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Abstract: Tumor immunotherapy represented by immune target blocking and chimeric antigen
receptor cell therapy has developed rapidly. Among them, Natural Killer Cell (NK) is gradually
becoming another preferred immunotherapy method after T cell immunotherapy because of its
unique killing effect in innate immunity and adaptive immunity. Although NK cell therapy has
achieved promising results in clinical trials, there are still some problems, such as low efficacy in
solid tumors, insufficient penetration of NK cells and high cost of treatment. Nanomaterials are
expected to be an excellent tool to improve the anti-tumor immune response of NK cells due to their
advantages such as chemical specificity, biocompatibility and simple synthesis. Nanomaterials can
enhance the cytotoxicity of NK cells, participate in the modification and noninvasive cell-tracking
patterns of NK cells, and mediate their homing and infiltration, and thus significantly improve the
efficiency of NK cell immunotherapy. In this review, we will briefly introduce the methods and
mechanisms of tumor immunotherapy, emphasize the research progress of NK cell-based
immunotherapy and imaging, and finally summarize the direction and research progress of
nanomaterials in NK cell-based immunotherapy.

Keywords NK cell immunotherapy; nanomaterials; tumor immunotherapy; target block; drug
carrier

1. Introduction

Cancer, as the second leading cause of death in the world, has seriously hindered the healthy
development of human body, and is one of the problems to be solved urgently in the world [1]. At
present, the traditional means of cancer treatment, such as surgery, radiotherapy and chemotherapy,
have achieved encouraging clinical results. However, traditional treatment is often accompanied by
clinical symptom specificity, low tumor response rate and patient resistance. Therefore, the treatment
of cancer still needs new treatment methods to avoid the problems and limitations of traditional
treatment methods.

The 2018 Nobel Prize in Physiology or Medicine was awarded to James P. Allison (an United
States immunologist, and Tasuku Honjo ((Japan immunologist (for their discovery of cancer
therapies that inhibit negative immune regulation, which has successfully promoted the rapid
development of tumor immunotherapy [2-4]. In recent year, tumor immunotherapy has gradually
overcome various difficulties in that treatment of malignant tumor, among which immune
checkpoint blocking (ICB), chimeric antigen receptor (CAR) cell therapy and tumor vaccines have
shown excellent therapeutic effects. NK cell-based tumor immunotherapy is also becoming one of
the clinically effective treatment methods [5]. NK cells, as innate immune cells, mainly rely on the
balance of cell surface signals to maintain the stability of patients 'tissues, and use their own
cytotoxicity to monitor and kill tumor cells. This is different from T cells that need specific antigen
stimulation, so the clinical application prospect of anti-tumor based on NK cells is relatively broader

[6].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202402.0143.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2024 doi:10.20944/preprints202402.0143.v1

However, NK cell-based immunotherapy also faces problems such as decreased cell viability,
delayed cell homing, tumor immunosuppression and insufficient supply of NK cells. However,
nanomaterials have successfully promoted the progress of NK cell immunotherapy by virtue of their
own effective load transfer, interaction with immune cells and modification of material structure [7-
9]. Moreover, the compatibility of NK cells and the versatility of nanomaterials also show great
potential for new immunotherapy.

This review focuses on the research progress of NK cell-based immunotherapy from the
perspective of tumor immunotherapy methods and research status, clarifies the application prospect
and limitations of NK cell-based immunotherapy, and introduces the research progress and
application status of nanomaterials according to its limitations. Finally, the clinical advantages and
specific mechanisms of NK cell-based nanomaterials in tumor immunotherapy are summarized to
achieve technical progress and improve the efficacy of tumor immunotherapy.

2. Tumor Immunotherapy

The occurrence of malignant tumor has brought great challenge to the development of human
health. Currently, the most widely used cancer therapies include surgery, chemoradiotherapy, etc.
However, tumor metastasis, patient resistance and clinical heterogeneity still lead to the low efficacy
of traditional therapies. In recent years, with the development of science and technology, tumor
immunotherapy has emerged as the times require. In 1893, William Coley, an United States surgeon,
discovered that bacteria could inhibit the development of sarcoma, which was the first time that
immunosuppression was found in the history of human tumor [10]. In the 1980s and 1990s, the
interaction between immune cells and melanoma was discovered, and the concept of tumor
immunotherapy was put forward.[11,12]. In recent years, clinical studies have proved that tumor
immunotherapy can not only prolong the survival time of patients, but also significantly improve the
quality of life of patients [13].

2.1. Tumor Immunotherapy Related Cells

Tumor immunotherapy-related cells fall into two main categories: anti-tumor immune cells and pro-
tumor immune cells. The antitumor cells mainly include T lymphocyte cells, NK cells, dendritic cells and
M1 macrophages. Tumor promoting cells are composed of Treg (Regulatory Cells, Treg) cells, MDSC
(Myeloid-derived Suppressor Cells, MDSC) cells, M2 macrophages, N2 neutrophils, ILC2 (Group 2 innate
lymphoid Cells, ILC2) cells and NKT2 (Natural Killer T Cells, NKT2) cells. These immune cells interfere
with each other and jointly participate in tumor immunotherapy (Figure 1).
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Figure 1. Tumor immunotherapy-related cells.

