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Abstract: Natural killer (NK) cells constitute a subtype of lymphocytes that initiate innate 

immune responses against tumors and virus-infected cells. The ability of NK cells to kill target 

cells or to produce cytokines depends on the balance between signals from activating and inhibi-

tory cell-surface receptors. Therapies with NK cells involve activation of endogenous NK cells 

and/or exogenous transfer by hematopoietic stem cell transplantation/adoptive cell therapy. To 

exploit the diverse functional abilities of NK cells for cancer immunotherapy, it is important to 

understand NK cell biology and the underlying regulatory mechanisms. The state of immune 

suppression prevalent in malignancies creates the need for innovative therapies. Oncolytic viruses 

are novel anticancer agents showing selective tropism for tumor cells and lacking pathogenicity in 

humans, but the use of oncolytic virotherapy (OVT) presents multiple challenges. An increasing 

body of evidence suggests that the host immune response may critically influence the outcome 

of OVT. Classically, the immune system is thought to limit the efficacy of therapy through virus 

clearance mediated by innate immune effectors or through adaptive antiviral immune responses 

eliminating infected cells. Effective strategies do need to be designed in OVT to circumvent the 

early antiviral activity of NK cells and to augment late NK-cell-mediated antitumor responses. 

The intrinsic immunostimulating capacity of oncolytic viruses and the possibility of engineer-

ing them to express heterologous immunostimulatory molecules (eg, cytokines) support the 

use of these agents to enhance antitumor immune responses besides inducing direct oncolytic 

effects. OVT has indeed shown promising therapeutic outcomes in various clinical trials. Here, 

we review the biology of NK cells, strategies involving NK cells for achieving cancer therapy, 

and, more particularly, the emerging role of NK cells in OVT.
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Introduction
Oncolytic virotherapy
The oncolytic properties of some viruses were first suggested by DePace in 1912 after 

observing cervical tumor regression associated with rabies virus infection. This paved 

the way for the first clinical trial of oncolytic virotherapy (OVT) in cancer patients.1 

The past few decades have seen a revival of the concept of using viruses as therapeutic 

agents against cancer because, despite constant advances cancer therapy, conventional 

treatments by surgery, chemotherapy, or radiotherapy remain partly ineffective. This 

revival is reflected in the fact that oncolytic viruses (OVs) (eg, herpes simplex virus, 

vaccinia virus, reovirus, and adenoviruses) are now in Phase III clinical trials, with 

encouraging results confirming the potential of this therapeutic strategy. Besides dis-

playing good safety profiles in humans, OVs must show antitumor efficacy. Intense 
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efforts are thus needed to improve their reactivity, notably 

by incorporating therapeutic genes into the viral genomes, 

facilitating virus biodistribution and tipping the immune bal-

ance in favor of antitumor (as opposed to antiviral) effects. 

It is further anticipated that greater anticancer effectiveness 

may be achieved through combination therapy including 

OVT. Therefore, considerable efforts have also been invested 

in evaluating the combination of OVT with radio-, chemo-, 

and immunotherapies.2

OVs are self-replicating and able to lyse tumor cells selec-

tively while sparing normal cells. They demonstrate a natural 

preferential tropism for tumor cells and can be genetically 

modified to show enhanced oncotropism. The advantage is 

that tumor cells show impaired antiviral responses, including 

a deficient interferon (IFN) response, and higher permissive-

ness toward viral replication. To be rendered dependent on 

these features of tumor cells, some OVs (eg, adeno, measles, 

herpes, polio, and vaccinia viruses) must be engineered by 

modifying or deleting specific viral genes.3 Importantly, 

besides killing tumor cells directly, OVs have the capacity 

to stimulate the anticancer immune response. OV oncosup-

pression thus includes at least two major arms: virus-induced 

oncolysis and virus-mediated immunostimulation. It fol-

lows that the immune system acts as a two-edged sword 

in OVT, interfering both negatively with virus propagation 

and positively with anticancer immunity. It is thus essential 

to gain greater insight into the roles of the immune system 

in virotherapies. To enhance the oncosuppressive action of 

OVs, transgenes encoding immunostimulating cytokines 

(eg, granulocyte macrophage-colony stimulating factor 

[GM-CSF], interleukin [IL]-2, etc) have been incorporated 

into viral genomes to induce local and systemic immune 

responses.

A promising candidate for OVT is the rodent protopar-

vovirus, briefly discussed in the next section to illustrate 

the many-faceted aspects of this therapeutic modality, with 

emphasis on the involvement of the immune system in OV-

mediated oncosuppression.

Rodent protoparvovirus: promising Ovs
Members of the rodent protoparvovirus species (PV) are 

promising candidate oncotherapeutic agents because of their 

natural oncotropism, because humans have no pre-existing 

immunity against them and because they lack pathogenicity 

in humans. PVs belong to the Parvoviridae family and are 

small nonenveloped icosahedral particles (around 25 nm in 

diameter) containing a single-stranded DNA genome about 

5000 nucleotides long. Two PVs have been particularly 

well characterized: the minute virus of mice (MVM) and 

H-1PV, whose natural hosts are mice and rats, respectively. 

