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Immunotherapy of malignant tumor is a verified and crucial anti-tumor strategy to help
patients with cancer for prolonging prognostic survival. It is a novel anticancer tactics that
activates the immune system to discern and damage cancer cells, thereby prevent them
from proliferating. However, immunotherapy still faces many challenges in view of clinical
efficacy and safety issues. Various nanomaterials, especially gold nanoparticles (AUNPs),
have been developed not only for anticancer treatment but also for delivering antitumor
drugs or combining other treatment strategies. Recently, some studies have focused on
AuNPs for enhancing cancer immunotherapy. In this review, we summarized how AuNPs
applicated as immune agents, drug carriers or combinations with other immunotherapies
for anticancer treatment. AUNPS can not only act as immune regulators but also deliver
immune drugs for cancer. Therefore, AUNPs are candidates for enhancing the efficiency
and safety of cancer immunotherapy.
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INTRODUCTION OF IMMUNOTHERAPY AND NANOPARTICLES

Cancer immunotherapy has rapidly emerged in the past few years (Hegde and Chen, 2020). Cancer
immunotherapy has been applied in sorts of cancers such as melanoma, nonsmall cell lung cancer
and colorectal cancer. Most cancer patients who received immunotherapy gained a great
breakthrough therapeutic effect and prolonged prognosis compared with those who underwent
traditional chemotherapy and radiotherapy. Cancer immunotherapy at present mainly includes
monoclonal antibodies, immune checkpoint inhibitors, tumor vaccination, and adoptive T
lymphocytes. These factors all show substantial efficacy for treating cancer in the clinic (Khalil
et al., 2016). These immunotherapies awaken the human body’s immune system to attack abnormal
tumor cells with powerful cytokines, tumor vaccines, antibodies, and immune-stimulating adjuvants
(Banstola et al., 2020). Compared with traditional methods of treating malignant tumors, especially
chemoradiotherapy, immunotherapy is an innovative antitumor approach that dynamically
regulates the immune system to assault cancer cells with multiple targets and directions (Tan
et al., 2020).

The number of approved immunotherapy drugs has increased in recent years, and more
combined treatment strategies, such as radiotherapy, chemotherapy or antitumor angiogenesis
therapy, have been developed for the treatment of different types of cancer (Yu et al., 2019). However,
a pivotal challenge we are facing in the widespread implementation of cancer immunotherapy is the
controlled regulation of the immune system. On the one hand, these therapies have serious side
effects, for instance, autoimmune and nonspecific inflammation are common (Riley et al., 2019); on
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the other hand, traditional immune stimulants lack the ability to
target solid tumor tissue that results from many factors, including
the tumor microenvironment (TME), immune evasion processes,
and pharmacokinetics (Connor and Broome, 2018; Tan et al,
2020; Yang et al., 2021). In addition, because solid tumors face
transmission barriers (such as complex TME), the main
immunotherapy was initially evaluated in hematological
malignancies. Given this factor, a fraction of immunotherapies,
such as activated cytokines and immune checkpoint inhibitors
(ICIs), have been licensed by the FDA as investments in the
pharmaceutical market for solid tumors (Menon et al., 2016).

Even though many immunotherapies face challenges,
surprisingly, the implementation of nanotechnology can
effectively improve the efficiency of targeted delivery and the
therapeutic efficacy of immune drugs (Li et al, 2020).
Nanotechnology has become a trend in the field of medical
science and has made great progress with the development of
functional, engineered nanoparticles. Among them, gold
nanoparticles (AuNPs) have been widely reported to guide an
impressive resurgence and are highly remarkable (Hu et al,
2020). AuNPs can pass through the “EPR agent” (enhanced
and retention effect) and specifically accumulate in tumor
tissues and cells, which is highly beneficial for the targeted
delivery of tumor vaccines and immune adjuvants (Riley et al,
2019). Recent studies have shown that nanoscience and
technology continue to develop in the fields of tumor
immunotherapy (Ou et al, 2020). AuNPs can not only be
used for the targeted delivery of traditional antitumor immune
adjuvants such as tumor-associated antigens and immune
cytokines but also have become a research hotspot, such as in
adoptive immune cell therapy and immune checkpoint inhibition
therapy, which shows excellent potential clinical value (Savitsky
and Yu, 2019). In this review, we summarized the application of
AuNPs as immune agents, drug carriers or combinations with
other immunotherapies for anticancer treatment.