Among them, T cells, as the primary executor of tumor immunotherapy, mainly use the secretion
of granzyme and tumor cell apoptosis induced by death ligand to play a role in killing tumor [14];
DC cells can initiate adaptive immune response by stimulating T cell activation [15,16]; NK cells use
the mechanism of "missing self" to prevent the binding of autoinhibitory receptor to MHC-1 on tumor
surface, and then activate themselves to transmit anti-tumor immune signals [17,18]; Ml
macrophages can not only promote Thl cell recruitment by secreting chemokines, but also release
ROS/RNS to directly kill tumor cells [19-21].

However, tumor-promoting cells play an opposite immune role, for example, Treg cells suppress
tumor immune response by secreting immunosuppressive cytokines [22], while MDSC cells damage
T cell function by interacting with Treg cells, and can also reduce the number of NK cells and prevent
them from killing tumors [23]; M2 macrophages and N2 neutrophils secrete immunosuppressive
factors and chemokines respectively to promote Treg cell recruitment and MDSC cell differentiation
and transmit immunosuppressive signals [24-27]; ILC2 promotes tumor cell immune escape by
inhibiting NK cell activity and T cell immune response [28,29].

2.2. Tumor Immunotherapy

2.2.1. Immune Checkpoint Blocking (ICB)

Immune target is one of the key factors to maintain the stability of immune homeostasis and
host survival, so keeping the balance of immune signals is the main means to protect host cells from
foreign antigen damage. At present, ICB is widely used in solid tumors and hematologic
malignancies, and more and more tumor immunotherapy targets have emerged (Figure 2). Three of
the most widely used targets for clinical treatment are described below.
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Figure 2. Therapeutic targets related to tumor immunotherapy.

PD-1: As an inhibitory receptor, PD-1 mainly prevents the patient's own immune response by
inhibiting the immune function of T cells [30], and its binding ligands mainly include PD-L1 and PD-
L2 highly expressed on the surface of tumor cells. Its specific mechanism of action is to use ligand
binding to conduct negative co-stimulation signal to inhibit T cell activation and mediate tumor cell
immune escape [31,32]. In addition, studies have shown that PD-1 is not only expressed on the surface
of T cells, but also on the surface of NK cells, DC cells and other immune cells, which indicates that
PD-1 may control the systemic anti-tumor immune response, so the subsequent tumor
immunotherapy can start from blocking this target.[33].

At present, PD-1 inhibitors have been widely used in clinical practice. Studies have shown that
PD-1 inhibitors can not only inhibit tumor cell proliferation, but also directly mediate tumor cell
apoptosis by binding with PD-L1 [34]. For example, the PD-1 blocking antibody Opdivo was
approved in 2015 for the treatment of advanced squamous cell lung cancer, marking the first clinical
use of anti-PD-1 [35,36]. However, in order to promote the wider application of PD-1 inhibitors, it is
necessary to solve the problems of patient heterogeneity and personalized formulation to maximize
the therapeutic effect.

CTLA-4: CTLA-4 is also highly expressed on the surface of T cells as an inhibitory receptor, and
its mechanism of action is to inhibit T cell activation by binding to CD80/86, thus reducing the
autoimmune expression of patients [37]. In addition, it has been clinically demonstrated that the
mechanism of action of CTLA-4 inhibitors is to release CD28-mediated positive co-stimulatory
signals to reduce Treg cell inhibition and enhance T cell antitumor effect to achieve antitumor signal
transmission [38-40]. At present, ipilimumab, a CTLA-4-targeted inhibitor approved by FDA, has
been applied in clinical practice, marking the beginning of ICB immunotherapy. However, CTLA-4
blockade also faces the side effect of immuno-overexpression, so there is also a need to optimize the
treatment to reduce its side effects.

TIGIT: TIGIT is a type I transmembrane protein of the immunoglobulin superfamily that is
highly expressed on T cells, NK cells and Treg cells. Its mechanism of action is mainly to mediate the


https://doi.org/10.20944/preprints202402.0143.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2024 doi:10.20944/preprints202402.0143.v1

activation of T cells and NK cells by binding with ligands such as CD155 and CD112 expressed on
antigen presenting cells, thus transmitting anti-tumor immune signals [41-43]. It was also found that
blocking TIGIT signaling pathway of malignant tumors could significantly increase the expression of
IFN-y and TNF-a in tumor-specific CD8* T cells and significantly improve the anti-tumor immune
response [44].