The PV genome consists of two transcriptional units, one 

encoding nonstructural proteins (NS1/2) and the other 

encoding capsid proteins (VP1/2). Expression of the NS1/

NS2-encoding genes is controlled by the early P4 promoter, 

while VP1/VP2 gene expression is controlled by the late 

p38 promoter, itself induced by NS1. The major nonstruc-

tural protein NS1 is essential to both virus replication and 

viral cytopathic effects in transformed cells. The oncosup-

pressive action of PVs has been demonstrated in both in 

vitro systems and animal models. PV oncoselectivity is 

due in part to the strict dependence of the onset of the PV 

lifecycle on S-phase-associated cellular replication and 

transcription factors. PV oncotropism is further favored 

by various cellular factors that are modulated by malignant 

transformation and play a positive role in virus replication, 

survival, and cytopathic effects.4,5 The intracellular envi-

ronment promoting the growth of tumor cells thus appears 

also to boost the PV lifecycle. In addition, the fact that 

transformed mouse cells are deficient in the ability to evade 

the virus-induced type I IFN-mediated antiviral response in 

transformed mouse cells may contribute to their targeting 

by parvoviruses. H-1PV, however, does not appear to rely 

on this deficiency for selective human tumor cell targeting.6 

Under in vivo conditions, PV-mediated killing of tumor 

cells cannot be attributed solely to the oncolytic proper-

ties of the viruses. By lysing tumor cells, OVs induce the 

production and release of both tumor-associated antigens 

(TAAs) and immunostimulating factors. The capacity of 

PV-induced oncolysis to activate Natural killer (NK) and 

dendritic cells (DCs) has been demonstrated in coculture 

systems. Furthermore, evidence of the contribution of the 

immune system to PV oncosuppression has been obtained 

through adoptive transfer, immunodepletion, and immune-

reconstitution experiments.7 Because of the multifaceted 

beneficial effects of PVs in model systems, H-1PV is cur-

rently being tested in patients with recurrent glioblastoma 

multiforme in a Phase (I/IIa) clinical trial.8

OvT and the immune system
While most attention was initially paid to the direct oncolytic 

effects of OVs, there is now growing interest in the interac-

tions of OVs with the immune system. The immune system 

does not distinguish therapeutic from pathogenic viruses and 

thus challenges OVs by attempting to clear them out of the 

organism. The defensive role of the adaptive immune response 

is usually triggered by circulating virion-associated antigens 

www.dovepress.com
www.dovepress.com
www.dovepress.com


ImmunoTargets and Therapy 2015:4 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

67

NK cells influence the outcome of oncolytic virotherapy

or cell-associated viral gene products whose synthesis takes 

place upon viral infection of target cells. These antigens can 

be recognized by specific immunoglobulin (Ig) surface recep-

tors on B cells, leading to the activation of these cells and 

production of neutralizing antiviral antibodies. This raises a 

general concern that the efficacy of OVs in the diseased host 

will be limited by the immune system itself. Furthermore, 

infected tumor cells activate antiviral immunity, inducing 

antiviral cyto kines and the antigen-independent or depen-

dent lysis of virus-infected cells by NK and CD8+ T cells, 

respectively. Viral infection can also facilitate complement-

mediated lysis of infected cells. Depending on the kinetics, 

these responses can interfere with virus expansion and ham-

per the activity of OVs. Yet, immune reactions triggered by 

infected cells can also favor OVT.  Several OVs cause infected 

tumor cells to expose pathogen- and danger-associated 

molecular patterns to antigen-presenting DCs. Activated 

DCs produce cytokines that stimulate the adaptive and innate 

arms of the host’s immune system and cross-present TAAs, 

triggering adaptive cellular immune responses, as evidenced 

by animal and patient studies.9,10 OVs have proven effective 

in the presence of a functional immune system, and several 

reports document the existence of a synergistic relationship 

between direct viral oncolysis and activation of antitumor 

immune responses. To suppress the host’s antiviral immune 

response and boost antitumor immunity, OVs have been 

combined with pharmacological adjuvants and armed with 

therapeutic transgenes. The balance between antiviral and 

antitumor immune priming in OVT is likely to depend on 

the route of administration, with intravenous administra-

tion tending to favor a virus-specific immune response and 

local treatments favoring a cellular response. Strategies can 

thus be devised to exploit the potential of OVs to trigger an 

antitumor immune response while minimizing the restriction 

of OV-induced oncolysis by the immune system. This dual 

impact of the immune system on OVT notably involves NK 

cells, the main effectors of innate immunity.11 This review 

focuses on the role of NK cells in OVT, after a brief overview 

of NK cell biology.

NK cell biology
Characteristics of NK cells
NK cells are the third major lymphocyte population after 

T and B cells. The function of NK cells is to recognize and kill 

a broad range of target cells, including malignant and virus-

infected cells. Genetic experiments on mice have linked the 

spontaneous development of tumors to the absence of NK 

cells.12 The discovery of NK cells dates back to 1975, when 

background or natural cytotoxicity was observed in assays 

measuring 51Cr cytotoxicity against syngenic and allogenic 

tumors, even when effector cells from athymic mice were 

used. Cytotoxicity was attributed to cells distinct from T cells, 

requiring no prior sensitization in order to lyse a target cell in 

a non-MHC-restricted manner.13,14 In addition to their potent 

cytotolytic activity, NK cells were found to produce a host 

of immunoregulatory cytokines and chemokines, including 

IFN – upon encountering a virus – or pathogen-infected cells. 