THE EMERGENCE OF NANOTECHNOLOGY
FOR CANCER IMMUNOTHERAPY

The conventional treatments for primary tumors are surgery,
chemotherapy and radiotherapy. However, tumor recurrence and
final treatment failure are still daunting challenges in the clinic.
Indirect evidence from preclinical studies shows that the long-
term success of cancer treatment lies in immunotherapy.
Therefore, cancer immunotherapy is considered to be an
effective treatment for the elimination of primary and
metastatic tumors and the establishment of immune memory.
Nanotechnology ~ can  simultaneously  deliver  various
immunological reagents to the desired target site (tumor or
lymph node). The ultimate application of nanomedicine is to
reprogram or to regulate immune responses by accurately
targeting biological pathways (Yu and De Geest, 2020). Hence,
the emergence of nanotechnology provides a variety of materials
and targeted properties to overcome many difficulties in
immunotherapy. Nanoparticle systems have been widely used
in the medical field and have many advantages compared with
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traditional methods (Hagan et al., 2018). Nanoparticles are used
either as a protective delivery vehicle for a variety of cargo,
improving the stability and solubility of their cargo, extending
their half-life, or being used to target cancer cells (Qiu et al.,
2017). There are many different applications of nanoparticle
systems that can be used for immunotherapy in cancer. From
the previously published literature, these methods include the
delivery of vaccines and antibodies, and even more specifically,
the targeting of specific cells such as antigen presenting cells
(APCs) or dendritic cells and the modification of the tumor
microenvironment to counteract many immunosuppressive
effects of tumors (Qiu et al., 2017). It has been reported that
polylactic-coglycolic acid (PLGA) nanoparticles (Surendran et al.,
2018; Riley et al, 2019), liposomes, gold nanoparticles, and
artificial exosomes are widely used for studies on the delivery
of tumor immunotherapy drugs. First, this class of materials has
the capacity to improve the synthesis process and to increase the
modification of some molecules such as polyethylene glycol
(PEG) and to develop its properties in biological distribution,
pharmacokinetics, biological safety and other aspects. Second,
these materials can not only utilize the modification of arginine-
glycine-aspartic acid tripeptide (RGD) and other active targeting
molecules to further improve its tumor targeting ability but can
also deliver immune agonists to tumor tissues specifically and
enhance the body’s antitumor immune response while reducing
the probability of systemic inflammatory reactions. Therefore,
nanotechnology is a candidate approach for enhancing cancer
immunotherapy.

THE APPLICATION OF AUNPS IN CANCER
IMMUNOTHERAPY

AuNPs as Nanocarriers for Immunotherapy
Gold nanoparticles (AuNPs) have attracted much attention due
to their unique advantages among nanoparticles (Singh et al.,
2018). In addition to their excellent targeting of tumor tissues and
the immune system, AuNPs also have advantages compared with
other metal nanoparticles. With the continuous development of
nanotechnology, AuNPs are easily synthesizable in various
shapes and sizes through chemical, physical or eco-friendly
biological methods. AuNPs play many roles as multifunctional
therapeutic agents, such as targeted delivery systems (vaccines,
nucleic acids, and immune antibodies), theranostics and agents in
photothermal therapy. They have also made great contributions
in the field of biological imaging, such as radiotherapy, magnetic
resonance angiography and photoacoustic imaging (Mioc et al.,
2019).

First, gold nanoparticles are a kind of biologically inert
material suitable for medical applications with strong plasticity
(Boisselier and Astruc, 2009). Even delicate adjustment of the size
and shape of AuNPs can lead to changes in the distribution,
metabolism, cytotoxicity, immunogenicity and other properties
of AuNPs. Moreover, AuNPs are highly modifiable, and the
molecular density on their surface is higher than that of most
other nanomaterials. AuNPs can conjugate molecules of different
types and functions in a variety of ways while avoiding
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interference between these molecules. By simultaneously
modifying molecules with different functions, such as PEG,
RGD and immune adjuvants, researchers can improve many
aspects of the performance of AuNPs and comprehensively
enhance the efficacy of the targeted delivery of immune drugs
and activation of the immune system (Lopez-Campos et al.,
2019). More importantly, AuNPs can generate heat under a
specific wavelength of laser irradiation due to their unique
photodynamic properties. On the one hand, heat-related
signaling stimulates immune factors in tumor tissues,
inflammation, and transmitter secretion. On the other hand, it
collaborats with the immune response for cancer cells and
releases immune-activated drugs in cancer tissues, which
achieves efficient and low toxicity of antitumor immune effects
(Liu et al., 2018).

The Nanocarrier Role of AuNPs for Drug
Delivery

The application of nanotechnology is mainly based on the early
detection and diagnosis of tumors by nanodevices that can
selectively target chemotherapeutic drugs and deliver them to
specific tumor sites. The special properties of AuNPs have long
been regarded as potential tools for the diagnosis of various
cancers and drug delivery applications. These properties include a
high surface area to volume ratio, surface plasmon resonance,
surface chemistry and multifunctionalization, facile synthesis,
and a stable nature. Various types of drugs can be
immobilized on the surface of AuNPs, most notably by direct
-S or -N binding, ligand bonding, and adsorption by electrostatic
interaction, van der Waals forces, and hydrogen bonding. In
general, because of the stronger interaction between Au and S, -N
binding holds more promise for delivering drugs in cancer cells
than -S binding (Cheng et al., 2010). Moreover, the nontoxic and
nonimmunogenic characteristics of AuNPs and their high
permeability and retention provide additional benefits by
enabling them to penetrate and to accumulate drugs easily at
tumor sites (Lee and Choi, 2018). Various innovative approaches
with AuNPs are under development. Of note, novel strategies,
especially improved delivery strategies, can not only target
tumors and immune cells more effectively but also increase
the abundance of immunotherapeutics within lesions (Singh
et al, 2018). Some materials, such as lipids, polymers, and
metals, have been wused to exploit delivery strategies
(Lakshminarayanan et al, 2018). Currently, new delivery
strategies for immunotherapy, including nanoparticles,
scaffolds and hydrogels, are being researched and developed
(Zhao et al., 2019). Among them, gold nanoparticles are
particularly prominent.