2.2.2. Cell Engineering Therapies

Immune cell-based therapies are mainly called chimeric antigen receptor immunotherapy
(CAR), of which CAR-T is the most widely used. During CAR-T treatment, doctors first collect T cells
from patients (autologous), but most patients have too few endogenous T cells to support the
realization of anti-tumor immune response [45,46]. However, the study found that T cells can also be
collected from healthy people (allogeneic) for patients 'needs, and then the collected autologous or
allogeneic T cells are used for genetic engineering, that is, antigens with specific target tumor cells
are presented to T cells, and finally CAR-T cells are injected into patients to cause anti-tumor immune
response of patients (Figure 3) [47].
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Figure 3. Tumor immunotherapy flow of CAR-T. [47].

At present, CAR-T cell therapy has achieved great clinical success, but the toxic side effects of
CAR-T cell therapy are still unavoidable, and this toxic side effect is not specific, in other words, it is
very likely to damage normal tissue cells. In addition, the therapeutic effect of CAR-T in solid tumors
is not optimistic, so new tumor immunotherapy methods are still needed for clinical treatment of
malignant tumors.

2.2.3. Tumor Vaccines

Although ICB and CAR-T have shown good treatment effects, response rates are not high in
some tumor types or patient types [48,49]. Therefore, the development of new therapeutic regimens
is needed to reverse the stagnation of cancer immunotherapy. In recent years, the development of
tumor immunotherapy has brought out a new therapeutic method-tumor vaccine.
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Tumor vaccine mainly acts on tumor associated antigen (TAA) and tumor specific antigen
(TSAT), and DC cells are the main target cells for its anti-tumor effect [50]. The specific mechanism
of tumor vaccine is to regulate the effective presentation of antigen by DC cells, thus improving the
efficiency of the whole anti-tumor immune response. For example, in 2017, Nature published two
reports of successful treatment of advanced melanoma with tumor vaccines. One clinical trial showed
that the vaccine successfully prevented tumor development in more than 60% of patients; Another
cancer vaccine that has been used has shown that about 70% of patients do not relapse within 25
months [51]. At present, tumor vaccines have the advantage of triggering long-term immune
memory, although few tumor vaccines have been developed and utilized [52,53]. Therefore,
researchers are still focusing on the development and utilization of tumor vaccines, which is expected
to achieve a lasting anti-tumor immune response in patients.

2.2.4. Soluble Viruses

In recent years, the appearance of tumor vaccine provides a better direction for the development
of tumor immunotherapy. Now, researchers are starting to use vaccines against the virus to stop the
development of malignant tumors. Oncolytic virus (OV) is the most widely used virus, which can
not only infect tumor cells and kill tumor cells directly, but also release TAA and other cytokines to
enhance anti-tumor immune response. For example, Talimogene Laherparepvec (T-VEC)-the first
oncolytic viral therapy approved by FDA for the treatment of advanced melanoma, can specifically
replicate and lyse tumor cells in tumor cells and induce local and systemic anti-tumor immune
response [54]. However, OV therapy is clinically effective for only a few tumor type, so that
combination of OV therapy with other immunotherapies will become more and more widespread.

2.3. Tumor Immunotherapy Limitations

Tumor immunotherapy has become the "fourth bullet" of anti-tumor therapy after surgery,
radiotherapy and chemotherapy. The clinical use of CAR-T shows that patients 'immune systems can
be "reprogrammed" to fight malignant tumors. The use of ICBs, tumor vaccines and oncolytic viruses
represent important applications for antigen presentation. However, tumor immunotherapy is not
perfect, and there are also problems such as toxicity control and low response rate.

Among them, toxicity control has the greatest impact on patients. It can not only cause clinical
symptoms such as anemia (45.4%), fatigue (34.3%) and dysphagia (30%), but also lead to adverse
events such as neutropenia (19.6%), hypertension (9.3%) and lymphopenia (10.3%) [55]. In addition,
tumor immunotherapy only accounts for 10-30% of the immune response rate in solid tumors.
Therefore, it is urgent to control toxicity and improve the response rate of antitumor immunity.

3. Research Progress of Tumor Immunotherapy based on NK Cells
3.1. NK Cell

3.1.1. Origin of NK Cells

NK cells used for tumor immunotherapy have various sources, mainly including peripheral
blood (PB), umbilical cord blood (UCB), bone marrow (BM), human embryonic stem cells (hESC) and
derived NK cell lines. NK cells from different sources have different advantages and disadvantages
(Table 1) [56].

Table 1. different sources of NK cells and their own advantages and disadvantages.[56].

