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Immunotherapies based on natural killer (NK) cells are among the most promising
therapies under development for the treatment of so far incurable forms of leukemia
and other types of cancer. The importance of NK cells for the control of viral infections
and cancer is supported among others by the findings that viruses and tumors use
a multitude of mechanisms to subvert and evade the NK cell system. Infections and
malignant diseases can further lead to the shaping of NK cell populations with altered
reactivity. Counter measures of potential therapeutic impact include the blocking of inhib-
itory interactions between NK cell receptors and their cellular ligands, the enhancement
of activating receptor signals, and the infusion of large numbers of ex vivo generated
and selected NK cells. Moreover, the specific cross-linking of NK cells to their target
cells using chimeric antigen receptors or therapeutic bi-/trispecific antibody reagents
is a promising approach. In this context, NK cells stand out by their positive effects
and safety demonstrated in most clinical trials so far. Based in part on results of the
recent EC-sponsored project “NATURIMMUN” and considering additional published
work in the field, we discuss below new developments and future directions that have
the potential to further advance and establish NK cell-based therapies at the clinics on
a broader scale.

Keywords: immunotherapy, natural killer cells, immune evasion, cell therapy, checkpoint inhibitors, chimeric
antigen receptors, bispecific antibodies

INTRODUCTION

Natural killer (NK) cells have been classically defined as part of the innate immune system providing
immediate reactivity against their main targets, virally infected and tumor cells (1). This view has
been substantially extended over the recent years based on the findings that NK cells are calibrated
to provide self-tolerance, can develop a memory, and play a role in the regulation of the adaptive
immune response (2-5). Furthermore, NK cells have turned out to be part of a larger family of
innate lymphoid cells (ILCs) that include ILC1-3 (6).

Natural killer reactivity, including cytokine secretion and cytotoxicity, is controlled by a balance
of several germ-line encoded inhibitory and activating receptors such as killer immunoglobulin-
like receptors (KIRs) and natural cytotoxicity receptors (NCRs) (1, 5, 7, 8). Evidence for the
anticancer efficacy of NK cells comes from allogeneic or haploidentical hematopoietic stem cell
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(HSC) transplantations that have been used in combination with
chemotherapy in the treatment of different forms of leukemia
(9). This has shown that NK cells formed from the transplant not
only are efficient in killing of allogeneic leukemia cells but are
also instrumental in reducing the incidence of graft versus host
disease due to their killing activity for dendritic cells (10). Taken
together with clinical NK infusion trials in leukemia patients,
which have shown exciting antitumor activities and generally
safety of the procedure (11-13), it appears that NK cells could
be the cells of choice in cellular therapies of leukemia not dis-
playing the critical graft versus host activities of T lymphocytes.
Although it is currently less clear whether NK cells will be
similarly active in solid cancers, this is a further important area
of interest.

IMMUNE EVASION MECHANISMS
AND SHAPING OF THE NK CELL
COMPARTMENT

Given the importance of NK cells, it is not astonishing that viruses
and tumors use a wide array of mechanisms to avoid recogni-
tion by NK cells. A paradigm is represented by the Herpes virus
family. Many mechanisms such as expression of viral ligands for
inhibitory receptors have been described (14). Important is fur-
ther the downregulation of human stress-induced ligands recog-
nized by the activating NKG2D receptor present on the majority
of NK cells. Normally, these stress ligands appear on the cell sur-
face whenever a cell is virally infected or undergoes oncogenic
transformation. Whereas internalization and miRNA-mediated
downregulation of several stress ligands have been shown pre-
viously (15), additional novel mechanisms have been recently
identified within the EC-funded project NATURIMMUN. For
example, in the case of HHV-6B the expression of stress ligands
is suppressed by proteasomal degradation induced by the virus.
Consequently, HHV-6B-infected cells can evade immune sur-
veillance by NK cells (16). These various evasion mechanisms
of Herpes viruses are reviewed (17) within this research topic
(“Tailoring NK Cell Receptor-Ligand Interactions: an Art in
Evolution”).

Extending the importance of NKG2D ligands to tumors,
Schmiedel et al. have shown within the NATURIMMUN project
that the stress ligand ULBP2 can be suppressed by an RNA-
binding protein that is frequently overexpressed in tumor cells.
By binding of this oncogenic protein to ULBP2 mRNA the stabil-
ity of the mRNA is reduced and ULBP2 levels on the cell surface
are downregulated. In consequence, the tumor cells are protected
from NK cell recognition (18). This strongly supports that
modulation of stress ligands is an important escape mechanism
used by cancer cells to diminish NK cell recognition. Involving a
different inhibitory receptor, another unexpected novel evasion
mechanism could be shown by the same group for colon cancer.
NK cell killing was inhibited by the presence of fecal bacteria in
the tumor environment. Bacterial proteins interacted with the
inhibitory TIGIT receptor on NK cells leading to the inhibition of
NK cell cytotoxicity (19). Inhibition of NK cells can also occur by
blocking of NKG2D via soluble forms of the stress ligand MICA

as shown for neuroblastoma as well as head and neck carcinoma.
This tumor escape can be overcome in part by highly activated
NK cells with upregulated NKG2D (20, 21).