NK cell function is regulated by cytokines, particularly IL-2, 

IL-15, and IL-18, produced, respectively, by activated T cells, 

macrophages, and dendritic cells. In response to infection, 

NK cells migrate to inflamed tissues and secondary lymphoid 

organs to defend against pathogens and tumors. In humans, 

the absence of NK cells causes clinical symptoms similar to 

those of classic severe combined immunodeficiency (SCID) 

syndrome.12

Human NK cells are identified by expression of the 

CD56 molecule and the absence of the T-cell markers 

CD3 and TCR. On the basis of the level of CD56 expres-

sion, NK cells can be further classified as CD56-bright or 

CD56-dim. The CD56-dim subset comprises the majority 

of circulating NK cells in the blood, characterized by high 

cytotoxicity, low cytokine production, and expression of 

killer immunoglobulin-like receptors (KIRs) in addition to 

the Fcγ receptor CD16. The CD56-bright subset is mostly 

found in lymph node tissues, and shows low cytotoxicity 

and produces high amounts of cytokines, including IFN-γ 

and chemokines. CD56-bright cells express neither CD16 

nor KIRs, which probably explains their poor killing 

ability. This subset plays a critical role in modulating the 

adaptive immune response by regulating DCs and T-cell 

priming.15

NK cell development
NK cells, like other hematopoietic cells, develop from 

pluripotent hematopoietic stem cells in the bone marrow, 

via a common lymphoid progenitor and through a series of 

differentiation and maturation steps. NK cell progenitors 

express FcR receptor III and give rise to NK cells upon 

intravenous transfer. During their development, NK cells start 

expressing characteristic surface receptors, including CD56 

and KIRs (in humans) or NK1.1 and Ly49 (in mice). After 

acquisition of the IL-2/IL-15R β-chain (CD122), NK cell 

precursors become responsive to IL-15, a cytokine essential 

to the maturation and development of NK cells. NK cells also 

undergo differentiation in peripheral tissues, including both 

lymphoid and non-lymphoid organs.15,16
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NK cell activating and inhibitory receptors
The finely tuned function of NK cells is controlled by a com-

plex repertoire of activating and inhibitory signals generated 

by a multitude of receptors triggering cytotoxicity and the 

release of chemokines and cytokines. The activity of NK cells 

must be regulated in order to prevent them from attacking 

normal healthy cells. NK cells express an array of inhibitory 

receptors recognizing self-HLA class I molecules. Normal 

and healthy cells express sufficient levels of HLA class I 

ligands, which enables them to resist NK-cell-mediated 

killing. In contrast, tumor cells and virus-infected host cells 

undergo downregulation of HLA-Class I ligands, sensitizing 

them to NK cell attack. In addition to a lack of inhibitory 

ligands, tumor cells and virus-infected cells also express self-

induced, altered-self, or pathogen-encoded molecules, which 

bind to the corresponding activating receptors on NK cells, 

triggering NK cell cytotoxicity.17 NK cells express activating 

or inhibitory receptors in diverse combinations, and this gives 

rise to functionally distinct subsets of NK cells. In humans, 

several KIRs triggering NK cell activation, inhibition, or 

both have been identified (see Table 1). KIRs play a vital 

role in the development and regulation of NK cells. KIRs 

possess two or three extracellular Ig-like domains involved 

in ligand binding and either a long or a short cytoplasmic 

tail involved in signaling. Inhibitory KIRs bind to distinct 

HLA class I allotypes and to the ligands of most activating 

KIRs. KIRs are encoded by the multigenic and polymorphic 

leukocyte receptor complex and thus display high diversity 

in individuals and populations, which depends on both allele 

variability and haplotype differences in KIR gene content. 

Together with their HLA Class I ligands, KIRs generate a 

unique range of combinations that determine an individual’s 

health and disease-resistance status.18,19

NK cell education
To safeguard against chronic immune activation and the 

development of autoimmunity, NK cells need to be educated. 

Initially, two models were put forward to explain NK cell 

education. In the “arming” or “licensing” model, NK cells 

are assumed to be inactive by default and acquire their full 

functionality (licensing) only through the engagement of 

an inhibitory receptor. As a consequence of this licensing 

process, the inhibitory KIR repertoire becomes greatly influ-

enced by self-HLA class I alleles. NK cells expressing KIRs 

for non-self HLA class I alleles would be “unlicensed” and 

substantially hyporesponsive.

In the “disarming” model, NK cells are active by default 

but are rendered hyporesponsive through continuous stimula-

tion via activating receptors recognizing endogenous ligands, 

unless counteracted by signals of inhibitory receptors. Though 

inhibitory receptors have opposite roles in both models, the 

outcome is similar – only NK cells with an inhibitory recep-

tor for self-MHC class I can become functionally active. The 

education of NK cells is not simply an on/off process, but 

Table 1 NK cell activatory and inhibitory receptors

Receptor type Ligands Signal  
type

Species

KIRs HLA-A-C Human
 KIR2DL1 HLA-C2 Inhibitory
 KIR2DL2/3 HLA-C1 Inhibitory
 KIR2DL4 HLA-G Activatory
 KIR2DL5 Unknown Inhibitory
 KIR3DL1 HLA-Bw4 Inhibitory
 KIR3DL2 HLA-A3, -A11 Inhibitory
 KIR2DS1 HLA-C2 Activatory
 KIR2DS2 HLA-C1 Activatory
 KIR2DS3 Potentially HLA-C Activatory
 KIR2DS4 HLA-Cw4 and HLA-11 Activatory
 KIR2DS5 Unknown Activatory
 KIR3DS1 HLA-Bw4 Activatory
Ly49 MHC class I Mouse
 Ly49A H-2Dd,k,p Inhibitory
 Ly49C H-2Kb,d, H-2Db,d,k Inhibitory
 Ly49D H-2Dd Activatory
 Ly49H m157 Activatory
 Ly49I H-2K/Db,d,s,q,v Inhibitory
 Ly49P H-2Dd Inhibitory
CD94-NKG2 Human: HLA-e  

Mouse: Qa1b
Human/
mouse

 NKG2A Inhibitory
 NKG2C Activatory
 NKG2e Activatory
NKG2D Human: MIC-A/-B,  

ULBP1/2/3/4, RAe-1,  
MULT 1, H60

Activatory Human/
mouse

NCRs viral hemagglutinin Human/
mouse

 NKp30 BAT-3, HSPG, B7-H6 Activatory
 NKp44 viral hemagglutinin Activatory
 NKp46 viral hemagglutinin, HSPG Activatory
 NKp80 AICL Activatory
LILR (ILT, LIR,  
CD85)

