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Among various immunotherapies, natural killer (NK) cell cancer immunotherapy using adoptive transfer of NK cells

takes a unique position by targeting tumor cells that evade the host immune surveillance. As the first-line innate

effector cell, it has been revealed that NK cells have distinct mechanisms to both eliminate cancer cells directly and

amplify the anticancer immune system. Over the last 40 years, NK cell cancer immunotherapy has shown

encouraging reports in pre-clinic and clinic settings. In total, 288 clinical trials are investigating various NK cell

immunotherapies to treat hematologic and solid malignancies in 2021. However, the clinical outcomes are

unsatisfying, with remained challenges. The major limitation is attributed to the immune-suppressive tumor

microenvironment (TME), low activity of NK cells, inadequate homing of NK cells, and limited contact frequency of

NK cells with tumor cells. Innovative strategies to promote the cytolytic activity, durable persistence, activation, and

tumor-infiltration of NK cells are required to advance NK cell cancer immunotherapy. As maturing nanotechnology

and nanomedicine for clinical applications, there is a greater opportunity to augment NK cell therapeutic efficacy for

the treatment of cancers. Active molecules/cytokine delivery, imaging, and physicochemical properties of

nanoparticles are well equipped to overcome the challenges of NK cell cancer immunotherapy.
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1. Introduction

Cancer is the second cause of death worldwide and still needs much effort to cure the desperate disease . In the

past decade, immunotherapies modulating anticancer immune responses for cancer elimination have made a

remarkable revolution in cancer treatments . The 2018 Nobel Prize in Physiology or Medicine selected

immunotherapy pioneers. More understanding of immune system-related cancer biology at the cellular and

molecular levels has allowed cancer immunotherapy to be rapidly advanced for clinical applications. Subsequently,

various cancer immunotherapies, including immune checkpoint blockades, chimeric antigen receptor (CAR) T-cell

therapy, cytokine therapy, natural killer (NK) cell therapy, and cancer vaccines, are able to exhibit notable

successes in the clinics . However, immune-suppressive tumor microenvironment (TME), immuno-

therapeutic resistance, immuno-therapeutic ignorance, and off-target toxicity, i.e., immune-related adverse effects

(irAEs), permitted only a small percentage of patients to experience a positive response . Substantial effort

to overcome the limitation of cancer immunotherapy and further development of cancer immunotherapy strategies

are needed to advance this effective strategy to treat cancers .
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NK cell cancer immunotherapy using adoptive transfer of NK cells takes a unique position to target tumor cells that

evade the host immune surveillance . NK cells belonging to innate lymphoid cells are cytotoxic, play roles

in producing cytokines and essential immunosurveillance for viral infection and cancers . NK cells are mainly

localized at epithelial surfaces and quickly responding to pathogen invasion to maintain tissue homeostasis .

The lack of antigen receptors in NK cells is different from T and B lymphocytes. A wide range of germline-encoded

activating and inhibitory receptors of NK cells can be engaged by particular ligands displayed on various kinds of

cells (Figure 1). NK cell’s selective cytotoxic functions killing disease cells are finely tuned by the signaling balance

between the activating and inhibitory receptors . For healthy cells, NK cells preserve tolerance towards

surrounding normal cells. The tolerance is mainly controlled through inhibitory receptors such as killer

immunoglobulin-like receptors (KIRs) and natural killer group 2A (NKG2A) recognizing self-major histocompatibility

complex (MHC) class I molecules (Figure 1) . In the process of NK cell education, the strength of these

inhibitory receptor/ligand interactions also strongly correlates with the generation of functional NK cells. The

activation of the “turn on” signal for the selective cytotoxic effect is involving several activation receptors, including

natural cytotoxicity receptors (NCRs: NKp46, NKp44, and NKp30) and natural killer group 2D (NKG2D), whose

ligands are mainly stress-inducible molecules UL16 binding proteins (ULBPs), MHC class I chain-related protein A

and B (MICA/B). With the activation receptors, NK cells can selectively attack virally infected cells or cancer cells

that are expressing downregulated MHC class I molecules through “missing self-recognition” and “induced self-

recognition” (Figure 1) .