Viruses and human cancers can further have profound effects
on and shape the NK cell compartment. Human cytomegalovi-
rus (HCMYV), a herpes family member, can trigger an adaptive
NK cell response leading to the expansion of NK cell subsets
with specific receptor expression (22-24), e.g., the activating
NKG2C receptor. The adaptive NKG2C NK cells have been
implicated in improved survival of leukemia patients receiving
a HSC transplant from HCMV-positive donors (23, 25). Given
the potential higher antitumor reactivity of the NKG2C NK cells,
this subset is of therapeutic interest and was investigated within
the frame of the NATURIMMUN project. Obtained results sup-
port that different adaptive NK cell subsets develop in response
to viral infection and this is influenced by the copy number of
the NKG2C gene (26).

It has been established that certain forms of leukemia display
a defective NK cell compartment (27) rendering these forms
priority cases for the exploration of NK cell-based therapies. In
regard of acute myeloid leukemia (AML), we investigated within
the NATURIMMUN project NK cells in patients receiving a
novel maintenance therapy with histamine plus IL-2. In this
study, AML patients displayed diminished and partly defective
NK cells. The therapy strongly induced the immunomodulatory
CD56™e"CD16~ and CD56™*CD16" NK cell subtypes and
contributed to the restoration of the NK cell compartment (28).
This is in line with the described positive effects of the therapy on
disease-free survival of AML patients (29, 30). In addition, our
cooperation partner S. Huenecke describes in this research topic
that during immune reconstitution after HSC transplantation
the degree of development of the two CD56" and the CD56%™
NK cell subpopulations can serve as prognostic marker for both
graft versus host disease and viral infections (31).

MODULATION OF INHIBITORY NK
RECEPTOR-LIGAND INTERACTIONS
AND NOVEL LIGANDS OF ACTIVATING
RECEPTORS

Unprecedented rates and durations of clinical responses have
been recently achieved in cancer patients by the treatment with
antibody reagents that block inhibitory “checkpoint receptors”
(32). Whereas these therapies have so far been restricted to the
blockade of inhibitory pathways acting on T lymphocytes, the
inhibition of NK cells by the interaction of inhibitory NK cell
receptors with MHC class I ligands can be regarded as typical
checkpoint inhibition. In fact, efforts are currently been under-
taken to evaluate blockade of the inhibitory NKG2A/CD%4
receptor and of inhibitory KIRs to elicit NK reactivity to cancer
cells. The company Innate Pharma has developed first-in-class
monoclonal antibodies that target inhibitory NK cell receptors
and these are currently in preclinical and clinical evaluation (33).

While the ligands for inhibitory NK cell receptors are well
established, ligands bound by important activating receptors are
still incompletely identified. This is the case for the activating

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 745


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Hofer and Koehl

NK Cell Immunotherapies

NKG2C/CD9%4 receptor, several activating KIRs, and the NCRs.
In this regard, a group participating in NATURIMMUN has
studied how HCMV stimulates NK cells via the activating
KIR2DS1 receptor. The ligand was identified as a specific class
I molecule, HLA-C2, which in its normal form is recognized
by the related inhibitory KIR2DL1 receptor. Possibly, a con-
formational change in normal HLA-C2 triggered by HCMV
was required for KIR2DS1-mediated NK cell activation (34).
Other participants in NATURIMMUN have developed assay
systems and have work in progress to identify virally induced
and potentially tumor ligands for the activating NKG2C recep-
tor (Pupuleku et al., manuscript in preparation for this research
topic) and the NCRs The clarification of the molecular nature
and mechanism of action of the corresponding activating ligands
on virally infected and tumor cells will allow novel pathways of
NK cell activation to be triggered.

GENERATION OF LARGE-SCALE
THERAPEUTIC NK CELLS AND
TECHNOLOGY TO TARGET AND CROSS-
LINK NK CELLS TO CANCER CELLS

Exploiting and strengthening the NK cell response is a highly
promising approach for future successful immunotherapies of
cancer. This could be achieved by infusion of ex vivo expanded
and activated NK cells, by genetic modification of NK cells with
chimeric antigen receptors (CAR), by multivalent reagents cross-
linking NK cells to cancer cells, or by a combination of these
methods (Figure 1).

In regard of ex vivo expansion of peripheral donor NK cells
several groups have developed corresponding technologies and
some were or are being applied in clinical trials of NK cell
infusions (11, 12, 35). Important for broader availability of these
therapies are commercial sources of the necessary equipment
and reagents and further development of automated systems for

production of GMP-compliant clinical-grade NK cells. A pioneer
in this regard is the company Miltenyi Biotec. In part as partici-
pant of NATURIMMUN, this company has further developed a
protocol to expand peripheral NK cells using irradiated autolo-
gous peripheral blood mononuclear cells as feeder cells. NK cell
isolation and expansion were further fully automated for future
clinical applications (36, 37). NK cells generated by this procedure
have been evaluated in detail (Delso-Vallejo et al., submitted to
this research topic).

