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Abstract: Cancer immunotherapy, a major breakthrough in cancer treatment, has been successfully applied to treat a number of
tumors. However, given the presence of factors in the tumor microenvironment (TME) that impede immunotherapy, only a small
proportion of patients achieve a good clinical response. With the ability to increase permeability and cross biological barriers,
nanomaterials have been successfully applied to deliver immunotherapeutic agents, thus realizing the anti-cancer therapeutic potential
of therapeutic agents. This has driven a wave of research into systems for the delivery of immunotherapeutic agents, which has
resulted in widespread interest in nanomaterial-based drug delivery systems. Nanomaterial-based drug delivery systems are able to
overcome the challenges from TME and thus achieve good results in cancer immunotherapy. If it can make a breakthrough in
improving biocompatibility and reducing cytotoxicity, it will be more widely used in clinical practice. Different types of nanomaterials
may also have some subtle differences in enhancing cancer immunotherapy. Moreover, delivery systems made of nanomaterials loaded
with drugs, such as cytotoxic drugs, cytokines, and adjuvants, could be used for cancer immunotherapy because they avoid the toxicity
and side effects associated with these drugs, thereby enabling their reuse. Therefore, further insights into nanomaterial-based drug
delivery systems will provide more effective treatment options for cancer patients.
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Introduction
Cancer immunotherapy, a major breakthrough in cancer treatment, aims to improve the anti-tumor immune response by
enhancing the body’s defenses to eliminate malignant cells.' Over the years, it has been successfully used in the treatment of
a number of tumors, particularly in hematological malignancies and solid tumors.>> Currently, immune checkpoint inhibitors
(ICIs) are the clinically approved and most widely tested immunotherapies in which the anti-tumor activity of immune cells
is enhanced by their blockade of specific immune checkpoints, such as programmed death receptor 1/programmed death
ligand 1 (PD-1/PD-L1) and cytotoxic T lymphocyte antigen 4 (CTLA-4).* However, although cancer immunotherapy has
been shown to be durable and effective in treating tumors, only a small percentage of patients (about 10%) achieve a good
clinical response.” To date, several challenges remain in improving the quality of response to cancer immunotherapy,
including suppression of antigen presenting cell (APC) function, formation of an immunosuppressive environment, extra-
cellular matrix (ECM) fibrosis, and abnormal cellular metabolism. Therefore, there is an urgent need for a new approach to
cancer immunotherapy that delivers the therapeutic potential of therapeutic agents in a safer and more controlled manner, and
with reduced drug toxicity. Nanomaterial-based drug delivery systems, a novel delivery platform currently under investiga-
tion, could increase the accumulation of immunotherapeutic drugs in the patient’s body, thereby enabling more effective
targeting of desired immune and cancer cells and avoiding off-target adverse effects.®

Nanomaterials, the core of the new drug delivery system, are typically in the size range of 1-100 nanometers, and are
mainly used in the manufacture of therapeutic drugs and devices.” Given their reduced size to the nanoscale, typical
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nanomaterials share several common properties: enhanced electrical conductivity, spectral shifts in optical absorption,
high surface-to-volume ratios, superparamagnetic behavior, and unique fluorescent properties.® '® Nanomaterials are
notable in the medical field largely due to their increased permeability, crossing of biological barriers, and their improved
ability to be applied to drug transport and their controlled drug release. In addition, the biocompatibility of most
nanomaterials employed for therapeutic purposes has improved significantly, although there is still incompatibility
with the long-term accumulation of some nanomaterials in healthy organs.'' Consequently, nanomaterial-based drug
delivery systems are being used for targeted delivery of anticancer agents to desired cancer cells, which has been shown
to significantly improve immunotherapeutic efficacy and control the production of off-target toxicity.'? It is also worth
noting that targeted delivery is one of the main advantages of nanomaterial-based immunotherapy compared to free
drugs, which is achieved by either passive targeting or active targeting to precisely target specific cancer cells.'?

This review aims exploring the mechanisms by which nanomaterial-based drug delivery systems enhance cancer
immunotherapy. Specifically, we explore several factors that impede cancer immunotherapy and discuss how the
inhibitory effect on immunotherapy can be altered with novel drug delivery systems. In addition, we examine the role
of nanomaterial-based drug delivery systems in drug repurposing, and highlight the challenges it faces to achieve more
controlled and precise cancer immunotherapy.