Nanocarrier of Tumor Vaccines

Tumor-associated antigen (TAA) reactivates the body’s immune
response to tumor cells and plays a vital role in the early
prevention and treatment of cancer. In general, tumor
vaccines may mainly consist of TAAs and adjuvants (Aly,
2012). Compared with direct injection of TAAs, AuNPs linked
with vaccines are more suitable for protecting antigens from
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degradation and can be targeted for delivery to dendritic cells
(DCs) or T lymphocytes. In addition, they are able to penetrate
blood vessels and barriers and to be targeted to a specific cell by
means of specifically functionalized molecules (Figure 1) AuNPs
can also cross-present antigens to more effectively stimulate
cytotoxic T lymphocytes and to promote antitumor immunity
(Sehgal et al., 2014; Popescu and Grumezescu, 2015).

An excellent carrier is born at the right moment, and AuNPs
have proven to be competent for the job because of the properties
of AuNPs (such as the biocompatibility and nontoxicity of gold)
(Zhou et al.,, 2016a). They show better performance than other
nanoparticulate-based carriers; for example, their size is easily
controlled for different applications, and the majority of antigens
and adjuvants can be easily connected to and displayed on their
surface. At the same time, AuNPs can be detected with
noninvasive imaging techniques, providing clinicians with
evidence on where vaccines have been delivered, which
supports the evaluation of therapeutic efficacy (Dykman et al,
2018). A model of a hyaluronic acid (HA)- and antigen
(ovalbumin, OVA)-decorated AuNP-based (HA-OVA-AuNP)
vaccine (Cao et al, 2018) was invented for photothermally
controlled cytosolic antigen delivery with near-infrared (NIR)
irradiation and was discovered to induce antigen-specific CD8"
T-cell responses. HA-OVA-AuNPs promote antigen uptake by
DCs through receptor-mediated endocytosis. HA-OVA-AuNPs
show the ability to enhance NIR absorption and thermal energy
translation. Cytosolic antigen delivery is allowed via the
photothermally controlled process of partial heat-mediated
endo/lysosome disruption by laser irradiation with reactive
oxygen species generation, which helps to increase proteasome
activity and downstream MHC I antigen presentation. Therefore,
the HA-OVA-AuNP nanovaccine can effectively stimulate a
potent anticancer immune response under laser irradiation. In
another model of AuNPs mobilized with a-mannose as carriers
for a TLR7 ligand to target immune cells (Shinchi et al., 2019).
The small molecule synthetic TLR7 ligand 2-methoxyethoxy-8-
0x0-9-(4-carboxy benzyl) adenine (1V209) and a-mannose were
coimmobilized via linker molecules consisting of thioctic acid on
the AuNP surface (1V209-aMan-AuNPs). Compared with the
unconjugated 1V209 derivative in mouse bone marrow-derived
dendritic cells and in human peripheral blood mononuclear cells,
the 1V209-aMan-AuNPs showed higher extracorporeal cytokine
production activity. In the internal immunization study, 1V209-
aMan-AuNPs induced obviously higher titers of IgG2c antibody
specific to ovalbumin as an antigen than unconjugated 1V209,
and splenomegaly and weight loss were not apparent. These
results suggest that 1V209-aMan-AuNPs could be safe and
effective adjuvants for the development of vaccines against
cancer.

Kang et al. (Kang et al., 2018) designed a nanodelivery system
that delivers TAA to natural killer cells and APCs. The calcium
phosphate nucleus of the delivery system was coated with
melanoma TAA, aHSP70P protein and adjuvant CpG, and
then, the calcium nucleus was coated with a phospholipid
bilayer. Effective lymphocyte metastasis and multiepitope T
lymphocyte responses were observed when the nanoparticles
were injected into mice in vivo. This approach can also induce

Frontiers in Pharmacology | www.frontiersin.org

June 2021 | Volume 12 | Article 687399


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

He et al.