Another possibility is the generation of therapeutic NK cells
from umbilical cord blood stem cells (UCBSC), which was pio-
neered by the company Glycostem (38). Within NATURIMMUN,
NK cells differentiated in this system were characterized in detail
and the procedure improved to yield more mature NK cells (39).
Furthermore,animportantroleofthetranscriptionfactor ZNF683/
HOBIT for NK cell differentiation could be shown supporting that
the factor could be used to modulate NK cell generation [(40),
this research topic]. This research topic. UCBSC-derived NK cells
have been evaluated in a phase I clinical trial in elderly AML
patients and found to be safe (41). Furthermore, recent evidence
obtained in NATURIMMUN supports that the cells possess high
cytotoxicity against metastatic colorectal cancer cells (42, 43)
and could be used in the therapy of solid cancers [(44), this
research topic].

An important topic in the field is to harmonize the manufac-
turing of GMP-compliant therapeutic NK cell products, which
was initiated within NATURIMMUN and has been described
in a summary of the worldwide experience obtained so far with
allogeneic adaptive NK cell therapies (12). It is conceivable that
expanded therapeutic NK cells could be stored frozen and be
shipped on demand. These NK cells could, therefore, qualify as
off-the-shelf-products, and to what extent this will be possible is
a relevant question for future research.

It has been shown that expanded and cytokine-activated
NK cells can be functional in certain cancer types. However,
evidence suggests that specific targeting and cross-linking of
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FIGURE 1 | NK cell-based immunotherapies. Standard therapy for high-risk leukemia includes high-dose chemotherapy, followed by hematopoietic stem cell
transplantation. Patients, who do not reach remission or suffer from early relapse thereafter, have a poor prognosis and are in urgent medical need for advanced
therapies. Current immunotherapeutic developments and phase I/1l trials include checkpoint inhibitors for inhibitory NK receptors, infusion of expanded and
activated autologous or allogeneic NK cells, and targeting of NK cells to cancer cells. The latter can be done by modification of NK cells with CAR or by application
of multispecific reagents to cross-link NK cells with cancer cells. These immunotherapies should reduce relapse rates and constitute promising additional treatment
options for high-risk patients. PB, peripheral blood; CBSC, cord blood stem cell; CAR, chimeric antigen receptor; NK, natural killer.
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NK cells to cancer cells would strongly enhance their reactivity
and the applicability of NK cell therapies. A paradigm in the field
is currently the exciting successes of targeting of T lymphocytes
to CD19 via genetic CAR modification (45, 46) or corresponding
bispecific reagents (46). We believe that NK cells will provide
important advantages to the use of T lymphocytes based on their
comparable reactivity but much higher safety. We have achieved
increased NK cell cytotoxicity against leukemia cells using
transduction of NK cells with CAR constructs (47, 48) or by cross-
linking with trispecific reagents (Kloess et al., submitted to this
research topic). Furthermore, it is conceivable that procedures to
achieve redirected primary human NK cells as an “off-the-shelf-
immunotherapy” can be developed. For this, optimizing both the
respective antigen binding and the triggering of the intracellular
signaling cascade by the CAR will be desirable (49).

A possibility to target NK cells to cancer cells can be the use
of monoclonal antibody therapeutics already approved for clini-
cal application. Examples of these are the anti-CD20 antibody
rituximab (50) for B cell leukemia and the anti-EGF receptor
antibody cetuximab (51-53). The latter is in use for the therapy
of colon carcinoma and head and neck cancer. It displays limited
efficacy in colon with better activities in head and neck cancer.
It is possible that synergistic activities could be gained by coap-
plication of NK cell infusions as these antibodies trigger ADCC
via binding to the low-affinity Fcy receptor present on NK cells.
It could be shown within NATURIMMUN that NK cytotoxic-
ity toward EGFR* colon and cervical cancer cells was strongly
enhanced by cetuximab (42, 43). This provides a rationale to
strengthen NK cell immunotherapy through a combination with
cetuximab for metastatic colorectal cancer patients [(44), this
research topic].

PRECLINICAL MODELS FOR EVALUATION
OF HUMAN NK CELL-BASED CANCER
THERAPIES

The preclinical evaluation of NK cell-based therapies in mouse
models is hampered by the inherent problem that reagents
designed to trigger human immune cell would not react at all
or only partially with murine NK cells. Similarly, the evaluation
of human NK cell infusions in mice does not provide a human
immune cell compartment necessary for full functioning. This
problem can be partly circumvented by mouse models with
humanized immune system (HIS) in combination with xeno-
transplantation models of human cancers.

In this regard, a novel method to boost the inefficient human
NK cell development in mice observed after engraftment of
human HSC was recently developed. Normally, the differentia-
tion of NK cells depends on the interplay with myeloid cells, and
human myeloid cells are poorly reconstituted in available HIS
mice due to competition with the murine cells (54). Therefore,
a new model was developed in the NATURIMMUN project
using mice that lack the Flt3 receptor (55) and display reduced
murine myeloid differentiation. In these mice, human dendritic
cells and consequently human NK cells could be successfully
boosted by human Flt3 ligand providing a novel mouse model

with increased NK cell numbers [(56), this research topic]. This
will be valuable for future evaluations of immunotherapies
involving reagents designed for human cells as well as human
NK cell infusions.