Sources of .
NK Cells Advantages Disadvantages
Peripheral blood Safe;conveniently collected; Low numbers in patients;

strong ability to kill tumor cells time-consuming and costly
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embrycc:1111sc stem Homogenous NK cell product; Need to induce iPSC into NK
or induced easy to amplify large numbers of NK cells cells
pluripotent cell
Bone marrow From patients Invasive operation
NK cell line Off-the-shelf;easy to amplify;
NK-92 and NK-  lack most inhibitory receptors compared to Potential tumorigenicit
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92MI) naive NK cells

NK cells of either autologous or allogeneic origin have been shown to be clinically safe and
tolerable. However, autologous NK cells have low proliferation and antitumor activity, while
allogeneic NK cells are difficult to find. In addition, when NK cell are isolated from peripheral blood,
that NK cell are easily mixed with monocytes and other blood cells, and thus it is time-consuming
and expensive.

3.1.2. NK Cell Classification and Subsets

NK cells can be divided into CD56bright and CD564im according to the expression of CD56 on their
surfaces. Among them, CD56brightlNK cells mainly play an anti-tumor immune role by secreting
cytokines such as INF-y and TNF-f3 [57]. CD564imNK cells use highly expressed CD16 to mediate
antibody dependent cell Mediated cytotoxicity (ADCC) to induce phosphorylation of immune
receptor tyrosine activation motif (ITAM), and finally immunize and kill tumor cells [58].

In recent years, Crinier et. al. revealed the heterogeneity of human and mouse NK cells by using
high-dimensional single-cell RN Aseq, and confirmed that NK cells can also be divided into several
cell subsets such as cytotoxic NK (cNK) cells, antigen-presenting NK (AP-NK) cells, helper NK (NKh)
cells and regulatory NK (NKreg) cells according to differentiation degree [59]. Different subsets of
NK cells play different roles in anti-tumor immunity in different fields, and have been widely used
in clinic.

3.1.3. Role and Function of NK Cells

NK cells, as the first responders of the immune system, are key responders for immune
surveillance, regulation and anti-tumor (Figure 4).

doi:10.20944/preprints202402.0143.v1
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Figure 4. Mechanism of NK cells in tumor immunotherapy.

First, NK cells can secrete perforin and granzyme to exert autotoxicity directly. Second, when
NK cells receive a stronger stimulatory signal than an inhibitory signal, NK cells express high levels
of CD16 to trigger ADCC. In addition, NK cells can also secrete chemokines and cytokines to recruit
and coordinate other immune cells (T cells, DC cells, etc.), thus starting adaptive immune response
to kill tumor cells [60-62]. More importantly, NK cell activation does not require specific antigen
presentation and does not require prior sensitization. Therefore, NK cells can not only kill tumor cells
preferentially but also induce systemic tumor immune response.

3.2. NK Cell-Based Tumor Immunotherapy

3.2.1. Target Blockade

As mentioned above, the immune function of NK cells is mainly regulated by the balance
between its surface inhibitory receptors and activating receptors. When the inhibitory signal is
stronger than the activating signal, it will promote the immune escape of tumor cells. Therefore, the
anti-tumor immune response of NK cells can be promoted by targeting and blocking the
corresponding inhibitory signal. The most widely used inhibitory targets mainly include: PD-I,
TIGIT, etc.

PD-1, as described in Chapter 2, is an inhibitory receptor highly expressed on the surface of
immune cells and can significantly reduce the immune response of NK cells. In recent years, studies
have shown that PD-1 is not only highly expressed in immune cells, but also highly expressed in
pleural effusion of patients with primary and metastatic tumors according to clinical data [63]. In
addition, it has been demonstrated that PD-1 not only mediates NK cell inactivation and down-
regulates its anti-tumor immune response, but also affects NK cell-dependent immune surveillance
and promotes tumor cell immune escape [64,65]. Therefore, targeted blockade of PD-1 is of great
significance for improving the therapeutic effect of patients.

TIGIT also acts as an inhibitory receptor to transmit immunosuppressive signals. Its binding
ligands mainly include CD155 (PVR) and CD112. Among them, CD155 is highly expressed on the
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surface of tumor cells as the main binding ligand [66]. When they combine, they undergo
autophosphorylation, down-regulating the signal transmission of PI3K/MAPK signaling pathway,
and finally reducing the cytotoxicity of NK cells [67]. Therefore, TIGIT monoclonal antibody can be
used to block the transmission of immunosuppressive signals, enhance the anti-tumor activity of NK
cells, and then regulate the immune function of patients to achieve the purpose of treatment.

Although ICB is widely used in tumor immunotherapy, the ability of NK cell-mediated immune
surveillance is reduced due to the alteration of molecular expression of NK cell-activated receptors
due to prolonged exposure to the tumor microenvironment. Therefore, there is a need for new
therapies to emerge or combine with them to improve the therapeutic effect of tumor
immunotherapy.

3.2.2. CAR-NK

The excellent clinical data of CAR-T promoted the birth of CAR-NK, which has been tested and
optimized in animal models and clinical trials. It was found that CAR-NK not only has the inherent
anti-tumor properties of NK cells, but also has its own unique anti-tumor immune advantage (Figure
5) [68].