Figure 1. Natural killer (NK)-cell-mediated cytotoxicity. NK cell recognizes cells with NK cell receptors. MHC class I

on target cells plays an inhibitory role binding to KIRs and NKG2A molecules resulting tolerance of NK cells as

“self-recognition”. Otherwise, malignant cells inducing MICA/B, UL16 binding proteins (ULBPs), are detected by NK

cells with NK-cell-activating receptors, including KG2D and NKRs. NK cells also have immune modulatory

functions by producing IFN-γ and TNF-α to recruit other immune cells, such as dendritic cells and T cells.

These well-orchestrated selective cytotoxic functions of NK cells have prompted their use in many clinical trials to

control tumor growth via their effector capacity. NK cell cancer immunotherapy has been considered an effective

cancer treatment and a potent adjuvant to standard cancer treatment . A total of 288 clinical trials are
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investigating NK cell immunotherapies to treat hematologic and solid malignancies in 2021 (www.clinicaltrials.gov).

Those clinical trials using autologous NK cells, allogeneic NK cells, NK cell lines, and genetically modified NK cells

have shown encouraging results in the response rate for various malignancies . However, there are still

considerable challenges in NK cell therapy to treat cancer patients. The TME structure and altered tumor

immunogenicity lead to functional damage of NK cells and poor tumor trafficking and infiltration of NK cells into

tumors . Thus, various strategies to promote the expansion, cytolytic activity, durable persistence, activation,

and tumor-infiltration of NK cells have been studied . Recently, various multifunctional nanoparticles

have been suggested to augment NK cell therapy for the treatment of cancers . Active molecules/cytokine

delivery, imaging, and physicochemical properties of nanomaterials are well equipped to overcome NK cell cancer

immunotherapy challenges . As maturing nanotechnology and nanomedicine for the clinical applications,

there is greater opportunity for NK cell cancer immunotherapy. Here, we discuss recent NK cell adoptive cell

transfer (ACT) clinical trials, challenges, and advances of nanoparticle-mediated NK cell therapeutic efficacy

augmentation.

2. Challenges of NK Cell Cancer Immunotherapy

The primary reason for the therapeutic limitation of NK cell cancer immunotherapy was attributed to the immune-

suppressive TME, low activity of NK cells, inadequate homing of NK cell adoptive transfer, and limited contact

frequency of NK cells with tumor cells (Figure 2) .

Figure 2. Challenges in NK cell cancer immunotherapy. In the tumor microenvironment, cancer cells secrete anti-

immune molecules TGF- β, PGE2, and indoleamine 2,3-dioxygenase (IDO) to evade NK-cell-mediated tumor-cell

lysis. Vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and adenosine inhibit NK
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cells from homing to tumors resulting inadequate NK cell infiltration in tumors. Tumor cells express NK cell immune

checkpoint molecules to escape from NK cells.

One of NK cell therapy’s limitations is the immunosuppressive effect of the TME (Figure 2) . TME has unique

environments built with various cancer cell-derived cytokines and following abnormal metabolic profiles. NK cells in

the TME are changed to be low proliferation, decreased cytokine release, and downregulation of activation

receptors . Especially, there are immune-suppressive TME cytokines such as TGF-β, prostaglandin E2 (PGE2),

and indoleamine 2,3-dioxygenase (IDO) . Along with immune suppressive cytokines from tumor cells, regulatory

T cells and myeloid-derived suppressor cells usually inhibit both the expansion and the function of effector NK cells

with downregulating NK cell-activating receptors, IFN-γ, and cytolytic molecules . To overcome this immune-

suppressive TME, TME modulation involved with TGF-β, PGE2, and IDO cytokines and NK cell activation using IL-

2, IL-12, IL-18, and IFN-γ have been actively studied for the augmentation of NK cell cytotoxicity against tumor

cells in TME .