Effectiveness of Cancer Immunotherapy Blocked

Studies have shown that cellular and non-cellular components in the TME, consisting of immune cells, extracellular
matrix, and stromal cells, are able to surround cancer cells.'* Therefore, for cancer immunotherapy to have a satisfactory
effect, several obstructive factors from the TME must be overcome, including inhibition of APC function, formation of
an immunosuppressive environment, extracellular matrix fibrosis, and abnormal cellular metabolism (Figure 1). These
factors not only promote tumor proliferation and metastasis, but also provide challenges in the transport of therapeutic
materials to the site of action, thereby blocking immunotherapy.

Inhibition of APC Function

Given that APC is able to fully activate adaptive immunity, it is key to the initiation and regulation of anti-cancer
immunity.15 However, a range of immunosuppressive factors in TME, such as GM-CSF, S100A9 M-CSF, CXCLS, IL-
10, and gangliosides, block APC recruitment through initiation of the transcriptional activator STAT3 and signal
transduction.'® Subsequently, the induction of endogenous anti-tumor immunity by APC is limited due to severe
interference by the TME. It is significant that dendritic cells (DCs), the most powerful APC, are mediated by tumors
to induce dysfunction, thereby becoming semi-mature or even immature DCs that eventually lose the ability to provide
the necessary activation signals.'”'® Under these effects, antigen presentation is more likely to trigger T-cell tolerance,

including peripheral T-cell clonal deficiency, T-cell incompetence and the production of regulatory T cells (Tregs).'® 2!

Formation of an Immunosuppressive Environment

TME shapes the immunosuppressive environment in two ways: 1) By suppressing the function of immune cells.
Originally, immune cells perform the function of recognizing, responding to, and inhibiting tumor progression.
However, after being affected by TME, they infiltrate and secrete inflammatory cytokines, thereby creating an inflam-
matory microenvironment conducive to tumor growth. The TME suppresses anti-tumor T cell responses by regulating
molecular production, such as interleukin (IL)-10 and transforming growth factor-p (TGF-B), which are used to evade
detection, ultimately leading to the formation of an immunosuppressive microenvironment and disruption of T cell
responses.”” A previous study reported that tumor-infiltrating B cells (TIBs), derived from TME, were able to suppress
T cell-mediated immune responses by secreting soluble mediators that stimulated proangiogenic and protumorigenic
hormone function in bone marrow cells, thereby promoting tumor progression.”> In addition, several studies have
demonstrated that the down regulation of NK cell function and the immunosuppressive function of tumor-associated
macrophages (TAM) are closely associated with the secretion of prostaglandin E2 and cytokines (such as IL-1, TNF, and
IL-6) by tumor cells in the TME, respectively.?* 2’ 2) By recruiting immunosuppressive cells. In the TME, immuno-
suppressive cells indirectly block immunotherapy by secreting factors that establish immune tolerance. As an important

4678 e International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Jiang et al

@Inhibition of APC functi@ gFibrosis of the extracellular ma@
S 5 (+) A (+) | /compressive 4 ,/
S / T~ e 1 M’S}- IL-10 % T //‘,‘/' /

D) gl /|
X ) () oMt ... Proteoglycan /~ j»’

[\
Y
@ |
APC recruitment Jasdiictio R Bl ensne Healthy ECM
_/ rengthag
- ﬁbrlllar ollaLcn

()

T-cell clonal deficiency

X immature DC
T-cell incompetence

=

U
- DC )
semi-mature DC

2. The formation of
immunosuppressive environment

. .‘/ - ¥ . ) 2od
(=) o
Nl — ""“’1: J‘\/ =)
$S SR . . — -
/ N Tumor Microenvironment \

The production of Tregs N

Fibrotic ECM

( Cellular metabohs@

s soluble CDST cell
T‘.- mediator Lipid

S sy
oy ey

\q" ) “ 1 IL-6
\ \X\ \“m) & . Tumor cell (@) Beell
. - }

TAM

Granzyi m\. v T cell 4
cel DC
/ . “ . \ )
Perforin " o+ B Treg

(Gr ) MDSC  TAM

e N\

Immunotherapy>

<— ) R (en
Recruiting '« /
Teell é.‘)