As an exemplary preclinical evaluation, we tested within
NATURIMMUN the efficacy of NK cell infusions alone or in
combination with the clinically approved cetuximab against
human colon cancer. HIS mice were engrafted with a human
colorectal carcinoma cell line and treated with cetuximab and
infusions of PB-derived and UCBSC-derived NK cells. Then
the tumor load and survival rate were monitored. Significant
inhibition of tumor growth and improvement of survival rates
were observed. These results provide a rationale for NK infusion
therapies not only for leukemia but also for solid cancer treatment
[(44), this research topic].

MAIN FUTURE DIRECTIONS TO
ACHIEVE NK CELL-BASED CANCER
IMMUNOTHERAPIES ON A
BROADER SCALE

Collectively, the basic work on NK cells, their receptors, and NK
evasion mechanisms have provided evidence for the importance
of the NK cell system in the control of human cancers. Clinical
trials of NK infusion therapies, performed mostly in different
forms of leukemia, have uniformly shown safety of infused
NK cells and in certain cases exciting effects on disease-free sur-
vival (11). This together underlines the feasibility and potential
efficacy of NK cell-based immunotherapies. However, based on
the currently available data a number of questions and major
routes should be further explored in order for NK cell therapies
to become clinically used on a broader scale. Among those are
improved methods for the selection of the best donor NK cells
to be able to optimally exploit the antitumor alloreactivity of
NK cells (12). Then the question of best activation of NK cells by
cytokines such as IL-2, IL-12, IL-15, IL-18, and IL-21 needs to be
settled as reviewed within this research topic (57). In addition, the
best expansion time points of clinical-scale NK cells have to be
evaluated regarding both safety and efficacy with the overall goal
to allow multiple adaptive NK cell application to the respective
patients. The optimal application of the newly developed NK cell-
directed checkpoint inhibitors needs to be explored. Further
additional reagents for targeting and cross-linking of NK cells
to cancer cells using bi-/trispecific antibody-based reagents
should be developed to extend the range of targeted cancer cells.
Similarly, additional CAR constructs for wider targeting should be
derived and corresponding standard “off-the-shelf-procedures”
developed for genetic modification of NK cells. Of special
importance for NK infusion therapies, available technologies for
NK cell generation need to be fully automated and harmonized
protocols developed for large-scale GMP-compliant generation of
clinical-grade therapeutic NK cells that have been recently clas-
sified as advanced therapy medicinal products in Europe. They
are regulated accordingly either centralized or under hospital
exemption by the member states [Regulation (EC) No 1394/2007;
Directive 2001/83/EC and Regulation (EC) No 726/2004]. Given
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the accessibility of the tumor cells the primary focus should be on
leukemia as it is to be expected that progress will be more rapid
in this area. But in light of the high need of new therapies for solid
cancers these should also be pursued.

CONCLUDING REMARKS

The recent years have seen significant progress in immunothera-
pies of cancer based on novel checkpoint inhibitors and reagents
and technology to boost T and NK lymphocytes. We propose
that based on the available knowledge of NK cells, these cells
will be much more amenable for therapeutic purposes based
on their high cytotoxicity and generally demonstrated safety.
Therefore, we suggest that a concerted effort in the development
of NK cell-based immunotherapies has high potential to achieve
novel therapies of hitherto untreatable and relapsed forms of
leukemia and potentially also solid cancers. The development
of broadly applicable NK cell-based therapies should extend the
currently more restricted available T cell-based therapies and
could thus boost the long-standing promise of cellular cancer
therapies.

ETHICS STATEMENT

Described work at the Medical School Hannover was carried out
inaccordance with the recommendations of the Ethics Committee

REFERENCES

1. Caligiuri MA. Human natural killer cells. Blood (2008) 112(3):461-9.
doi:10.1182/blood-2007-09-077438

2. Moretta A, Marcenaro E, Parolini S, Ferlazzo G, Moretta L. NK cells at the
interface between innate and adaptive immunity. Cell Death Differ (2008)
15(2):226-33. doi:10.1038/sj.cdd.4402170

3. Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al.
Innate or adaptive immunity? The example of natural killer cells. Science
(2011) 331(6013):44-9. doi:10.1126/science.1198687

4. Cerwenka A, Lanier LL. Natural killer cell memory in infection, inflam-
mation and cancer. Nat Rev Immunol (2016) 16(2):112-23. doi:10.1038/nri.
2015.9

5. Hoglund P, Brodin P. Current perspectives of natural killer cell education by
MHC class I molecules. Nat Rev Immunol (2010) 10(10):724-34. doi:10.1038/
nri2835

6. Diefenbach A, Colonna M, Koyasu S. Development, differentiation, and
diversity of innate lymphoid cells. Immunity (2014) 41(3):354-65. doi:10.1016/
j.immuni.2014.09.005