Lysed tumor cells
(V.4

e

Figure 5. Antitumor mechanism of CAR-NK. [68].

CAR-NK therapy has been shown to have an immune effect on a variety of hematologic
malignancies, including but not limited to acute myeloid leukemia, lymphoma and multiple
myeloma. It has been widely used in the treatment of CD19B cell malignancies. Romanski et. al. [69]
transduced NK-92 cells with CAR against CD19 and demonstrated that CAR-NK-92 can specifically
lyse CD19-expressing B cells. In addition, there are data showing that enhanced green fluorescent
protein (EGFP)-modified NK cells can significantly improve the lytic capacity of NK cells and show
stable antitumor effect in PDX mouse models [70]. Therefore, EGFP-CAR-NK is often designed to
treat triple negative breast cancer [71].

At present, both ICB and CAR-NK have made encouraging research progress, but as mentioned
above, the application of single immunotherapy is inefficient and faces many limitations. In recent
years, immune combination therapy is becoming a new therapeutic hotspot, which can not only
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expand the applicable population and tumor, but also take advantage of each other to improve the
efficacy. Therefore, more and more immune combination therapy is applied in clinical practice and
becomes a new clinical treatment step by step.

3.2.3. CAR-NK Combined with Gene Modification

Tumor cells can escape from the immune surveillance of NK cells. Therefore, it is necessary to
use gene modification to modify NK cells to enhance their anti-tumor immune function, to ensure
that NK cells can kill tumor cells directly before tumor cells escape. So far, many genetic modification
methods have been applied to NK cell modification. For example, researchers have found that
modifying NK cells by inserting suicide genes into CAR can control the potential cytotoxicity of NK
cells. Liu et. al. transduced a retroviral vector incorporating CAR-CD19, IL-15 and caspase-9-based
suicide gene into NK cells, and data showed that it had significant killing capacity against CD19 cell
line and primary leukemia, and significantly prolonged the survival of Raji lymphoma mice [72].

3.2.4. Combination of Target Blocking and Monoclonal Antibody

Monoclonal antibody can directly target the target receptor on the surface of NK cells, block its
signal transmission and improve the anti-tumor immune activity of NK cells. At present, there are
many monoclonal antibodies targeting NK cell surface receptors for clinical treatment (Figure 6).

Figure 6. Monoclonal antibodies targeting NK cells.

doi:10.20944/preprints202402.0143.v1
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Monoclonal antibodies blocked by different targets are directed against different tumor types,
such as Anti-PD-1, mainly targeting cervical cancer, breast cancer, liver cancer and lung cancer [73];
Anti-NKG2A mainly acts on NK cells in hematological malignant tumors [74]. It has been reported
that the application of monoclonal antibodies blocking PD-1/PD-L1 binding can significantly enhance
the cytotoxicity of NK cells and the production of related immunosuppressive cytokines, thus
inhibiting the growth and development of tumor cells. At present, a variety of monoclonal antibodies
targeting PD-1 have been used in clinical practice [75], and good research results have been achieved.

3.2.5. Molecular Imaging of NK cell

Molecular imaging techniques have also been improving to assess the tracking of NK cells,
including quantitative dynamic footprinting (qDF), total internal reflection fluorescence (TIRF)
microscopy, optical live-cell imaging(including multiphoton and confocal imaging), light-sheet
microscopy and super-resolution microscopy and so on, many of these techniques rely on directly
labeling of NK cells surface with fluorophores or contrast agents,cell-permeable fluorophores,
radioisotopes to enable real-time visualization of NK cell immunotherapies in tumors.
Nanoparticles,such as superparamagnetic iron oxide and ultra-small superparamagnetic iron oxide
nanoparticles,have also been used to label NK cells for MRI. Nanoparticles such as
superparamagnetic iron oxide and ultra-small superparamagnetic iron oxide nanoparticles have also
been used to label NK cells for MRI. Adding iron oxide nanoparticles to NK cells is relatively easy,
requiring only a simple incubation electroporation or the use of transfection agents. Iron oxide-
labeled NK cells produce a strong low-intensity signal in T2 and T2*-weighted images, and iron oxide
labeling can be retained for up to 4 days, that depending on the length of time that the adopted-
transferred NK cells survive[76].

4. Research Progress of Nanomaterials

In recent years, the appearance and clinical application of immunotherapy have promoted the
rapid development of tumor treatment. However, the application of immunotherapy is limited, often
accompanied by low response rate, patient resistance and adverse reactions. The emergence of
nanomaterials has brought new breakthroughs in tumor immunotherapy, and has been gradually
applied to various aspects of immunotherapy (Figure 7).
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Figure 7. Nanomaterials for tumor immunotherapy.
4.1. Types of Nanomaterials

4.1.1. Metal Nanoparticles

Metal nanoparticles are not only used in the biomedical field [77], but also can regulate the
immune activation of immune cells and host defense [78,79]. Among them, gold nanoparticles are
widely used in the diagnosis and treatment of tumors by virtue of their light control ability, chemical
inertness and low toxicity [80-83]. For example, Ahn used Au-NP to carry endogenous EDB
autoantigen as tumor vaccine. Studies showed that Au-NP could present antigen to DC cells and
induce T cell immune response, significantly inhibiting the development of tumor cells [84]. At
present, the application of metal nanoparticles in tumor immunotherapy is also increasing. In
addition to gold nanoparticles, platinum (Pt), copper (Cu) and iron (Fe) are widely used.