MHC class I, UL18 Inhibitory Human/
mouse

2B4 (CD244) CD48 Activatory/
inhibitory

Human/
mouse

KLRG1 Cadherins Inhibitory Human/
mouse

NKR-P1 Ocil/Clr-b Activatory/
inhibitory

Mouse

PILR CD99 Activatory Mouse
DNAM-1 PvR 

CD122
Activatory Human/

mouse
CeACAM1 
(CD66a or BGP)

CeACAM1 
CeACAM5

Inhibitory Human/
mouse

SIGLeC7/9 Sialic acid Inhibitory Human
SIGLeC-e Sialic acid Inhibitory Mouse

Abbreviations: KIR, killer immunoglobulin-like receptor; RAe-1, retinoic acid early 
transcript-1; MULT 1, mouse UL16-binding-like transcript-1; NCR, natural cytotoxicity 
receptor; BAT-3, HLA-B-associated transcript 3; LILR, leukocyte immunoglobulin-like 
receptor; KLRG1, killer cell lectin-like receptor G1; CeACAM, carcinoembryonic 
antigen-related cell-adhesion molecule; PvR, polio virus receptor; NK, natural killer. 
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can be quantitatively tuned. Various studies have suggested 

that the NK cell education process is reversible. This explains 

why another model, called the “rheostat” model, has been 

proposed. This model supplements the arming and disarm-

ing models and describes NK cell education as a dynamic 

process. For example, NK cells lacking sufficient inhibitory 

receptors for self-MHC class I are not deleted but rendered 

hyporesponsive. Under certain circumstances, such as dur-

ing an acute virus infection, these hyporesponsive cells can 

become functional under the influence of proinflammatory 

cytokines secreted by immune cells.20,21

NK cell applications in cancer 
immunotherapy
The inherent ability of NK cells to recognize and kill 

tumor cells makes them promising candidates for cancer 

 immunotherapy. NK cells act in a non-antigen-specific 

manner and bind to a wide panel of ligands through their 

broad repertoire of activating and inhibitory receptors. This 

enables them to target various types of tumors. NK cells 

are convenient to isolate, stimulate, and expand ex vivo for 

subsequent use in adoptive or autologous transfer therapy. 

Consequently, NK cells represent a potential alternative or 

adjuvant to conventional therapies.22

Cytokine modulators of endogenous NK cell activity
Various modulators have been employed to enhance the 

ability of NK cells to kill tumor cells. IL-2 and IL-15 are 

of special interest, as they play an essential role in NK cell 

survival, proliferation, and functioning. IL-2 has been widely 

used for ex vivo activation of NK cells to lymphokine-

activated killer cells. Clinically, IL-2 is used against renal 

cell carcinoma and melanoma, with encouraging responses, 

but repeated high doses of IL-2 cause morbidities such as 

vascular leak syndrome due to the selective expansion of the 

CD5-bright subset and of regulatory T cells (Tregs) compet-

ing with NK cells for IL-2. In addition, transforming growth 

factor (TGF)-β and IL-10 produced by Tregs inhibit NK cell 

functions. Therefore, Treg depletion before administration of 

IL-2 has been recommended.23 Another cytokine of interest, 

IL-15, is produced by activated macrophages and dendritic 

cells. Unlike IL-2, IL-15 does not stimulate Tregs but induces 

activation and expansion of memory CD8 T cells and both 

subsets of NK cells. Moreover, IL-15 has proven less toxic 

than IL-2 in primate models.24

Among the other immunomodulators of NK cells, bort-

ezomib, a protease inhibitor causing the upregulation of the 

death receptors Fas and DR5, cooperates with NK cells in 

initiating an apoptotic cascade in tumor cells. In addition, 

bortezomib decreases the amount of MHC-I molecules on the 

surfaces of tumor cells, thereby enhancing their susceptibility 

to NK cells. The toxicity of bortezomib, however, limits its 

application in NK cell therapy.25 Another approach to increas-

ing NK-cell-mediated killing of tumor cells involves the use 

of an antibody cross-reacting with KIR2DL receptors and 

thus preventing their inhibitory signaling. Administration 

of this antibody was found to boost NK induced killing of 

autologous and HLA-matched leukemia cells.26

NK cell transplantation
Hematopoietic stem cell transplantation (HSCT) with bone-

marrow- or blood-derived stem cells is increasingly used to 

treat hematological malignancies and nonmalignant disorders. 

More potent graft-versus-tumor effects are achieved with 

haploidentical transplants from half-matched donors (family 

members with one identical and one mismatched HLA hap-

lotype as compared to the recipient). Following allogenic 

HSCT, NK cells are among the first to undergo maturation 

and to recover, and are believed to play an important role 

in preventing tumor recurrence in the recipient patient. NK 

receptors for MHC Class I molecules (notably KIRs) are 

major determinants of this anticancer response. In particular, 

donor NK cells expressing KIRs that are not engaged by any 

of the HLA Class I alleles expressed by the recipient (due to 

KIR–ligand mismatch) recognize recipient cells as foreign and 

become effective against them. Because of the loss of HLA 

molecules and other cell surface alterations accompanying 

malignant transformation, recipient tumor cells represent 

privileged targets for alloreactive NK cell attack.27

Haplo-HSCT appears a very promising approach to treat-

ing children with high-risk leukemias. After haplo-HSCT, 

however, the NK cells that proliferate initially belong to the 

poorly cytotoxic, relatively immature CD56-bright subset 

expressing the HLA-I-specific receptor CD94/NKG2A. It 

takes a further 4–6 weeks for KIR+ NK cells to appear, and 

meanwhile the leukemia may relapse. To shorten this lag, 

donor-derived mature alloreactive NK cells are infused at 

transplantation after ex vivo activation with IL-2. However, 

IL-2-driven expansion of regulatory T cells and the reduced 

longevity of activated NK cells limit the efficacy of this 

treatment.27,28 Another risk of hematopoietic cell transplan-

tation is the occurrence of graft-versus-host disease. To 

reduce this risk, T- and B-cell-depleted transplants have 

been successfully used. This approach also increases the 

number of mature NK cells that can promptly exert anti-

leukemia cytotoxicity.29Another approach under current 

clinical evaluation involves infusion of continuously growing 

NK cells. The most studied line, NK-92, was derived from 
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an NK cell lymphoma and exhibits a CD56-bright/CD16/