7. Pende D, Marcenaro S, Falco M, Martini S, Bernardo ME, Montagna D,
etal. Anti-leukemia activity of alloreactive NK cells in KIR ligand-mismatched
haploidentical HSCT for pediatric patients: evaluation of the functional role
of activating KIR and redefinition of inhibitory KIR specificity. Blood (2009)
113(13):3119-29. doi:10.1182/blood-2008-06-164103

8. Heidenreich S, Kroger N. Reduction of relapse after unrelated donor stem
cell transplantation by KIR-based graft selection. Front Immunol (2017) 8:41.
do0i:10.3389/fimmu.2017.00041

9. Mancusi A, Ruggeri L, Velardi A. Haploidentical hematopoietic transplanta-
tion for the cure of leukemia: from its biology to clinical translation. Blood
(2016) 128(23):2616-23. doi:10.1182/blood-2016-07-730564

10. Morandi B, Mortara L, Chiossone L, Accolla RS, Mingari MC, Moretta L,
et al. Dendritic cell editing by activated natural killer cells results in a more
protective cancer-specific immune response. PLoS One (2012) 7(6):€39170.
doi:10.1371/journal.pone.0039170
11. Bachanova V, Miller JS. NK cells in therapy of cancer. Crit Rev Oncog (2014)

19(1-2):133-41. doi:10.1615/CritRevOncog.2014011091

of the Medical School Hannover with written informed consent
from all subjects. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol
was approved by the Ethics Committee of the Medical School
Hannover (No 2159-2014).

AUTHOR CONTRIBUTIONS

EH prepared the outline, the article parts were jointly written
with EH focusing on the more basic immunology parts and UK
on the therapeutic aspects.

ACKNOWLEDGMENTS

We thank all partners in the project NATURIMMUN for contri-
butions to the project and continuous discussion.

FUNDING

This work was supported by a network grant of the European
Commission (FP7-MC-ITN-317013-NATURIMMUN). Further
support was from the German Research Foundation for the
SEFB738, the Alfred und Angelika Gutermuth Stiftung, the Adolf-
Messer Stiftung, and the German Federal Ministry of Education
and Research for the Integrated Research and Treatment Center
Transplantation (IFB-Tx, Ref. No. 01E00802).

12. Koehl U, Kalberer C, Spanholtz J, Lee DA, Miller JS, Cooley S, et al. Advances
in clinical NK cell studies: donor selection, manufacturing and quality con-
trol. Oncoimmunology (2016) 5(4):e1115178. doi:10.1080/2162402X.2015.
1115178

13. Rubnitz JE, Inaba H, Ribeiro RC, Pounds S, Rooney B, Bell T, et al. NKAML:
a pilot study to determine the safety and feasibility of haploidentical natural
killer cell transplantation in childhood acute myeloid leukemia. J Clin Oncol
(2010) 28(6):955-9. doi:10.1200/JCO.2009.24.4590

14. Jonjic S, Babic M, Polic B, Krmpotic A. Immune evasion of natural killer cells by
viruses. Curr Opin Immunol (2008) 20(1):30-8. doi:10.1016/j.c01.2007.11.002

15. Stern-Ginossar N, Elefant N, Zimmermann A, Wolf DG, Saleh N, Biton M,
et al. Host immune system gene targeting by a viral miRNA. Science (2007)
317(5836):376-81. doi:10.1126/science.1140956

16. Schmiedel D, Tai ], Levi-Schaffer F, Dovrat S, Mandelboim O. Human herpes-
virus 6B downregulates expression of activating ligands during lytic infection
to escape elimination by natural killer cells. J Virol (2016) 90(21):9608-17.
doi:10.1128/JVI.01164-16

17. Schmiedel D, Mandelboim O. Disarming cellular alarm systems-manipulation
of stress-induced NKG2D ligands by human herpesviruses. Front Immunol
(2017) 8:390. doi:10.3389/fimmu.2017.00390

18. Schmiedel D, Tai J, Yamin R, Berhani O, Bauman Y, Mandelboim O. The RNA
binding protein IMP3 facilitates tumor immune escape by downregulating the
stress-induced ligands ULPB2 and MICB. Elife (2016) 5:e13426. doi:10.7554/
eLife.13426

19. Gur C,Ibrahim Y, Isaacson B, Yamin R, Abed J, Gamliel M, et al. Binding of the
Fap2 protein of Fusobacterium nucleatum to human inhibitory receptor TIGIT
protects tumors from immune cell attack. Immunity (2015) 42(2):344-55.
doi:10.1016/j.immuni.2015.01.010

20. Kloess S, Huenecke S, Piechulek D, Esser R, Koch J, Brehm C, et al. IL-2-
activated haploidentical NK cells restore NKG2D-mediated NK-cell cytotox-
icity in neuroblastoma patients by scavenging of plasma MICA. Eur ] Immunol
(2010) 40(11):3255-67. doi:10.1002/¢ji.201040568

21. KlossS,Chambron N, Gardlowski T, Arseniev L, Koch ], Esser R, et al. Increased
sMICA and TGFbetal levels in HNSCC patients impair NKG2D-dependent
functionality of activated NK cells. Oncoimmunology (2015) 4(11):e1055993.
do0i:10.1080/2162402X.2015.1055993