4.1.2. Liposomes

In 1965, Bangham et. al. proved the existence of liposome and found that liposome is a double-
layer spherical vesicle with both hydrophobic and hydrophilic capabilities [85]. Liposome is one of
the most ideal drug delivery systems because of its good drug loading and biocompatibility. Chen et.
al. modified liposomes with anti-PD-1 and mannose, and encapsulated anti-angiogenic drugs and
mTOR inhibitors inside liposomes. Studies have shown that this liposome can not only inhibit
angiogenesis, glycolysis and tumor volume increase at the same time, but also reprogram immune
cells, effectively improving the effect of traditional anti-PD-1 therapy [86].

doi:10.20944/preprints202402.0143.v1


https://doi.org/10.20944/preprints202402.0143.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2024 doi:10.20944/preprints202402.0143.v1

13

At present, although liposome has the advantages of simple preparation and high encapsulation
efficiency, it can only be used as a drug delivery system to participate in tumor immunotherapy
because it does not have anti-tumor function. However, the development of multi-disciplinary
intersection endows liposome with new functions such as targeting and immunotherapy, which
makes it better applied in clinical treatment of tumor.

4.1.3. Hydrogels

Hydrogels have excellent biocompatibility and can be efficiently loaded with therapeutic drugs,
so they are often designed for tumor immunotherapy. Among them, the most extensive types mainly
include hydrogel sprays, hydrogel scaffolds and hydrogel microneedles.

In recent years, routine immunotherapy has been effective in the treatment of primary tumors,
but in the treatment of metastatic tumors and recurrent tumors, routine therapy is often inadequate.
Therefore, it is urgent to develop a new regimen to control tumor metastasis and reduce tumor
recurrence. For example, Chen et. al. [87] used PPP (PLGA-PEG-PLGA) and ROCKs inhibitor Y27632
to construct new nanomaterials for tumor immunotherapy. The mixture of the two is a temperature-
responsive material, so that the hydrogel state can be maintained during subsequent treatment. It
was found that when the hydrogel entered tumor cells, it stimulated tumor cells to form cell debris,
and released Y27632 to activate dendritic cells to phagocytize tumor debris and present antigen, thus
activating T cells to enhance anti-tumor immune response signal transmission.

4.2. The Role and Application of Nanomaterials in Tumor Immunotherapy

4.2.1. Target Delivery

Nano-materials targeting immune examination sites promote the development of tumor
immunotherapy, in which nano-inhibitor conjugates are most widely used. For example, Wang et. al.
[88] used anti-PD-1 nanoconjugates to treat melanoma tumors in mice, and showed that they not only
improved the retention of anti-PD-1 agents in the tumor microenvironment, but also enhanced the
therapeutic immune response of immune cells. In addition, another study showed that anti-CTLA-4
nanoconjugates significantly increased the number of tumor-infiltrating immune cells in mouse
breast cancer models, better inhibited tumor growth and metastatic spread, and induced a complete
anti-tumor immune response. In conclusion, the target nano-inhibitor conjugate is very likely to
enhance the reactivity of conventional tumor immunotherapy and reduce its toxic and side effects,
thus promoting the development and progress of tumor immunotherapy means.

4.2.2. Tumor Vaccine Nanocarriers

Nanomaterials have greatly improved the success rate of tumor vaccines by virtue of their
excellent biological characteristics, and can also have a positive impact on the defense system by
activating immunogenic cells to start the body monitoring and protection mechanism [89]. At
present, tumor vaccines based on DC cells are most widely used. The addition of nanomaterials can
specifically modify the molecules to be transported to improve the availability of drugs and the
uptake rate of DC cells [90]. It was found that the delivery of tumor vaccine to DC cells by
nanomaterials could significantly prolong the antigen/drug action time and improve the therapeutic
effect of tumor vaccine. In addition, the researchers also found that the delivery of tumor vaccine by
means of nanomaterials can not only directly kill tumor cells [91], but also indirectly improve the
anti-tumor activity of immune cells and realize the transmission of anti-tumor immune signals.

4.2.3. Engineered T-Cell-Based

CAR-T cell therapy mainly has the disadvantages of low survival rate of transplanted cells and
low efficacy, while CAR-T often requires the addition of adjuvant drugs, which leads to more serious
toxic and side effects [92]. However, the emergence of nanoparticle-functionalized T cells has solved
these problems well. It has been found that it can not only improve the delivery of chemotherapeutic
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drugs without pharmacokinetics, but also improve the drug penetration of tumor environment by
utilizing the ability of T cells to migrate to tumor cells to reduce the toxic and side effects of drug
administration.