Tumors also exploit several defense mechanisms to limit NK cell homing and infiltration . Deregulation of

chemokine expression in the tumor is an important mechanism preventing NK cell infiltration and homing (Figure

2). Vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) signaling on endothelial

cells can repress adhesion molecule expression and prevent NK-cell infiltration . So, there are many ongoing

efforts toward improving tumor infiltration of adoptively transferred NK cells. The modification of NK cells with

tumor-specific molecules and chemokine-chemokine receptor axis has been tried . CCR5-CCL5 axis was

induced to enhance NK cell infiltration in tumor tissue, and CXCR3 on NK cells also could interact with CXCL9,

CXCL10, and CXCL11 from tumor cells . The local delivery of those modified NK cells and catalytic

molecules for migration was also studied to enhance NK cell therapy approaches. Ultrasound-mediated-, magnetic

field-mediated-, and catheter-directed-NK cell delivery have demonstrated improved NK cell homing and infiltration

.

Another critical challenge of NK cell adoptive transfer is the immune escape of tumor cells (Figure 2) . Mutated

tumor cells are expressing immune checkpoint molecules, rendering the immune system to be ineffective. Although

the NK cell activation process involves more than one receptor–ligand interaction, NK-cell-mediated anticancer

efficacy is often hindered by the low expression of NK cell activation receptor–ligand . Subsequently, NK cell

recognition in the tumor site is hampered due to the lack of NK–tumor contact. Highly effective immune cell

engagers and specifically designed receptors effectively enhance the recognition and contact of NK cell-activating

receptors . Recently, CAR expressed NK cells showed an efficient cancer cell killing effect in CD19 positive

leukemia and lymphoma cells . Anti-CD19 CAR T cells were approved by the US Food and Drug Administration

(FDA) in 2017. Despite the robust clinical response, the severe adverse effect was recognized . Further studies

for preventing immune escaping tumor cells are needed.

3. Conclusions and Future Outlook

[6][37]

[27]

[38]

[39]

[40]

[41]

[42][43]

[44]

[45][46]

[47][48][49]

[6][27]

[50]

[51]

[26]

[52]



NK Cell Immunotherapy using Nanoparticles | Encyclopedia.pub

https://encyclopedia.pub/entry/8981 5/9

NK-cell-based therapy has attracted significant attention in research on cancer treatment. Considering the tumor-

specific cytotoxic function of NK cell cancer immunotherapy, NK cell cancer immunotherapy can be useful in many

clinical cases. However, achieving meaningful therapeutic outcomes in the clinic is still challenging, owing to

difficulties with the numerous immune-suppressive factors in the TME and poor NK cells’ homing and infiltration.

Further development and refining of NK cell cancer immunotherapy are required. One promising direction would be

the combinational NK cell cancer immunotherapy with other synergistic cancer therapies. Because NK cell infusion

appeared to be safe and NK cells do not need a particular process of antigen recognition by antigen-presenting

cells, there is the strength as a combination therapy regime. Utilizing distinct mechanisms of NK cells will be critical

to have synergistic effects in combination with other cancer therapies, including chemotherapy, immune-modulating

cytokines (IL-2 and IFN-γ) therapy, and immune checkpoint blockades immunotherapy. In advance of NK cell

cancer therapy, nanoparticles will be a key tool, as they have recently shown great potential for augmenting the

therapeutic efficacy of NK cell cancer immunotherapy. Engineered nanoparticles delivering various therapeutic

agents, including antibodies, stimulatory cytokines, genes, or adjuvants, will enhance the NK cell activity, NK cell

proliferation, and NK cell migration to tumor sites, thus markedly inhibiting tumor progression. The development of

nanoparticles targeting the TME can also readily upregulate NK cell-activating ligands and stimulatory cytokines.

Further, the medical imaging contrast effect of nanoparticles will allow image-guided NK cell cancer

immunotherapy that can monitor NK cells and therapeutic prognosis. Indeed, the multifunctionality of nanoparticles

interplaying between the immune system and tumors will allow the synergistic combinational anticancer effect,

broaden the capacity of NK cell cancer immunotherapy, and contribute to developing safe and controlled NK cell

cancer immunotherapies.
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