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 745


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1038/sj.cdd.4402170
https://doi.org/10.1126/science.1198687
https://doi.org/10.1038/nri.
2015.9
https://doi.org/10.1038/nri.
2015.9
https://doi.org/10.1038/nri2835
https://doi.org/10.1038/nri2835
https://doi.org/10.1016/
j.immuni.2014.09.005
https://doi.org/10.1016/
j.immuni.2014.09.005
https://doi.org/10.1182/blood-2008-06-164103
https://doi.org/10.3389/fimmu.2017.00041
https://doi.org/10.1182/blood-2016-07-730564
https://doi.org/10.1371/journal.pone.0039170
https://doi.org/10.1615/CritRevOncog.2014011091
https://doi.org/10.1080/2162402X.2015.
1115178
https://doi.org/10.1080/2162402X.2015.
1115178
https://doi.org/10.1200/JCO.2009.24.4590
https://doi.org/10.1016/j.coi.2007.11.002
https://doi.org/10.1126/science.1140956
https://doi.org/10.1128/JVI.01164-16
https://doi.org/10.3389/fimmu.2017.00390
https://doi.org/10.7554/eLife.13426
https://doi.org/10.7554/eLife.13426
https://doi.org/10.1016/j.immuni.2015.01.010
https://doi.org/10.1002/eji.201040568
https://doi.org/10.1080/2162402X.2015.1055993

Hofer and Koehl

NK Cell Immunotherapies

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Guma M, Angulo A, Vilches C, Gomez-Lozano N, Malats N,
Lopez-Botet M. Imprint of human cytomegalovirus infection on the NK cell
receptor repertoire. Blood (2004) 104(12):3664-71. doi:10.1182/blood-
2004-05-2058

Muntasell A, Vilches C, Angulo A, Lopez-Botet M. Adaptive reconfigura-
tion of the human NK-cell compartment in response to cytomegalovirus:
a different perspective of the host-pathogen interaction. Eur | Immunol (2013)
43(5):1133-41. doi:10.1002/€ji.201243117

Liu LL, Pfefferle A, Yi Sheng VO, Bjorklund AT, Beziat V, Goodridge JP,
et al. Harnessing adaptive natural killer cells in cancer immunotherapy.
Mol Oncol (2015) 9(10):1904-17. doi:10.1016/j.molonc.2015.10.001

Cichocki E Cooley S, Davis Z, DeFor TE, Schlums H, Zhang B, et al
CD56dimCD57+NKG2C+ NK cell expansion is associated with reduced
leukemia relapse after reduced intensity HCT. Leukemia (2016) 30(2):456-63.
do0i:10.1038/1eu.2015.260

Muntasell A, Pupuleku A, Cisneros E, Vera A, Moraru M, Vilches C, et al.
Relationship of NKG2C copy number with the distribution of distinct
cytomegalovirus-induced adaptive NK cell subsets. ] Immunol (2016) 196(9):
3818-27. doi:10.4049/jimmunol.1502438

Khaznadar Z, Boissel N, Agaugue S, Henry G, Cheok M, Vignon M, et al.
Defective NK cells in acute myeloid leukemia patients at diagnosis are asso-
ciated with blast transcriptional signatures of immune evasion. J Immunol
(2015) 195(6):2580-90. doi:10.4049/jimmunol.1500262

Cuapio A, Post M, Cerny-Reiterer S, Gleixner KV, Stefanzl G, Basilio J, et al.
Maintenance therapy with histamine plus IL-2 induces a striking expansion
of two CD56bright NK cell subpopulations in patients with acute myeloid
leukemia and supports their activation. Oncotarget (2016) 7(29):46466-81.
doi:10.18632/oncotarget.10191

Brune M, Castaigne S, Catalano J, Gehlsen K, Ho AD, Hofmann WK, et al.
Improved leukemia-free survival after postconsolidation immunotherapy
with histamine dihydrochloride and interleukin-2 in acute myeloid leukemia:
results of a randomized phase 3 trial. Blood (2006) 108(1):88-96. d0i:10.1182/
blood-2005-10-4073

Martner A, Rydstrom A, Riise RE, Aurelius ], Anderson H, Brune M, et al.
Role of natural killer cell subsets and natural cytotoxicity receptors for the
outcome of immunotherapy in acute myeloid leukemia. Oncoimmunology
(2016) 5(1):e1041701. doi:10.1080/2162402X.2015.1041701

Huenecke S, Cappel C, Esser R, Pfirrmann V, Salzmann-Manrique E, Betz S,
et al. Development of three different NK cell subpopulations during immune
reconstitution after pediatric allogeneic hematopoietic stem cell transplanta-
tion: prognostic markers in GVHD and viral infections. Front Immunol (2017)
8:109. doi:10.3389/fimmu.2017.00109

Sharma P, Allison JP. The future of immune checkpoint therapy. Science (2015)
348(6230):56-61. doi:10.1126/science.aaa8172