In addition, it was found that nanomaterials can also promote the expansion of T cells in vivo
through antigen presentation, which significantly improves the low survival rate of T cells. Currently,
ipilimumab is the clinically used CTLA antibody, which can promote T cell initiation and expansion
[93]. The application of CTLA4 antibody coated with nanomaterials in T cell engineering therapy can
not only directly stimulate naive T cells to differentiate into effector or memory T cells, but also
expand mature T cells to overcome the difficulties of adoptive T cell therapy.

4.3. Limitations of Nanomaterials

Although the use of nanomaterials has brought exciting prospects for the development of tumor
immunotherapy, there are still some challenges to be overcome to better meet the needs of clinical
applications. First of all, the toxicity of materials can not be ignored, which is one of the problems of
nanomaterials. Most materials have too few toxic side effects due to the way they are transported in
cells, tissues, and systems [94], and if not degraded in time, can lead to accumulation of materials that
can be more toxic [95]. In addition, tumor heterogeneity and patient specificity also hinder the
development of clinical applications of nanomaterials.Moreover, single treatment methods do not
achieve a satisfactory therapeutic effect. Therefore, how to combine different therapeutic methods
and different nanomaterials into the same nanosystem in a reasonable, compatible and synergistic
way to realize the efficient development of combined immunotherapy is also a huge challenge.

5. Research Progress of Nanomaterials Based on NK Cells

Immunosuppression of tumor microenvironment (TME) can down-regulate the expression of
NK cell surface activation receptor, and inhibit NK cell activation and expansion [96]. In addition,
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) secreted by
tumor cells can inhibit the expression of adhesion factors and affect NK cell infiltration and homing
[97]. Therefore, NK cell-based tumor immunotherapy often suffers from low NK cell activity,
insufficient homing infiltration and limited contact frequency with tumor cells [98]. Moreover, the
immune escape of tumor cells itself is also urgent to be solved, so the immunotherapy based on NK
cells needs the assistance of nanomaterials. The appearance and reasonable design of nanomaterials
provide a broader application prospect for tumor immunotherapy. In recent years, nanomaterials
have played an increasingly important clinical role in NK cell-based immunotherapy.

5.1. Nano-Materials Enhance the Anti-Tumor Activity of NK Cells

The immune activity of NK cells is mainly affected by the negative regulatory factors secreted
by tumor cells, such as TGF-f3 and IFN-y. They inhibit activation signaling by down-regulating the
expression of NK cell surface activating receptors, which leads to the reduction of NK cell cytotoxicity
and antitumor immune response. Therefore, if we want to improve the anti-tumor activity of NK
cells, we can start from blocking TGF-3 signal transduction. For example, Liu ef. al. developed
nanoemulsions containing both selenocysteine and a TGF-f inhibitor. Studies showed that the
nanoemulsion significantly inhibited TGF-/TGF-pR1/Smad2/3 signaling, and up-regulated the
expression of NKG2DL receptor, effectively enhancing the antitumor activity of NK cells [99]. In
addition, nanomaterials can overcome the problems of low response rate, drug resistance and patient
heterogeneity of conventional therapies to improve efficacy [100]. For example, selenium-based
nanoparticles can not only enhance NK cell antitumor activity, but also induce non-specific immune
response and thus improve the efficacy of overall immunotherapy [101,102].

5.2. Immune Modification of NK Cells by Nanomaterials

NK cells are the first effector to recognize and monitor tumor cells, and CAR-NK is gradually
becoming the next generation of emerging tools for immunotherapy. At the same time, the
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development of CAR-NK immunotherapy has promoted the delivery of chimeric antigen receptor
genes based on nanomaterials. Studies have found that chitosan nanoparticles loaded with IL-2 and
NKG2D genes can effectively activate NK cells in vitro, and can show better anti-tumor effect by
using their own permeability, retention effect and aggregation energy [103]. Therefore, nanomaterials
can significantly inhibit tumor cell growth by modifying NK cells with relevant cytokines.

In addition, the engineered NK cells modified by nanomaterials can also directly destroy tumor
cells. For example, a novel nanomaterial composed of human ferritin heavy chain (hFTH1) gene-
transfected NK cells embedded with gold nanoparticles was found to be able to guide NK cells into
TME and provide high-quality imaging of transfected NK cells [104]. Therefore, the biocompatible
multifunctional nanomaterials can realize the real-time monitoring of NK cells in patients by utilizing
the immune modification of NK cells [105].