Gold Nanoparticles in Cancer Immunotherapy

AuNPs
Vaccine

Blood Vessel

Nomarl Cells
A
DC T lymphoyte
B cross-presenting
antigens

FIGURE 1 | Vaccines connect to and display on the surface of AUNPs to become a formation of vaccine-AuNPs complex, then the complex penetrates blood
vessels and delivers vaccine targeting cancer cells to enhance immune response. (A) Targeting for delivery to dendritic cells (DCs) or T lymphocytes. (B) Cross-present
antigens to more effectively stimulate cytotoxic T lymphocytes and to promote antitumor immunity.
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the expansion of CD8" T lymphocytes and NKG2D + NK cell
subsets. The nanoparticles also had synergistic effects on the
maturation and antigen presentation of DCs derived from bone
Marrow.

AuNPs, as carriers of tumor vaccines, play an important role
in antitumor immunotherapy. Taken together, AuNP-based
vaccines are novel and efficient antitumor treatments (Ahn
et al., 2014).

Nanocarrier Delivery of Genetic Drugs

The delivery of small interfering RNA (siRNA) mediated by
nanocarriers has provided a novel method of intracellular
antigen synthesis, which has great application value in
antitumor immunotherapy (Yin et al, 2014). Under normal

physiological conditions, the inherent negative charge of
siRNAs is usually degraded by related enzymes, and siRNA is
difficult to be transferred to the target location (Liu et al., 2019a).
There are two main reasons why gold nanoparticles (AuNPs) can
be used as effective nanomaterials for siRNA delivery applications
(Gindy and Prud’homme, 2009; Mahmoodi Chalbatani et al.,
2019). First, functional diversity can be easily obtained with the
creation of multifunctional monolayers. Second, because of the
low toxicity, low size disparity and selective gene silencing and
transfection. So far, AuNPs are one of the most extensively used
carrier tool for siRNA as an anti-cancer strategy.

In the research of Hou et al. (2016), the authors designed
nonviral pDNA/siRNA delivery vectors, that is, generation
5 dendrimer-entrapped gold nanoparticles (Au DENPs)
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partially modified with polyethylene glycol monomethyl ether.
The entrapped Au DENPs were effectively used to deliver Bcl-2
(B-cell lymphoma 2) siRNA to human cervical cancer cell lines to
silence the enhanced green fluorescent protein and luciferase
reporter genes. Suman’s article reported a model used to treat
melanoma  comprising  layer-by-layer  assembled  gold
nanoparticles (LbL-AuNPs) containing anti-STAT3 siRNA and
IM (imatinib mesylate) (Labala et al., 2017). Compared with LbL-
AuNPs containing either STAT3 siRNA or IM, the treatment
showed greater inhibition of STAT3 protein, reduced cell viability
and increased apoptotic events. In summary, combining AuNPs
with the RNAi pathway by delivering siRNA and small molecule
drugs (IMs) is a way of creating a drug delivery system.

Only if when siRNA was sent to the cytoplasm where gene
silencing takes place, it could be of value (Elbashir et al., 2001).
Previous studies have shown that functional Au DENPs can
transport siPDL1 (programmed siRNA-PD-L1) to cancer cells,
effectively down-regulate the expression of PD-L1 protein, and
increase the infiltration of CD8" and CD4" T cells in tumor
tissues and spleen, thereby promoting immunotherapy. Its tumor
suppression efficiency is much higher than that of PD-L1
antibody (Xue et al., 2021). So siRNA-AuNPs delivery system
may have great application potential in immunotherapy.

AuNPs Delivery of Immune Antibodies

Currently, approved therapies for PD-1/PD-L1 have been
effectively used to improve the survival and quality of life of
cancer patients with chemotherapy and targeted drug tolerance
by using nivolumab, pembrolizumab, cemiplimab, atezolizumab,
durvalumab, and avelumab to effectively inhibit the binding of
PD-1 to PD-L1 and to prevent the immune escape of cancer cells
through the use of antibody drugs, such as nivolumab,
pembrolizumab, cemiplimab, atezolizumab, durvalumab, and
avelumab (Wang et al, 2019). Despite their numerous
advantages, these antibody drugs still have many
disadvantages, such as high cost of use, low clinical response
rate (approximately 20%), influence of individual differences,
large required therapeutic dose, high probability of causing
immune side effects, and cases of developing resistance (Luo
et al., 2018). To overcome some of these shortcomings, many
studies are focusing on immunotherapy strategies that combine
immune antibodies with AuNPs.

In fact, the most important antitumor molecules used in
clinical practice are PD-1, CTLA-4, Tim-3 and LAG-3, which
are the main immune checkpoint molecules associated with
tumors (Qin et al,, 2019). One extremely promising approach
to achieve anticancer immunity is to block the immune
checkpoint pathway mechanism of cancer cells and
camouflaging the conventional components of the human
body (Li et al, 2019). These molecules are expressed in
immune cells and can interact with corresponding ligands
expressed in cancer cells or immunomodulatory cells in the
tumor microenvironment to inhibit the cellular immune
response and cause immune escape of cancer cells. Immune
checkpoint inhibitors are another kind of mainstream immune
anticancer method that has entered the clinic (Darvin et al,
2018). This class of drugs can block the interaction between
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immune checkpoints and their ligands and restore immune cells
to recognize and to kill cancer cells (Han et al., 2020).