Ruggeri L, Urbani E, Andre P, Mancusi A, Tosti A, Topini F, et al. Effects of
anti-NKG2A antibody administration on leukemia and normal hematopoi-
etic cells. Haematologica (2016) 101(5):626-33. doi:10.3324/haematol.2015.
135301

van der Ploeg K, Chang C, Ivarsson MA, Moffett A, Wills MR, Trowsdale J.
Modulation of human leukocyte antigen-C by human cytomegalovirus
stimulates KIR2DS1 recognition by natural killer cells. Front Immunol (2017)
8:298. d0i:10.3389/fimmu.2017.00298

Bachanova V, Cooley S, Defor TE, Verneris MR, Zhang B, McKenna DH,
et al. Clearance of acute myeloid leukemia by haploidentical natural killer
cells is improved using IL-2 diphtheria toxin fusion protein. Blood (2014)
123(25):3855-63. doi:10.1182/blood-2013-10-532531

Granzin M, Soltenborn S, Muller S, Kollet J, Berg M, Cerwenka A, et al. Fully
automated expansion and activation of clinical-grade natural killer cells for
adoptive immunotherapy. Cytotherapy (2015) 17(5):621-32. doi:10.1016/j.
jcyt.2015.03.611

Granzin M, Stojanovic A, Miller M, Childs R, Huppert V, Cerwenka A.
Highly efficient IL-21 and feeder cell-driven ex vivo expansion of human
NK cells with therapeutic activity in a xenograft mouse model of melanoma.
Oncoimmunology (2016) 5(9):e1219007. doi:10.1080/2162402X.2016.1219007
Spanholtz J, Preijers F, Tordoir M, Trilsbeek C, Paardekooper J, de Witte T,
et al. Clinical-grade generation of active NK cells from cord blood hemato-
poietic progenitor cells for immunotherapy using a closed-system culture
process. PLoS One (2011) 6(6):e20740. doi:10.1371/journal.pone.0020740
Lehmann D, Spanholtz ], Sturtzel C, Tordoir M, Schlechta B, Groenewegen D,
et al. IL-12 directs further maturation of ex vivo differentiated NK cells with

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

improved therapeutic potential. PLoS One (2014) 9(1):e87131. doi:10.1371/
journal.pone.0087131

Post M, Cuapio A, Osl M, Lehmann D, Resch U, Davies DM, et al.
The transcription factor ZNF683/HOBIT regulates human NK-cell develop-
ment. Front Immunol (2017) 8:535. doi:10.3389/fimmu.2017.00535

Dolstra H, Roeven MW, Spanholtz J, Hangalapura BN, Tordoir M, Maas F,
et al. Successful transfer of umbilical cord blood CD34" hematopoietic stem
and progenitor-derived NK cells in older acute myeloid leukemia patients.
Clin Canc Res (2017). doi:10.1158/1078-0432.CCR-16-2981

Veluchamy JP, Heeren AM, Spanholtz ], van Eendenburg JD, Heideman DA,
Kenter GG, et al. High-efficiency lysis of cervical cancer by allogeneic NK cells
derived from umbilical cord progenitors is independent of HLA status. Cancer
Immunol Immunother (2017) 66(1):51-61. doi:10.1007/s00262-016-1919-1
Veluchamy JP, Spanholtz ], Tordoir M, Thijssen VL, Heideman DA,
Verheul HM, et al. Combination of NK cells and cetuximab to enhance
anti-tumor responses in RAS mutant metastatic colorectal cancer. PLoS One
(2016) 11(6):e0157830. doi:10.1371/journal.pone.0157830

Veluchamy JP, Lopez-Lastra S, Spanholtz J, Bohme F, Kok N, Heideman DA,
et al. In vivo efficacy of umbilical cord blood stem cell-derived NK cells in
the treatment of metastatic colorectal cancer. Front Immunol (2017) 8:87.
doi:10.3389/fimmu.2017.00087

Ramos CA, Savoldo B, Dotti G. CD19-CAR trials. CancerJ(2014) 20(2):112-8.
doi:10.1097/PPO.0000000000000031

Newman MJ, Benani DJ. A review of blinatumomab, a novel immunotherapy.
] Oncol Pharm Pract (2016) 22(4):639-45. doi:10.1177/1078155215618770
Suerth JD, Morgan MA, Kloess S, Heckl D, Neudorfl C, Falk CS, et al.
Efficient generation of gene-modified human natural killer cells via alpharet-
roviral vectors. | Mol Med (Berl) (2016) 94(1):83-93. d0i:10.1007/s00109-
015-1327-6

Glienke W, Esser R, Priesner C, Suerth JD, Schambach A, Wels WS, et al.
Advantages and applications of CAR-expressing natural killer cells. Front
Pharmacol (2015) 6:21. doi:10.3389/fphar.2015.00021

Oberschmidt O, Kloess S, Koehl U. Redirected primary human chimeric
antigen receptor natural killer cells as an “off-the-shelf immunotherapy” for
improvement in cancer treatment. Front Immunol (2017) 8:654. doi:10.3389/
fimmu.2017.00654

Jabbour E, O’Brien S, Ravandi F, Kantarjian H. Monoclonal antibodies in
acute lymphoblastic leukemia. Blood (2015) 125(26):4010-6. doi:10.1182/
blood-2014-08-596403