KIR- phenotype. As these cells become more cytotoxic upon 

stimulation with IL-2, a variant called NK-92MI, producing 

IL-2 via an autocrine mechanism, has been produced.30

Role of NK cells in antibody-dependent cell-mediated 
cytotoxicity
Targeting tumor cells with antibodies has yielded promising 

results. One of the mechanisms involved, antibody- dependent 

cell-mediated cytotoxicity (ADCC), results in lysis of 

antibody-coated tumor targets by NK cells. ADCC occurs 

after engagement of CD16 receptors on NK cells by the Fc 

portion of cell-bound antibodies, triggering tumor cell lysis. 

Antibodies targeting cancer cells can thus be used to direct 

NK-cell-dependent ADCC toward tumors. Examples of 

this strategy include the use of the antibodies rituximab and 

trastuzumab to target CD20+ lymphomas and HER2+ breast 

tumors, respectively. The anticancer efficacy of these treat-

ments can be further increased by combination with IL-2. 

Conjugation of both IL-2 and IL-12 to an anti-CD30 antibody 

for Hodgkin’s lymphoma has shown preclinical efficacy in 

mouse models.31,32

NK-cell-based therapy of solid tumors
In addition to killing a wide variety of tumor cells, NK cells 

can also target cancer stem cells (CSCs), a small subpopula-

tion of quiescent, self-renewing, chemo- and radio-resistant 

cells residing within the tumor mass. Several studies have 

shown a link between the presence of a large number of 

tumor-infiltrating NK cells and improved prognosis for solid 

tumors. Yet, the tumor type, the chemokine composition of 

the tumor microenvironment, and poor trafficking to tumor 

sites limit the benefits of endogenous or adoptively trans-

ferred NK cells. Immunosuppressive cytokines released 

by tumor or stromal cells, including TGF-β, macrophage 

migration-inhibitory factor (MIF), and PGE-2, downregulate 

the expression of activating NK cell receptors. Furthermore, 

chronic ligand-induced stimulation and hypoxic conditions 

can inhibit NK cell activity.33,34 Therefore, new strategies are 

worth devising to counteract tumor escape and to improve 

the efficacy of NK-cell-based adoptive immunotherapy of 

solid tumors.

Role of NK cells in oncolytic 
virotherapy
Antiviral role of NK cells in OvT
NK cells are involved in virus-triggered inflammation 

through targeting and destruction of virus-infected host cells 

and production of IFN-γ. Consequently, they may adversely 

affect OVT by preventing the intratumoral spread of OVs 

and thereby limiting the extent of virus-mediated oncolysis. 

One study, for instance, showed enhanced replication of 

oncolytic vesicular stomatitis virus (oVSV) and more effec-

tive tumor-cell killing after NK cell depletion.35 In another 

work, the antiviral effect of NK cells was circumvented by 

using a recombinant UL141-encoding virus (rVSV-UL141) 

blocking CD155 expression on infected cells, thereby dimin-

ishing DNAM-1-mediated signaling in NK cells. They found 

this approach to impede NK cell activation and recruitment 

and to improve virus spread, causing increased necrosis and 

enhanced survival of the animals tested.36 In the framework 

of OVT of glioblastoma with oncolytic herpes simplex virus 

(oHSV), NK cells were shown to preferentially kill oHSV-

infected cells, this antiviral effect being due to enhanced acti-

vation of NK cells via specific natural cytotoxicity receptors 

(NCRs) whose ligands were upregulated on the virus-infected 

target cells.37 In other cases, NK cells did not appear to have 

a major impact on the outcome of OVT. For instance, a study 

using immunosuppressed nude (MHCII+/– cell-depleted) 

mice and immunodeficient (T/B/NK-cell-deficient) mouse 

strains showed no significant effect of activated NK cells on 

vaccinia-virus-mediated tumor regression in a human breast 

tumor model.38 Likewise, human PBMC reconstitution in 

SCID mice had little effect on the capacity of H-1 parvovirus 

to suppress the growth of human nasopharyngeal carcinoma 

xenotransplants.39

Supportive role of NK cells in OvT
Besides the abovementioned negative effect on OV spread, 

NK (and some other immune) cells have been found, on the 

contrary, to support OV-mediated tumor clearance in various 

instances. Evidence of NK cell activation by OV-infected 

tumors and of participation of these cells in OVT has been 

obtained for several OVs as discussed here.