PD-1 has received much attention as an immune checkpoint
in clinical anticancer therapy (Gong et al., 2018). It is usually
expressed in T cells and interacts with the PD-L1 receptor
overexpressed on the surface of cancer cells or
immunosuppressive cells to inhibit the immune response of
T cells to tumor cells and to induce the apoptosis of T cells
(Liu et al.,, 2021; Xia et al., 2019). To overcome some of these
shortcomings, Emami et al. (2019) designed doxorubicin (DOX)-
conjugated and anti-PD-L1 targeting gold nanoparticles (PD-L1-
AuNPs-DOX) for colorectal cancer (CRC). Despite drug
resistance, DOX and PD-LI1 antibodies are difficult to deliver
to tumor sites because of the barrier of the tumor
microenvironment (TME) and other factors. Therefore, the
authors constructed a model that may improve the drug
delivery ability. First, AuNPs exhibit characteristic surface
plasma resonance (SRS) absorption in the near-infrared (NIR)
region (Banstola et al., 2018), and AuNP-based photothermal
therapy (PTT) can be used to ablate tumors by turning NIR light
energy into heat and generating of reactive oxygen species (ROS).
At the same time, DOX can also be loaded onto AuNP platforms,
which enables DOX and heat to be delivered specifically and
simultaneously to tumor microenvironments (Chen et al., 2017).
Second, some CRC subtypes, especially microsatellite instability-
high (MSI-H) CRC (a highly immunogenic cancer), show PD-L1
upregulation on cell surfaces and PD-L1 overexpression, which is
known to be distinct for prognosis and survival in CRC patients.
Therefore, the authors aimed to construct AuNPs modified with
an anti-PD-L1 antibody and drug-covalent conjugation to lipoic
acid polyethylene glycol N-hydroxy succinimide (LA-PEGNHS)
as a novel drug delivery system for the combined delivery of a
drug and heat to CRC cells. In brief, the PD-L1-AuNPs-DOX
model (Figure 2) successfully facilitated the efficient intracellular
uptake of DOX and NIR irradiation obviously and synergistically
suppressed the in vitro proliferation of CRC cells by increasing
apoptosis and cell cycle arrest, and this model in combination
with synergistic targeted chemo-photothermal therapy has
potential for the treatment of localized CRC. In addition,
using AuNPs to deliver PD-1/PD-L1 antibodies or siRNA is
another effective way to inhibit PD-1 tumor immune
checkpoints. Meir’s team (Meir et al., 2017) modified the PD-
L1 antibody to adhere to the surface of AuNPs and effectively
improved the concentration of antibody drugs at tumor sites by
using the efficient targeted drug release ability of AuNPs. Liu et al.
(2019b) loaded PD-L1 siRNA into gold nanocarriers to knock
down the expression of PD-L1 in tumor cells, which also achieved
a good tumor inhibition effect. At present, 5 more research
groups have attempted to use AuNPs to deliver PD-1/PD-L1
inhibitors and other anticancer drugs to explore drug
combination strategies based on PD-1/PD-L1 targets. The
results showed that the combination of PD-L1 antibody
mediated by AuNPs and doxorubicin could not only enhance
the induction of apoptosis of cancer cells but also inhibit tumor
stem cell-mediated angiogenesis by inhibiting autophagy of
cancer cells and thus inhibit tumor recurrence (Emami et al.,
2019; Ruan et al,, 2019).
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FIGURE 2 | DOX-conjugated and anti-PD-L1 targeting gold nanoparticles (PD-L1-AuNPs-DOX) model for CRC. The PD-L1-AuNPs-DOX model, under the NIR
irradiation, may improve the ability of targeted delivery, and gather PD-L1 and DOX together in cancer cells more easily. Then the model effectively generates ROS to
increase apoptosis and cell cycle arrest to suppress the in vitro proliferation of CRC cells.

APPLICATION STRATEGIES OF AUNPS TO
IMPROVE THE TUMOR
MICROENVIRONMENT

The Role of AuNPs in the Tumor

Microenvironment

Due to the influence of tumor growth, the TME possesses premium
physiological characteristics, including hypoxia, slight acidity, and
vascular irregularity. In addition, the TME can generate an
immunosuppressive microenvironment by releasing cytokine
mediators and gathering immunosuppressive cells (Dunn et al.,
2004; Estrella et al, 2013). The study by Ibrahim et al. (2018)
signified that AuNPs with a size of 5, 20 and 50 nm can up-regulate
interleukin (IL)-1B, IL-6, and tumor necrosis factor in the liver,

spleen, and kidney of mice at a certain dose. TNF-a and other
immune cytokines expression levels. Then the hypoxic state was
improved because of the variation of these cytokine level. At the
same time, both immune cell infiltration and the efficacy of tumor
immunotherapy were enhanced at tumor sites.