Graham J, Muhsin M, Kirkpatrick P. Cetuximab. Nat Rev Drug Discov (2004)
3(7):549-50. doi:10.1038/nrd 1445

Silvestris N, Vincenzi B, Brunetti AE, Loupakis F, DellAquila E, Russo A,
et al. Pharmacogenomics of cetuximab in metastatic colorectal carcinoma.
Pharmacogenomics (2014) 15(13):1701-15. doi:10.2217/pgs.14.124

Kloss S, Chambron N, Gardlowski T, Weil S, Koch J, Esser R, et al. Cetuximab
reconstitutes pro-inflammatory cytokine secretions and tumor-infiltrating
capabilities of sSMICA-inhibited NK cells in HNSCC tumor spheroids. Front
Immunol (2015) 6:543. doi:10.3389/fimmu.2015.00543

Li Y, Di Santo JP. Probing human NK cell biology using human immune
system (HIS) mice. Curr Top Microbiol Immunol (2016) 395:191-208.
doi:10.1007/82_2015_488

Li Y, Mention JJ, Court N, Masse-Ranson G, Toubert A, Spits H, et al. A novel
Flt3-deficient HIS mouse model with selective enhancement of human DC
development. Eur ] Immunol (2016) 46(5):1291-9. doi:10.1002/¢ji.201546132
Lopez-Lastra S, Di Santo JP. Modeling natural killer cell targeted immunother-
apies. Front Immunol (2017) 8:370. doi:10.3389/fimmu.2017.00370

Granzin M, Wagner ], Koehl U, Cerwenka A, Huppert V, Ullrich E. Shaping
of natural killer cell antitumor activity by ex vivo cultivation. Front Immunol
(2017) 8:458. doi:10.3389/fimmu.2017.00458

Conflict of Interest Statement: The authors declare that the work was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2017 Hofer and Koehl. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author (s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 745


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1182/blood-
2004-05-2058
https://doi.org/10.1182/blood-
2004-05-2058
https://doi.org/10.1002/eji.201243117
https://doi.org/10.1016/j.molonc.2015.10.001
https://doi.org/10.1038/leu.2015.260
https://doi.org/10.4049/jimmunol.1502438
https://doi.org/10.4049/jimmunol.1500262
https://doi.org/10.18632/oncotarget.10191
https://doi.org/10.1182/blood-2005-10-4073
https://doi.org/10.1182/blood-2005-10-4073
https://doi.org/10.1080/2162402X.2015.1041701
https://doi.org/10.3389/fimmu.2017.00109
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.3324/haematol.2015.
135301
https://doi.org/10.3324/haematol.2015.
135301
https://doi.org/10.3389/fimmu.2017.00298
https://doi.org/10.1182/blood-2013-10-532531
https://doi.org/10.1016/j.jcyt.2015.03.611
https://doi.org/10.1016/j.jcyt.2015.03.611
https://doi.org/10.1080/2162402X.2016.1219007
https://doi.org/10.1371/journal.pone.0020740
https://doi.org/10.1371/journal.pone.0087131
https://doi.org/10.1371/journal.pone.0087131
https://doi.org/10.3389/fimmu.2017.00535
https://doi.org/10.1158/1078-0432.CCR-16-2981
https://doi.org/10.1007/s00262-016-1919-1
https://doi.org/10.1371/journal.pone.0157830
https://doi.org/10.3389/fimmu.2017.00087
https://doi.org/10.1097/PPO.0000000000000031
https://doi.org/10.1177/1078155215618770
https://doi.org/10.1007/s00109-
015-1327-6
https://doi.org/10.1007/s00109-
015-1327-6
https://doi.org/10.3389/fphar.2015.00021
https://doi.org/10.3389/fimmu.2017.00654
https://doi.org/10.3389/fimmu.2017.00654
https://doi.org/10.1182/blood-2014-08-596403
https://doi.org/10.1182/blood-2014-08-596403
https://doi.org/10.1038/nrd1445
https://doi.org/10.2217/pgs.14.124
https://doi.org/10.3389/fimmu.2015.00543
https://doi.org/10.1007/82_2015_488
https://doi.org/10.1002/eji.201546132
https://doi.org/10.3389/fimmu.2017.00370
https://doi.org/10.3389/fimmu.2017.00458
http://creativecommons.org/licenses/by/4.0/

	Natural Killer Cell-Based Cancer Immunotherapies: From Immune Evasion to Promising Targeted Cellular Therapies
	Introduction
	Immune Evasion Mechanisms and Shaping of the NK Cell Compartment
	Modulation of Inhibitory NK Receptor–Ligand Interactions and Novel Ligands of Activating Receptors
	Generation of Large-Scale Therapeutic NK Cells and Technology to Target and Cross-Link NK Cells to Cancer Cells
	Preclinical Models for Evaluation of Human NK Cell-Based Cancer Therapies
	Main Future Directions to Achieve NK Cell-Based Cancer Immunotherapies on a Broader Scale
	Concluding Remarks
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