   i.  Herpes simplex virus (HSV). In a metastatic melanoma 

model, intratumoral therapy with the replication-re-

stricted oncolytic HSV-1716 mutant was found to induce 

recruitment of T and NK cells into neoplastic lesions, 

and was much hampered by T-cell depletion and NK cell 

deficiency, as attested by poor survival of beige mice.40 

In an ovarian cancer model, oncosuppression by oHSV 

was accompanied by increased recruitment of immune 

cells and upregulation of IFN-γ, MIG, and IP-10.41 In a 

breast cancer model, an increased number of NK cells 

and a mild decrease in Tregs was observed in the spleen 

upon administration of a novel oHSV type 2.42
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  ii.  Reovirus. A similar correlation between OVT and 

immune cells, including NK cells, was observed in a 

Phase I clinical trial using an intravenously administered 

reovirus: in this study, a significant increase in circulat-

ing CD8 and NK cells was observed.43 In support of a 

positive contribution of both NK cells and CD8 T cells 

to OVT, these cells were found to mediate, to a large 

extent, the oncosuppressive activity of an oncolytic reo-

virus in a prostate cancer model and that of parapoxvirus 

ovis in multiple cancer models.44,45

 iii.  Coxsackievirus (CV). Furthermore, in a quest for novel 

oncolytic agents, intratumoral CVB3 administration 

was found to lead to striking recruitment of NK cells and 

granulocytes, both of which contributed to antitumor 

effects against lung adenocarcinoma xenografts.46

  iv.   Measles virus (MV). Recombinant oMV strains retar-

geted to gliomas by the display of a single-chain anti-

body against EGFRvIII caused increased intratumoral 

infiltration of NK cells and macrophages, associated 

with prolonged animal survival.47

   v.  H-1 parvovirus (H-1PV). The above observations 

raise the question of how the interplay between OVs, 

tumors, and NK cells can lead to mobilization of NK 

cells against neoplastic cells. A clue lies in our find-

ing that, besides having intrinsic oncolytic activity, 

parvovirus H-1PV renders infected pancreatic ductal 

adenocarcinoma (PDAC) cells capable of activating 

co-cultured NK cells in vitro, causing enhanced NK-

cell-mediated cancer cell killing and production of 

IFN-γ, TNF-α, and MIP-1α/β. Sensitization of H-1PV-

infected PDAC cells to NK-cell-dependent killing was 

attributed to significant downregulation of MHC class I 

expression and upregulation of the DNAM1 ligand 

CD155. Our data suggest that NK-cell-mediated innate 

immune responses against PDAC may be boosted as 

a result of H-1PV-based OVT.48 Similar observations 

have been made on colon carcinoma cells, where 

infection with H-1PV resulted in enhanced killing by 

cocultured NK cells. In this model, NK-cell-dependent 

killing of cancer cells was found to be mostly mediated 

by a combination of NCRs, namely NKp30, NKp44, 

and NKp46, via upregulation of cellular NCR-ligand 

expression.49 The results are illustrated in Figure 1 

and indicate that, upon infecting cancer cells, PVs 

can indirectly activate effector NK cells to infected 

target cells and, at least to some extent, also unin-

fected bystander tumor cells. In agreement with this, 

robust antitumor responses were observed in xenograft 

models of human PDAC. Treatment with parvoviruses 

armed with IL-2 or the chemokine MCP-3/CCL7 led 

to intratumoral recruitment and activation of NK cells 

and monocytes.50
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  vi.  Myxoma virus (MYXV). In agreement with our find-

ings with the parvovirus human-H-1PV in PDAC and 

colon carcinoma models, MYXV infection of human 

glioma cells was found to promote NK-cell-mediated 

recognition and killing of these cells due to their down-

regulated surface expression of MHC I. In an in vivo 

model, NK-cell-mediated lysis of glioma cells improved 

animal survival, demonstrating the cooperation between 

MYXV and NK cells in glioma therapy.51

 vii.  Newcastle disease virus (NDV). While cellular cognate 

ligands of activating NK cell receptors are thought to 

be induced in tumor cells by oncolytic parvoviruses, 

viral proteins produced by some other OVs appear to 

act as direct ligands of these receptors. This is the case 

of the avian NDV, which stimulates NK cells to produce 

IFN-γ and TNF-α and to lyse NDV-infected tumor cells. 

The mechanism underlying this activation of NK cells 

involves expression of viral hemagglutinin neuramini-

dase (HA) on tumor cells and its binding to the NCRs 

NKp44 and NKp46 on NK cells.52

viii.  Influenza virus (IAV). Similarly, infection of prostate 

cancer cells by a genetically modified IAV  (DeltaNS1) 

was shown to prime NK cells through expression 

of viral HA on target cells, resulting in enhanced 

 extracellular-signal-regulated kinase phosphorylation 

and NKp46-mediated granule release by NK cells.53

 ix.  Vesicular stomatitis virus (VSV). Tumor cell changes 

responsible for NK cell activation can also be elicited 

by OVs in an indirect way. It has been shown that oVSV 

induces innate immune sensing cells to secrete type III 

IFN IL-28 into the tumor microenvironment, causing 

responsive mouse melanoma cells to display NK cell 

ligands and become targets for NK cell recognition, 

activation, and cytotoxicity.54 Treatment with another 

recombinant oVSV expressing tumor suppressor P53 

was found to trigger CD49b+ NK- and tumor-specific 

CD8+ T-cell responses in immunocompetent mice 

with metastatic mammary adenocarcinoma, causing 

enhanced animal survival.55 Moreover, in a B16 mela-

noma model, NK and T cell depletion decreased the 

efficacy of VSV-based OVT, suggesting a role of host-

derived immune effectors in OVT.56

   x.  Poxviruses. It is worth noting that NK cells are known 

to be stressed following surgery, as indicated by their 

impaired ability to kill target tumor cells and by reduced 

expression of several activation/maturation markers. 

This effect has been linked to alterations in levels of sig-

naling cyto/chemokines and suppressor cell populations, 

and can be reversed by perioperative administration of 

oncolytic parapoxvirus ovis (ORFV) and vaccinia virus. 

