminate chemotherapyresistant acute myeloid leukemia that leads to clinical
remissions.16 Leukemia clearance correlated with the
persistence and in vivo expansion of NK cells after
adoptive transfer.
In this article, we review our collective experience at the University of Minnesota using NK cells
in cancer therapy and present future directions
using novel strategies such as the use of bispecific
or trispecific killer engagers to simultaneously target
CD16 on NK cells and various tumor antigens.17,18
We also discuss recent strategies related to disintegrin
and metaloprotease 17 (ADAM17) protease inhibition, which prevent CD16 shedding after NK cell
activation and can promote killing of cancer with
specificity.17–19
II. AUTOLOGOUS NK CELLS IN CANCER
THERAPY
Human NK cell activity is under the control of
signals from the killer immunoglobulin receptors
(KIR) complex. KIRs are expressed on the NK cell
surface and most commonly interact with the MHC
class I molecule HLA-Bw4, HLA-C1, and HLAC2 groups.20,21 In most circumstances, autologous
NK cells are under the dominance of inhibitory
signals. NK cell cytotoxicity is triggered by the loss
of MHC class I on tumor cells.21 Under normal
homeostatic conditions, a balance of activating and
inhibitory signals tightly control NK cell function. Activating NK-cell receptors include natural
cytotoxicity receptors NKp30, NKp44, and NK46
and, importantly, NKG2D and DNAM-1, which is
constitutively expressed on all NK cells.22,23 Activating receptors recognize stress-induced molecules,
HLA class 1–related MICA and MICB, class I–like
cytomegalovirus-homologous ULBP proteins, and
ligands CD155 (Poliovirus receptor) and CD112
(Nectin -2), which are expressed on some tumors,
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making them sensitive to NK-cell–mediated killing.24
In vitro, NK cells can mediate the direct killing of
freshly isolated human tumor cells from acute myeloid
leukemia, acute lymphoblastic leukemia, multiple
myeloma, neuroblastoma, ovarian carcinoma, and
colon, renal cell, and gastric carcinomas.25,26 Many
lymphoma tumors express high levels of HLA class I
receptors and lack ligands that signal through activating NK-cell receptors. Such tumors may be resistant
to the NK-cell–mediated lysis. After incubating NK
cells with cytokines, particularly IL-2 or IL-15, NK
cells acquire the capacity to lyse a broad array of fresh
and cultured tumor targets not normally sensitive to
NK lysis, including the Raji lymphoma cell lines.27
Furthermore, IL-2–activated donor NK cells are synergistic with monoclonal antibodies against resistant
cell lines in vitro and in mouse xenograft models.
The lymphokine-activated killer-cell infusions
first tested were autologous peripheral blood mononuclear cells exogenously stimulated with IL-2 in
vitro–induced killer cells. Subsequently, autologous
tumor-infiltrating lymphocytes and tumor-specific
cytotoxic T-cells were infused following lymphodepleting chemotherapy.13 Meaningful responses
were observed with tumor-infiltrating lymphocytes
in few patients with melanoma. However, the
importance of these early clinical observations lay
in critical lessons learned: (1) High-dose IL-2 used
in vivo with the aim of activating NK cells has
unacceptable toxicity owing to severe capillary leak
syndrome. (2) Low-dose subcutaneous IL-2 with
and without autologous LAK cells is well tolerated.
(3) Lympho-depleting chemotherapy combining
high-dose cyclophosphamide and fludarabine leads
to clearing of space and allows for in vivo expansion
of autologous adoptively transferred cytotoxic T lymphocytes, leading to enhanced efficacy. Lymphopenia
(or clearing space) changes the competitive balance
between transferred lymphocytes and endogenous
lymphocytes. Alternatively, lymphopenia induces
survival factors or depletes inhibitory effects (cells
or soluble factors).
In three clinical trials at the University of Minnesota, we tested use of ex vivo IL-2–activated autologous NK cells followed by daily subcutaneous IL-2
in patients with a variety of malignancies, including
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non-Hodgkin’s lymphoma and renal cell carcinoma.28
Final analysis of the phase II studies using autologous NK cells failed to demonstrate efficacy. The
results did, however, lead to the following important
findings: (1) IL-2 can be administered safely. (2)
IL-2 can induce an increase in circulating cytotoxic
lymphocytes with a disproportionate increase in
NK cells. (3) Recipients’ lymphocytes can compete
for cytokines and “space.” (4) Autologous NK cells
are inhibited by self-MHC. (5) Tumor-induced
immunosupression of host immunity interferes with
NK function. (6) Low-dose IL-2 stimulates host
regulatory T cells (Tregs).