Moreover, the special pathological structure of tumor and its
inhibitory immune microenvironment jointly limit the efficacy of
immunotherapy. Many advances have been made in reshaping
the pathological structure of tumor that affects the efficacy of
immunotherapy and enhancing the efficacy of immunotherapy.
Consequently, remodeling the
microenvironment is of great
immunotherapy (Hou et al.,, 2020). Insufficient tumor vascular
perfusion can lead to highly hypoxic TME, which is closely

tumor immunosuppressive

significance for tumor

Frontiers in Pharmacology | www.frontiersin.org

June 2021 | Volume 12 | Article 687399


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

He et al.

related to immunosuppressive TME. Regulating the
normalization of blood vessels at tumor sites is of great
significance for remodeling the immunosuppressive tumor
microenvironment and enhancing immune cell infiltration in
tumor sites (Mazzieri et al., 2011). AuNPs can improve vascular
morphology, increase vascular perfusion, reduce tumor hypoxia,
and inhibit the migration of HUVECs and tumor cells (Li et al.,
2017). In the research of Li et al. (2017), they connoted that
AuNPs can regulate the angiogenin-angiogenin type I receptor
pathway, promote the normalization of tumor blood vessels,
increase blood perfusion and alleviate hypoxia at the tumor site.

In additional, immune response requires the participation of
immune cells, including dendritic cells (DCs) and macrophages,
and they mediate innate immune response, which can play the
pro- and anti-tumor effect depending on the inflammatory
mediators and cytokines in TME (Yang et al, 2021). The growth
and development of tumor cells leads to a hypoxic situation, and this
state subsequently modifies the physiological function of
microenvironment. To this end, anti-tumor drugs can hardly
penetrate TME and target tumor cells (Rajendrakumar et al,
2018). With the deepening of the research on AuNPs, how AuNPs
work in tumor immunotherapy for TME have been report. Firstly, in
comparison with the regular immunotherapy drugs, AuNPs could
modulate the immunosuppressive environment in TME through
targeting various of abnormal components of TME. For example,
the abnormal secretion of vascular endothelial growth factor (VEGF)
and transforming growth factor p (TGF-B) inhibit the immune
response of DCs, and transfer macrophages to the pro-tumorigenic
M2  phenotype. Specifically ~ designed AuNPs combined
immunotherapy drugs can target these abnormal components in
TME and transform the immunosuppressive TME to an
immunosupportive state, thereby improving the efficacy of cancer
immunotherapy (Overchuk and Zheng, 2018).

However, what worth noting is that AuNPs alone may be
unlikely to directly impact the immune response, because their
effects on the immune system remain ill-defined. Dey et al. (2021)
created an in vitro cell model. They used primary macrophages and
DCs of mice as an APC model. Even though AuNPs indistinctively
changed the functions of macrophages and DCs, AuNPs had
different effects on the response of macrophages and DCs to
subsequent stimulation. Firstly, the secretion level of cytokines
and chemokine were altered in DCs and macrophages. Moreover,
antigen presentation to T cells increased when DCs came into
contact with AuNPs resulting in stronger Thl, Th2 and Th17
responses. That is why we emphasize that immunotherapy plus
AuNPs do not directly alter the immune response but indirectly
influence the function of DCs and macrophages by modulating
abnormal components in TME to get twice the result with half the
effort. Therefore, AuNPs have been widely designed as drug
delivery system.

Anti-Angiogenesis and Vascular

Normalization Strategies of AUNPs
Abnormal appearance and impaired function are the most common
features of tumor vasculature (Krishna Priya et al., 2016). Hypoxia in
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the TME induces continued production of proangiogenic molecules,
such as vascular endothelial growth factor (VEGF) and transforming
growth factor-p (TGF-B) (De Palma et al., 2017; Maity et al.,, 20005
Hinz, 2015). The imbalance between proangiogenic and
antiangiogenic factors leads to rapid but abnormal tumor
angiogenesis. Owing to the detachment of the pericytes
surrounding the endothelial cells, the blood vessels have increased
permeability (Barlow et al,, 2013; Huang et al., 2018). Hence, aberrant
vasculature contributes greatly to abnormalities in the TME.

If abnormal tumor vasculature is the key issue that hinders the
implementation of tumor treatment, then vascular normalization
strategies could be a promising solution. Another problem
coming to us subsequently is that the therapeutic efficacy of
antiangiogenic therapy has been obstructed by acquired
resistance of the endothelium toward antiangiogenic drugs
such as anti-VEGF therapy (Mattheolabakis and Mikelis,
2019). Zhang et al. (2019a) investigated the use of AuNPs as a
therapeutic tool to disrupt multicellular crosstalk in TME cells,
with a focus on inhibiting angiogenesis. The authors showed that
CM (conditioned media) from ovarian CCs, CAFs, or ECs
themselves induced tube formation and migration of ECs
in vitro. These results prove that AuNPs inhibit angiogenesis
by blocking VEGF-VEGFR2 signaling from TME cells to
endothelial cells.