This reversal was found to correlate with reduced post-

operative metastasis formation in mouse melanoma and 

breast carcinoma models, and was also demonstrated in 

postoperative cancer surgery patients treated with onco-

lytic vaccinia virus. These results open new prospects 

for perioperative therapies using OVs to enhance NK 

cell function, and thereby reduce metastatic recurrence 

in cancer surgery patients.57,58

Interaction of NK cells with dendritic 
cells in OvT
The success of OVT appears to rely on both the innate and 

adaptive arms of the immune system, and crosstalk between 

NK and dendritic cells seems important. NK cell–DC interac-

tions have been documented both in vitro and in vivo. Some 

OVs can boost this response by inducing the immunogenic 

death of infected tumor cells, leading to DC maturation and 

probably NK cell activation. The interplay between DCs, NK 

cells, and tumor cells in OVT has been graphically illustrated 

in Figure 2. A study focusing on an oncolytic reovirus pro-

vides an example of this interplay between infected tumor 

cells, DCs, and NK cells: DCs primed with reovirus-infected 

human melanoma oncolysates (DC-MelReo cells) were found 

to activate NK cells more efficiently than reovirus-infected 

tumor cells, as revealed by contact-dependent enhancement 

of IFN-γ and chemokine production. DC-MelReo cells 

underwent maturation and induced NK cell cytotoxicity 

through type I IFN release.59–61 In a mouse prostate cancer 

model, oncolytic therapy was associated with homing of 

both CD8 T and NK cells to the tumors, and relied on DCs 

for chemoattractant production, NK cell activation, and pre-

sentation of TAAs to tumor-specific CD8(+) T cells.44 The 

NK-cell-activating capacity of DCs can also be stimulated 

by direct infection of the latter cells with some OVs. The 

novel oncolytic virus Maraba MG1 has recently been shown 

to activate NK cells via direct infection and maturation of 

DC cells, both cell types being required for MG1-induced 

reduction of postoperative metastatic disease.62 Similar 

cooperation between DCs and NK cells has been evidenced 

for recombinant Sendai virus (rSeV). In a murine model, 

DCs activated through direct rSeV infection effectively 

prevented the occurrence of lung metastases. While NK and 

CD4+ cells were both found to be crucial to this protection, 

NK cell activation was not required, suggesting that some 

DC-dependent immune responses might require NK cells 

acting as regulators rather than effectors.63
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NK cells in combinatorial OvT
Pharmacological modulators
OVs alone often fail to achieve tumor eradication. To aug-

ment the efficacy of OVT, OVs have been engineered to carry 

cytokine-encoding genes and cause production of immu-

nostimulatory factors, and have also been combined with 

various pharmacologic modulators. Combination therapy 

has led to both positive and negative outcomes. In a model 

of malignant mesothelioma, for example, a combination of 

cyclophosphamide (CPA) and oVSV proved less effective 

against tumors than CPA alone. Intratumoral oVSV applica-

tion caused significant inhibition of both antigen-specific 

T-cell activation and CPA-activated NK-cell-dependent 

killing of tumor cells,64 in a TGF-β-dependent manner. In 

a rat glioma model, intratumoral administration of HSV 

was associated with a rapid increase in natural killer cells 

and microglia/macrophages and in IFN-γ production. Pre-

treatment with CPA enhanced HSV replication and direct 

oncolysis but scaled down the HSV-mediated increase in 

immune cells and intratumoral IFN-γ.65 Combination viro/

chemotherapy with the topoisomerase inhibitor irinotecan 

(CPT-11) and a Sindbis-virus-based vector resulted in long-

term survival of about 35% of tested SCID mice bearing 

aggressively growing human ovarian tumors, under condi-

tions where single-agent treatments were ineffective. This 

cooperative therapeutic action was NK-cell-dependent, 

illustrating the role of these cells in combination treatments 

with chemotherapeutic drugs.66 An immunomodulatory 

element can also be inserted into the OV backbone. In a 

xenograft model of lung cancer, inserting CpG motifs into 

the adenovirus genome resulted in a significant increase in 

antitumor efficacy, this improvement being lost in NK-cell-

depleted animals.67

Cytokines and chemokines
In several cases, arming OVs with transgenes encoding 

immunomodulatory cytokines has led to successful strength-

ening of anticancer OVT:

 i. IFN-β: In a pancreatic cancer model, administration 

of an adenovirus encoding IFN-β, in combination with 

gemcitabine to eliminate suppressor cells, resulted in 

potent NK-cell-mediated antitumor responses.68

ii. IL-2: IL-2 was found to reinforce the effect of Treg deple-

tion on OVT with VSV by increasing virus spread and 

causing the appearance of activated NK cells possessing 

enhanced antitumor activity.69
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 iii.  RANTES: An oncolytic adenovirus expressing the 

chemokine RANTES has been shown to have an 

enhanced capacity to recruit DCs, macrophages, NK 

cells, and CD8+ T cells to the tumor site, triggering Ag-

specific cytotoxic T lymphocyte and NK cell responses, 

thereby causing tumor regression.70

 iv.  HSP70: In a Phase I clinical trial on patients with 

advanced solid tumors, intratumoral injection of H103, a 

recombinant oncolytic type 2 adenovirus overexpressing 

the heat shock protein 70, caused the number of T and 

NK cells to increase.71

  v.  IL-12/IL-18: In a murine melanoma model, intratumoral 

administration of an oncolytic adenovirus coexpressing 

cytokines IL-12 and IL-18 led to the infiltration of NK 

and both CD4+ and CD8+ T cells into the treated tumor 

tissues, to better antitumor effects, and to increased 

survival.72

In another study, the efficacy of Sindbis-virus-based 

vectors against human ovarian carcinoma xenografts was 

found to be largely NK-cell-dependent and enhanced by 

IL-12 arming. The enhanced therapeutic effect of Sin/

IL-12 was also NK-cell- dependent and operated through 

an IFN-γ-dependent mechanism, inducing the activation 

of peritoneal macrophages.66

 vi.  IL-15: To exploit the NK-cell-promoting activity of this 

cytokine, the OV (delNS1) was armed with an IL-15-

encoding transgene (delNS1-IL-15). Supernatants of 

delNS1-IL-15-infected (but not of delNS1-infected) 