5.3. Nano-Materials Enhance NK Cells Homing and Infiltration

The homing behavior of NK cells is mainly dependent on the signal transduction between the
homing receptor on the surface and the ligand, while the infiltration of NK cells is influenced by the
interaction with TME [106,107]. Studies have found that once NK cells infiltrate tumor cells and
homing receptors bind to ligands, immune cell activation signals will be transmitted and secrete
perforin, granzyme and apoptosis-inducing factors [108] to play an anti-tumor immune role of NK
cells. Therefore, it is necessary to use nanomaterials to enhance the homing and infiltration of NK
cells to inhibit tumor development. For example, iron oxide nanoparticles conjugated to primary NK
cells significantly enhanced their homing ability and significantly increased the secretion of perforin
and granzyme [109]. In addition, some studies have found that the homing and infiltration of NK
cells are also affected by external magnetic guidance. For example, Wu et. al. implanted
polydopamine-coated magnetic iron oxide nanoparticles into mice subcutaneously. The results
showed that the magnetic particles could not only improve the homing and infiltration of NK cells,
but also effectively activate NK cells to directly kill tumor cells, showing more significant anti-tumor
effect [110].

5.4. NK-Cell-Associated RNAi Loaded on Nanomaterials

RNA effectors such as siRNA, miRNA and shRNA can silence specific genes of immune cells,
thus changing their genome function and enhancing antitumor activity [111]. Nanomaterials can
enhance the delivery of these RNA effectors and become an excellent nano-delivery system for these
effectors. For example, cationic liposomes loaded with epithelial cell adhesion molecules containing
siCD47 and siPD-1 were able to significantly knock down CD47 and PD-1 expression. Moreover, the
liposome can not only effectively inhibit tumor growth and lung metastasis, but also increase NK cell
amplification and accelerate anti-tumor immune response signal transmission [112].

6. Conclusion and Future Directions

The immune system of human body can protect human body from many diseases including
cancer, so the appearance of tumor immunotherapy brings new hope for the prevention and
treatment of malignant tumor. however, that clinical result of immunotherapy to date have not been
satisfactory, and when tumors are treat with monotherapy, only a small proportion of patients are
clinically effective. Moreover, monotherapy is often associated with immune cell depletion,
indiscriminate cytotoxicity, and suppression of the tumor microenvironment. Therefore, in recent
years, the combination of different immunotherapies has been widely used, and the combination of
immunotherapies has achieved unprecedented clinical success.

Among them, tumor immunotherapy based on NK cells has attracted great attention. The anti-
tumor immune response of NK cells has tumor-specific cytotoxicity. Moreover, NK cells do not need
the specific process of antigen presentation and recognition when they play an anti-tumor immune
role. Therefore, the combination of NK cell-based immunotherapy is a promising development
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direction, such as the combination of target blocking and antibody, CAR-NK and gene-modified
therapy, etc.

However, even the combination of NK cell-based immunotherapy also has limitations that
cannot be ignored, and the addition of nanomaterials can complement each other and enhance the
anti-tumor effect of immune cells. And the size, surface charge and shape of nanomaterials can be
changed by design. Different types of nanomaterials can exert different anti-tumor functions.
Therefore, nanomaterials will become a key tool to enhance the efficacy of NK cell tumor
immunotherapy. Such as nano material for inducing immune cell to home and infiltrate tumor cells;
There are also nanomaterials that themselves can reduce the inflammatory response of the tumor
microenvironment; In addition, that nano material also has a medical image contrast effect, and can
guide NK cells to kill tumor cell and monitor the treatment effect in real time. Therefore,
nanomaterials play a variety of functions in the interaction between tumor cells and immune cells,
significantly enhance the anti-tumor ability of NK cell immunotherapy, and provide a broader
application prospect for tumor immunotherapy.

At the same time, the clinical application of nanomaterials also has some challenges, the most
important of which is the toxicity and safety of nanomaterials. Metal nanoparticles have been
reported to cause hepatotoxicity [113]. Studies have shown that chemotherapy drugs rely mainly on
kidney decomposition, while nanomaterials rely on the liver. During liver detoxification,
nanoparticles accumulate in tissues near the liver and disrupt the degradation process by other
enzymes [114]. In addition, Fe nanoparticles can also cause oxidative stress and ferritin precipitation,
affecting immune cell function and clinical therapeutic effect [115]. Therefore, when designing
nanomaterials to assist NK cells in tumor immune response, it is necessary to consider the toxicity of
nanomaterials themselves and evaluate their potential cytotoxicity. Using the intersection of multiple
disciplines, different design methods are used to develop and design nanoparticle-based
immunomodulatory drugs to further improve the effectiveness of immunotherapy. Thus, the
versatility of the nanoparticles in the interaction between the immune system and the tumor will
allow synergistic combination of anti-cancer effects, broaden the capabilities of NK cell cancer
immunotherapy, and contribute to the development of safe and controllable NK cell cancer
immunotherapy, providing a more effective approach to the clinical treatment of patients 'tumors.
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