Following the discovery of inhibitory KIR and
our evolving understanding of NK licensing and the
role HLA class 1 plays in this process, we and others
began to investigate the possibility of using allogeneic
NK cells as opposed to autologous NK cells.
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KIR–HLA class I mismatch occurs. Remarkably,
the potent anti-leukemia responses delivered by allogeneic donor-derived NK cells were not associated
with graft-versus-host disease.32,33 These observations
led us to hypothesize that mature haploidentical NK
cells alone without stem cell transplantation could
represent a promising tool to achieve anti-tumor
responses.
In a trial involving patients with refractory acute
myelogenous leukemia, we used a lympho-depleting
regimen with high-dose cyclophosphamide (60 mg/
kg/day × 2) followed by IV fludarabine 25 mg/m2/
day × 5 days chemotherapy followed by infusion of
adoptively transferred HLA-haploidentical NK cells.16
IL-2 was administered daily (1.75 million units/
m2) for 14 days (subsequently modified to 6 higher
doses [10 million units without m2 correction] for
2 weeks). Administration of the regimen uniformly
resulted in lymphopenia and marrow suppression. A
marked increase in IL-15 concentration (up to 100
III. ALLOGENEIC NK CELLS IN ACUTE
pg dl-1) was detected in patients receiving high-dose
MYELOID LEUKEMIA THERAPY
cyclophosphamide and fludarabine. In addition, we
reported the inverse correlation between absolute
Recent advances in the understanding of basic NK lymphocyte count and IL-15 concentration (r=0.62,
cell biology has shed light on the processes of NK cell p-value < 0.0001). Data suggest that decreasing
education by which NK cells acquire self-tolerance numbers of mature lymphocytes, which utilize IL-15,
and “alloreactivity.” This developmental mechanism is result in elevated plasma IL-15 concentrations. We
an adaptive process that NK cells undergo in response also found that 26% of poor-prognosis AML patients
to the HLA class 1 environment.29,30 This “licensing” achieved complete hematologic remission (CR) after
describes a terminal differentiation step by which NK cell adoptive transfer. The apheresis product was
NK cells become functionally competent only when CD3 depleted and activated with IL-2 in vitro. Cell
they receive an appropriate signal via an inhibitory processing resulted in a significant reduction of T cells
receptor ligating the cognate self-HLA. Several lines in all products, decreasing from 60% in the apheresis
of evidence suggest that functional activity of mature product to 1% after CD3 depletion, yielding a final
NK cells can be reset when the cells are exposed to T-cell dose of 1.5±0.3 × 105 cells kg-1, accompanied by
changed MHCs and that NK-cell education is a an average of 40-fold less T cells than NK cells. Other
continuous process. These findings are important to components of the final product included monocytes
NK-cell immunotherapy; they suggest that donor (27%) and B lymphocytes (14%). All patients received
NK cells unlicensed by HLA alleles absent in the subcutaneous IL-2 after infusions. In vivo NK-cell
donor may become licensed by host HLA alleles, expansion was assessed using a PCR-based chimerism
leading to activity of donor NK cells against host assay. Ten percent of the subjects in this trial met
tumor cells lacking HLA expression.31
criteria for successful NK cell expansion defined as
In clinical trials using allogeneic T-cell–depleted >100 NK cells microL-1 in peripheral blood at day
hematopoietic cell transplantation from haploiden- 14 after NK-cell infusion.
tical donors in patients with AML, Rugierri et al.
In subsequent applications of donor NK-cell
showed that NK cell cytotoxicity is enhanced if infusions to treat non-Hodgkin’s lymphoma, breast
Volume 19, Number 1-2, 2014
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cancer, and ovarian cancer, we and others have found
that host regulatory T cells (Tregs) are resistant to
cytotoxic therapy and expand rapidly when IL-2 is
administered after NK-cell infusion.34,35 Tregs are
phenotypically distinct CD4+CD25+Foxp3+ immunosuppressive lymphocytes residing in lymphoid
organs and peripheral blood. In the setting of NKcell adoptive transfer, however, we hypothesized that
host Tregs interfere with NK-cell proliferation and
expansion.36 Because Tregs are uniquely dependent on
the high-affinity IL-2 receptor alpha chain (CD25)
for their function and survival, IL-2 mediates the
strongest proliferative signal for Tregs.