melanoma cells induced lysis of noninfected tumor 

cells, mediated by primary human NK cells.73 In a 

murine metastatic colon adenocarcinoma model, arming 

of oVSV with a transgene encoding a highly secreted 

version of human IL-15 improved survival through 

enhancement of both NK cell number and antitumor 

T-cell responses.74 In another study, oHSVs engineered 

to express soluble bioactive murine IL-15 alone or in a 

complex with murine IL-15 receptor α were found to 

stimulate proliferation of NK cells and to reduce the 

viability of mouse glioma cells.75

vii.  GM-CSF: In a murine B16-F10 melanoma model, the 

oncolytic adenovirus Ad-∆B7/IL12/GMCSF coexpress-

ing IL-12 (targeting NK, T, and NKT cells) and GM-CSF 

(targeting APCs) promoted antitumor responses and 

increased survival as compared with a virus expressing 

IL-12 or GM-CSF alone. In situ delivery of Ad-∆B7/IL12/

GMCSF resulted in massive infiltration of T cells, CD86 

(+) antigen-presenting cells, and NK cells into the tissue 

surrounding the necrotic area of the tumor.76 In a mouse 

melanoma model, expression of GM-CSF by an engineered 

oVSV increased its oncosuppressive efficacy, inducing 

 maturation of DCs and NK cells and rapid tumor infiltra-

tion by IFN-γ-producing T and NK cells.77 In a recent 

study using recombinant oncolytic adenoviruses encoding 

GM-CSF to treat human cancer patients, the efficiency 

of OVT was found to correlate with the polymorphisms 

in gamma receptors that are known to be expressed by 

innate immune cells. These observations further support 

the activation and involvement of these innate cells, more 

particularly NK cells, in OVT using OVs with transgenes 

encoding immunomodulatory cytokines.78

Future strategies and challenges ahead
OVT has made remarkable progress over the last two decades. 

Several OVs have been tested for efficacy preclinically and in 

clinical trials with positive outcomes. There is strong evidence 

that the immune system plays a critical role in determining 

the outcome of OVT, and this poses further challenges. An 

obstacle is host innate immunity, which can impede the suc-

cess of OVT by clearing the virus from the system. Being 

important effectors of antiviral defense, NK cells play a dual 

role in OVT, driving both antitumor and anti-OV responses. 

Various studies aim to manipulate the functions of NK cells 

so as to improve the outcome of OVT. As the behavior of 

NK cells in OVT seems to be both tumor- and OV-dependent, 

it may be necessary to develop a personalized approach to 

OVT. To achieve this aim, there is an increasing need to study 

NK cell responses to OVT in different mouse tumor models 

 (orthotropic,  syngeneic) simulating the immunosuppressive 

microenvironment observed in human tumors. It is essential 

to develop humanized mouse models where the structural and 

functional features of immune cells, particularly NK cells, 

are maintained. Moreover, since combinatorial strategies are 

likely to be needed, attention must be paid to possible effects 

of pharmacologic modulators on NK cell subpopulations. 

Furthermore, viral ligands binding to specific receptors on 

NK cells should be thoroughly investigated, as blocking 

of receptor–ligand binding can have important therapeutic 

implications. In developing future OVT strategies, one should 

strive to maintain a delicate balance between safety against 

systemic virus toxicity, oncolysis, and immune-cell-mediated 

antitumor responses. A more realistic approach might involve 

the immediate suppression of the innate immune response 

after viral infection, so as to achieve multiple rounds of viral 

 replication. Once a viral load sufficient for oncolysis is attained, 

enhancement of antitumor immune effectors, including NK 

cells, might then contribute to effective tumor clearance.
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Approved or novel (small molecule) drugs may be suc-

cessively used to achieve the initial dampening of innate 

and adaptive antiviral defenses to permit robust OV rep-

lication followed by the stimulation of antitumor immune 

response. The success of such a sequential approach is 

likely to depend on the site and nature of tumor, as well 

as on the type of oncolytic virus used. Therefore, further 

preclinical and clinical studies are necessary to identify 

combinations that maximize the potential of virotherapy 

through significant synergies. In order to speed up clinical 

translation, priority should be given to combinations involv-

ing chemotherapeutic drugs that are already approved for 

use in patients. In order to amplify and prolong antitumoral 

immune response, some of the immunomodulators already 

discussed in this review may serve to activate immune 

effector cells, particularly NK cells. It is noteworthy that 

surgical resection of the tumor represents another comple-

mentary treatment to be combined with OVT. However, the 

implementation of this modality relies on appropriate time 

intervals being chosen so as to allow OVs to multiply and/

or trigger immune reactions to a sufficient extent before the 

target tumor is removed.

Irrespective of tumor type, patients receiving OVT 

appear to respond differently, some benefiting from the 

treatment more than others. This heterogeneity may be 

traced back at least in part to variations in the immuno-

competence of individual patients. The identification of 

responsive subjects is therefore crucial to improve the 

outcome of OVT through the implementation of personal-

ized treatments. Of special interest in this regard is a recent 

study suggesting that polymorphisms in Fcγ receptors 

displayed in particular by NK cells may play a role in the 

effectiveness of OVT and serve as predictive and prognos-

tic biomarker for the selection of potentially responsive 

patients.78 Testing and implementing these combinations 

represent a promising strategy to bring OVs from bench 

to bedside and to establish OVT as a new effective immu-

notherapeutic approach.
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