Although the antiangiogenic mechanism of AuNPs is still
unclear, Pan et al. (2013) revealed that it may be due to the effect
of AuNPs on VEGF signaling; AuNPs can reduce VEGF165-
induced VEGFR2 and AKT phosphorylation. However, a single
vascular normalization strategy cannot improve its penetration in
tumor tissues, and there is still a need to develop new
formulations based on AuNPs combined with other therapies
(Chauhan et al., 2012), such as immunotherapy.

Successful immunotherapy requires not only the infiltration of
immune cells, but also an immune-supporting microenvironment
to maintain the proliferation and function of T cells.
Normalization of blood vessels provides such an environment
for immunotherapy (Huang et al, 2013; Jain, 2013). It is also
important to note that dysfunctional vessels restrict the infiltration
of immune cells as well as the efficient delivery of nanoparticles and
therapeutic drugs (Azzi et al,, 2013). Meanwhile, some reports have
highlighted the effect of mediating tumor vascular normalization of
AuNPs. Huang et al. (2020) focused on a model, named targeting
polymer and folic acid-modified gold nanoparticles (AuNPP-FA),
which can both restrain tumor angiogenesis and promote vascular
normalization. It is because of the increased infiltration of
CD3'CD8" T lymphocytes that the immunotherapeutic
response was enhanced by decreasing vascular permeability and
improving vascular perfusion. Thereby, the vascular normalization
strategy of AuNPs has great potential for tumor immunotherapy.

PHOTOTHERMAL THERAPY AND
PHOTODYNAMIC THERAPY OF AUNPS

AuNPs, with their multiple unique functional properties and ease
of synthesis, have attracted extensive attention in antitumor
tactics. Their inherent features can be altered by changing the
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characterization of the nanoparticles, such as shape, size and
aspect ratio. They can be applied to a wide range of medical
applications, especially photothermal therapy (PTT) and
photodynamic therapy (PDT) (Hu et al., 2020). AuNPs exhibit
favorable  physical  properties and tailored surface
functionalization, providing a potential platform for
developing cancer immunotherapy (Guo et al.,, 2017).

Application of Photothermal Therapy

The reason why PTT is available under the stimulation of pulsed
or continuous-wave Doppler (CW) visible lasers is the surface
plasmon resonance (SPR) absorption of AuNPs in the visible
region, whereby such treatment may be suitable for shallow
tumors (i.e., skin cancer) (El-Sayed et al., 2006; Huang et al,
2007). Despite being a standalone therapy, gold nanoparticle-
mediated PTT has recently been developed in combination with
other therapies, such as chemotherapy, gene drugs, and
immunotherapy, for enhanced antitumor effects (Riley and
Day, 2017). Here, we emphatically introduce the combination
of PTT and immunotherapy, which is based on the phenomenon
that heat causes dying cancer cells to release antigens and heat
shock proteins (HSPs) that are captured by antigen-presenting
cells such as DCs to mediate an immune response (Almeida et al.,
2014; Zhou et al., 2016b). Moreover, the immune environment
created by PTT can strengthen immunotherapies to prolong
anticancer effects. Liu et al. (2019¢c) constructed a new
nanoplatform GNS@CaCO3/Ce6-NK by loading CaCO3-
coated gold nanostars (GNSs) with chlorin e6 molecules (Ce6)
into human peripheral blood mononuclear cell (PBMC)-derived
NK cells for tumor-targeted therapy. This approach was used
because the authors hypothesized that Ce6 would remain stable
with characteristic NIR absorption during the endocytic process
of NK cells and that the new platform fully utilized the immune
function of NK cells and the physical properties of AuNPs to
prove the synergistic therapeutic effects of PTT and
immunotherapy. Combining PTT with NK cells increased the
efficiency and accuracy of the tumor-targeting ability compared
to other immunotherapies alone. Thus, this platform reflects a
prominent synergistic strategy for enhanced PTT and
immunotherapy in the area of anticancer development.