In two subsequent clinical trials, we treated
23 additional AML patients with high dose cyclophosphamide/fludarabine lympho-depleting chemotherapy. Fifteen patients also received IL-2 diphtheria
toxin, a recombinant cytotoxic fusion protein composed of the amino acid sequences for diphtheria
toxin followed by truncated amino acid sequences for
IL-2. We hypothesized that diphtheria toxin would
selectively deplete IL-2 receptor (CD25+) expressing cells, including Tregs. Among the 15 patients
treated with this regimen, 10 had detectable donor
NK cells at day 7 (median 68% donor DNA). At day
14, 27% had successfully expanded NK cells in vivo,
with median absolute donor-derived NK cell counts
of 1000 cells μL-1 blood. These results improved
our previous rate of 10% in vivo NK cell expansion
observed with the same regimen but without Treg
depletion. The absence of a bona fide Treg population
at either day 7 or day 14 correlated with an in vivo
NK cell expansion at day 14. Augmented lymphocyte
and Treg depletion with diphtheria toxin resulted
in 53% patients attaining CR, significantly better
compared to strategies without diphtheria toxin
(CR rate 26%; p=0.02). These outcomes suggest
that the NK cells themselves played a role in the
antileukemia response over and above the activity
of the high-dose chemotherapy preparative regimen.
Patients achieving remission also had a significantly
higher proportion of circulating donor NK cells,
further suggesting that persistence and expansion is
required to observe clinical efficacy. However, it is
important to recognize that the absolute level of in
vivo NK cell expansion needed to induce a clinical
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response remains unknown. Our results suggest that
lower donor NK cell levels or donor chimerism for
shorter time intervals (e.g., day 7 but not day 14)
may be sufficient for clinical efficacy. To address this
question, these parameters need to be measured and
correlated with clinical response in all donor NK
cell trials.
IV. DONOR NK-CELL PRODUCTS
Three different processing methods were used to
prepare NK cell products for infusion in AML trials.
These included CD3 depletion alone (32 patients),
CD3 depletion followed by CD56 selection (10
patients), and single-step CD3/CD19 depletion
(15 patients). CD19+ B-cell depletion was added
after we observed an episode of severe hemolytic
anemia mediated by NK-cell donor passenger B
lymphocytes as well as three Epstein-Bar virus
lymphoproliferative disease events. Importantly, we
observed that the process of CD56 selection resulted
in threefold fewer NK cells per product compared
with CD3 depletion alone. All clinical products were
highly cytotoxic against K562 targets. The highest
NK cell doses (mean 26 × 106 NK cells kg-1) were
obtained with the CD3/CD19 depletion method,
due to the reduced cell loss with the single Good
Manufacturing Practice manipulation and extended
5-hour apheresis collection time (data not published).
CD19 and CD3 depletion remains a standard in our
NK-cell products.
Despite expectations, KIR–ligand mismatch
status and KIR genotype did not correlate with
clinical efficacy in these trials. This is not necessarily contradictory to other models because NK
cells activated by endogenous IL-15 and IL-2
administration may act differently from NK cells
after allogeneic transplantation. Moreover, higher
serum IL-15 detected after denileukin-containing
lympho-depleting chemotherapy correlated strongly
with NK-cell expansion, confirming the role of
IL-15 cytokine as a key cytokine maintaining
NK-cell homeostasis. The most recent advance in
allogeneic NK-cell therapy for AML includes an
exogenous IL-15, which is currently being tested
Critical Reviews™ in Oncogenesis
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in phase 1 dose-escalation trials at the University
of Minnesota.
V. ALLOGENEIC NK CELL IN OTHER
CANCER THERAPIES
Based on success observed in AML, we are currently
testing the adoptively transferred allogeneic NK cells
in other malignancies. Ovarian and breast cancer
have been shown to be highly sensitive to NK-cell
killing in vitro.26 Geller at al. reported 13 patients
with advanced chemotherapy-refractory disease.35
Nine patients had detectable donor NK cells at day
7, but none met the definition of NK cell expansion
at day 14. In a subsequent attempt to promote NKcell expansion and eliminate Treg, we intensified the
preparative regimen by adding 200 cGy of total body
irradiation to our regimen. Unfortunately, the myeloid
suppression and toxicity of this therapy proved to
be excessive. Nevertheless, one patient experienced
prolonged NK-cell persistence despite interruption
of IL-2 therapy and corticosteroid use, suggesting
that the expansion of allogeneic NK cells in patients
with solid tumor is possible.