Application of Photodynamic Therapy

PDT is another light therapy developed in recent decades to
destroy cancer cells and pathogenic bacteria (Abrahamse and
Hamblin, 2016). PDT involves visible light, a photosensitizer
(PS), and molecular oxygen (O,) from tissues. If PDT desires to
function successfully, it is completely dependent on the
availability of O, in tissues. In the process of PDT, the PS
absorbed by the tissue is excited by laser light of a specific
wavelength. Irradiating the tumor site can activate PS, which
selectively accumulates in the tumor tissue, triggering a
photochemical reaction to destroy the tumor. The excited PS
will transfer energy to the surrounding O, to generate reactive
oxygen species (ROS) and to increase ROS levels in the target
sites. ROS can react with adjacent biological macromolecules to
produce significant cytotoxicity, cell damage, and even death or
apoptosis (Imanparast et al., 2018; Falahati et al., 2020). Liang
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et al. (2018) reported a gold nanoparticle system based on core-
shell gold nanocage@manganese dioxide (AuNC@MnO2, AM)
nanoparticles as tumor microenvironment responsive oxygen
producers and NIR-triggered reactive ROS generators for
oxygen-boosted immunogenic PDT against metastatic triple-
negative breast cancer (mTNBC). In this model, the MnO,
shell degrades in an acidic TME and generates massive oxygen
to boost the PDT effect of AM nanoparticles under laser
irradiation and to ameliorate local hypoxia. Furthermore, in
the oxygen-boosted PDT effect, immunogenic cell death (ICD)
is elicited by damage-associated molecular pattern (DAMP)
release, which induces DC maturation and effector cell
activation, thereby strongly evoking systematic antitumor
immune responses against mTNBC. Hence, this nanosystem
offers a promising approach to ablate primary tumors while
preventing tumor metastasis through immunogenic endoscopic
effects.

Other Application Strategies

In addition to PTT and PDT, radiation therapy (RT) is one of the
least invasive and commonly used methods in the treatment of
various cancers (Sztandera et al., 2019). RT involves the delivery
of high-intensity ionizing radiation (such as y-rays and X-rays) to
tumor tissues while simultaneously protecting the surrounding
healthy cells, tissues, and organs, resulting in the death of tumor
cells (Retif et al., 2015; Klebowski et al., 2018). Recently, there
have been many reports of radiosensitization using AuNPs in RT,
which is due to the high atomic number of gold nanoparticles
(Jain et al, 2011; McMahon et al, 2011). The most likely
mechanism of radiosensitization from AuNPs is that Auger
electron production from the surface of the AuNPs can
increase the production of ROS, reduce the total dose of
radiation, and increase the dose administered locally to the
tumor sites, eventually resulting in cell death. These methods
also provide potential ways to expose tumor antigens and to
enhance the response to cancer immunotherapy (Jeynes et al.,
2014; Retif et al., 2015).

CLINICAL APPLICATION OF AUNPS

The use of nanoparticles in therapeutic applications has been
improved by coating gold with organic compounds, such as
amino acids and amino sugars, which act as carriers to
transport nanoparticles to tumor cells (Daniel and Astruc,
2004; Tshikhudo et al, 2004). Colloidal gold-based
nanoparticles have been designed to target the delivery of
tumor necrosis factor (TNF) and paclitaxel to solid tumors,
introducing AuNPs as tumor-targeted drug delivery vectors
(Paciotti et al., 2006). AuNPs are recognized as excellent drug
and anticancer carriers with many biochemical and therapeutic
applications (Singh et al., 2018). In a clinical trial approved by the
FDA, whose first phase has been completed, novel PEGylated
AuNPs were utilized to deliver TNF into cancer cells, ending with
selective TNF storage in tumor cells (Libutti et al., 2010).
However, very few clinical trials are being actively carried out
for the approval of AuNPs for cancer diagnostics and therapy
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(Tomic et al., 2014; Qiu et al., 2015). As described above, AuNPs
show potential for use in cancer diagnostics and therapeutics.
However, the absence of coherent information on the actual effect
of nanoparticles could have deleterious effects and a negative
impact on human health. For example, the toxicity and chain
reaction when AuNPs are used in vivo are not abundantly clear
because few teams have tested them in clinical trials. Thus, there
is controversy and disagreement about the potential of AuNPs for
clinical use at present (Cheng et al., 2012).

PERSPECTIVE

The advantages of AuNPs make them more effective in the
immunotherapy of malignant tumors. For example, the ability
to accumulate at tumor sites and the photothermal properties can
enable the efficient and targeted delivery of genes, cancer
vaccines, immune antibodies and other immune therapeutic-
related components. Some studies have shown that in
combination with current popular fields of tumor
immunotherapy, such as PD-1/PD-1 AuNPs demonstrate
excellent efficacy and show great potential clinical application
value (Pietro et al, 2016; Liu et al, 2019b). It has been
demonstrated that the targeted delivery of immunoregulatory
molecules by AuNPs can not only eliminate killed primary tumor
tissue but also promote a systemic immune response to treat
metastatic lesions and prevent tumor recurrence (Zhang et al.,
2019b).

However, AuNPs have various disadvantages in their
application (Singh et al, 2018). First, AuNPs cannot be
degraded and easily accumulate in vivo during long-term
treatment, causing uncertain side effects. Second, the application
of the photothermal effect of AuNPs is often limited by the
penetration depth of near-infrared lasers, and the heating
intensity will decrease with increasing laser penetration depth,
which limits the directional drug release effect and
immunoregulatory activity of AuNPs. More importantly, a
series of pharmacokinetic and histocompatibility parameters of
AuNPs are changed by surface modification (Weintraub, 2013).
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