In a pilot study, Bachanova et al. evaluated infusion of haploidentical donor NK cells with rituximab
and IL-2 for antitumor efficacy in patients with
advanced chemotherapy-refractory lymphoma.34 At 2
months, four patients showed a demonstrable clinical
response. We observed evidence of donor DNA in
nodal sites, suggesting a tissue-homing capacity of
infused NK cells. All patients showed substantial
increases in host-regulatory T cells (Treg) after NKcell and IL-2 therapy (180–80 cells microL-1 at day
14 vs. baseline: 58–24 cells microL-1, p = 0.04). These
data suggest that inadequate immunodepletion and
Treg persistence may contribute to a hostile milieu
for NK-cell survival and expansion. Our recent collective experience using donor-derived NK cells with
IL-2 in solid tumor patients suggests that future celltherapy trials should incorporate effective strategies
to interfere with suppressive elements such as Treg
and myeloid suppressor cells.
Volume 19, Number 1-2, 2014

VI. FUTURE PERSPECTIVES AND PRECLINICAL STRATEGIES
Several tumor-targeted antibody strategies have been
proposed to enhance NK-cell activity or targeting.
These approaches are intended to interrupt NK-cell
inhibition, provide co-stimulation, or to enhance
targeting through CD16. Each of these strategies
has the potential to augment the therapeutic benefit
of NK cells and to broaden the impact of their use
beyond hematologic malignancies.
The Fc receptor CD16 is present on most peripheral blood NK cells. Upon recognition of antibodycoated tumor cells, CD16 delivers potent activating
signals to NK cells, leading to target elimination
through direct killing and cytokine production.
Our group recently demonstrated that activated NK
cells lose Fc receptor gamma (CD16) and homing receptor CD62L that is clipped by disintegrin
and metalloprotease-17 (ADAM17).19 Inhibition
of ADAM17 enhanced CD16-mediated NK-cell
function by preserving CD16 on the NK-cell surface
increased killing of rituximab-coated lymphoma
cells. Notably, ADAM family enzymes, including
ADAM10 and ADAM17, are highly expressed in
lymphoma tumor stroma. Lymphoma-associated
stress ligands (e.g., ULB, MICA, MICB, and B7-H6)
are also ADAM17 protease targets.37 These findings
demonstrate that novel therapeutic targets, such as
ADAM17, can be explored clinically to augment the
efficacy of monoclonal antibody-dependent NK-cell
tumor-cell killing.
In addition to monoclonal antibodies, we at
the University of Minnesota have focused on a
platform using bispecific killer engagers (BiKEs)
constructed with a single-chain Fv against CD16
and a single-chain Fv against a tumor-associated
antigen.17,18 Using CD16x19 BiKEs and a trispecific
CD16x19x22 (TriKE), we have shown that CD16
signaling is potent and delivers a different signal compared with natural recognition of rituximab, especially
in regard to cytokine production. One advantage to
the BiKE and TriKE platform is its flexibility and
ease of production. We have recently developed a
CD16x33 BiKE to target myeloid malignancies
(AML and myelodysplastic syndrome). One of the
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most remarkable properties of this drug is its potent
signaling. In refractory acute leukemia, we found that
CD16x33 BiKE overcomes inhibitory KIR signaling,
leading to potent killing and production of cytokines
by NK cells.17 Interestingly, ADAM17 inhibition
enhances CD16x33 BiKE responses against primary AML targets. These immunotherapeutics will
be developed for clinical testing for hematologic
malignancies and will allow for NK-cell activation
via CD16 while approximating NK cells in direct
contact with targeted tumor cells.
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VII. CONCLUSIONS
The studies discussed here provide clinical evidence
of a solid basis for development of future strategies
to manipulate NK-cell product, host, and target. The
ultimate goal is to enhance the therapeutic benefit
of NK-cell–based cancer therapy while minimizing
risks and toxicities. Important questions remain to
be answered, including determination of minimum
NK expansion needed for clinical anti-tumor activity. At present, the success of NK-cell expansion
interventions remain unpredictable, particularly for
solid tumors in which an immunosuppressive tumorinduced microenvironment dominates and interferes
with immune responses. The product characteristics
and effective cytokine cocktail proportions vary for
different tumor types and patient populations. Future
clinical trials will be designed to exploit strategies to overcome the host immune barriers of NK
anti-tumor reactivity. Likewise, strategies to exploit
favorable donor immunogenetics and NK-cell expansion ex vivo from blood, lymphoid progenitors, or
pluripotent progenitors will be explored. Limitations
to implementation of complex NK-cell therapies
include requirements for Good Manufacturing
Practice facilities and expertise as well as significant
financial resources. Enormous progress has been made
in the nearly four decades since Dr. Herberman
and his colleagues first identified and characterized
the NK cell. Ongoing basic and clinical research is
progressively translating into promising approaches
for more successful outcomes in the treatment of
malignant disease.38–40
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