/ _ Macrophage @ FCAF
IMMUnNoSuppressive m— on(( D86 /

Lactic acid

& Attract
cells \:p l MDSC ® Cytokine
IL-6

\ 0
» ~ by
. v
\ MEMDSC Y % N MBsC

g VEGFA Angiogtnesis
TAM ___ /\/\ giog

Figure | Several barriers to cancer immunotherapy from TME. (I) Inhibition of APC function. A range of immunosuppressive factors in TME block APC recruitment
through the initiation of the transcriptional activator STAT3 and signal transduction. DCs are mediated by tumors and produce dysfunction, becoming semi-mature or even
immature DCs that eventually lose the ability to provide the necessary activation signals. Under these effects, antigen presentation is more likely to trigger T-cell tolerance,
including peripheral T-cell clonal deficiency, T-cell incompetence, and the production of regulatory T cells (Tregs). (2) The formation of an immunosuppressive environment.
TME shapes the immunosuppressive environment in two ways: |. by suppressing the function of immune cells; TME suppress anti-tumor T cell responses to disrupt T cell
responses. TIBs derived from TME were able to suppress T cell-mediated immune responses by secreting soluble mediators. The down-regulation of NK cell function and
the immunosuppressive function of TAM were closely associated with the secretion of prostaglandin E2 and cytokines. 2. By recruiting immunosuppressive cells. Tregs
secrete a variety of substances that bind to immune cells and ultimately inhibit the function of anti-tumor immunity and immune effector cells. Binding to molecules on the
surface of effector cells such as CD80/CD86 is also a way for Tregs to exert immunosuppressive effects. MDSC recruited from the blood stream by TME can promote
tumorigenesis and metastasis. At the same time, reduced STAT3 activity in MDSC led to rapid differentiation of M-MDSC from TAM. Moreover, MDSC attracts Treg cells to
the tumor site in order to enhance their immunosuppressive function, while suppressing the immune function of DCs, B cells and NK cells. (3) Fibrosis of the extracellular
matrix. Proteoglycan and HA reinforce the compressive properties in ECM tissues through their GAG chain-bound water. The fibrillar collagen contributes to the tensile
strength of the tissue and CAFs are a key factor in increasing ECM stiffness. (4) Abnormal cellular metabolism. High levels of lipid, is positively correlated with CD8+ T-cell
depletion. The elevated ROS in local TME can enhance the pro-tumor effects of TAM, MDSC and CAF. High levels of lactic acid is responsible for impeding the function of
immune cells. The angiogenic response induced by high concentrations of VEGFA promotes an immature phenotype of the vascular system. The Figure was created by
Figdraw (www.figdraw.com).

Abbreviations: APC, antigen presenting cell; DC, dendritic cell; Tregs, regulatory T cells; TIB, tumor-infiltrating B cell; TAM, tumor-associated macrophage; MDSC,
myeloid-derived suppressor cell; sEV, small extracellular vesicle; HA, hyaluronic acid; ECM, extracellular matrix; CAF, cancer-associated fibroblast; ROS, reactive oxygen
species; VEGFA, vascular endothelial growth factor A.

immunosuppressive population, Tregs secrete a variety of substances that bind to immune cells and ultimately inhibit the
function of anti-tumor immunity and immune effector cells, including perforin, granzyme B, and inhibitory cytokines
such as IL-10, IL-35, and transforming growth factor (TGF)-B.*®* Tregs also exert immunosuppressive effects through
binding to molecules on the surface of effector cells, such as CD80/CD86.%° Myeloid-derived suppressor cell (MDSC),
recruited from the blood stream by TME, can promote tumorigenesis and metastasis by secreting IL-6, matrix
metalloproteinases (MMPs), VEGF, and exosomes.”' It has also reported that reduced STAT3 activity in MDSC leads
to rapid differentiation of M-MDSC from TAM, thereby indirectly contributing to the formation of an immunosuppres-
sive environment.**>* Moreover, MDSC attract Treg cells to the tumor site to enhance their immunosuppressive

function, while at the same time suppressing the immune function of DCs, B cells, and NK cells.*>3¢
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Fibrosis of the Extracellular Matrix

As the non-cellular component of the cells in all tissues, ECM makes up the largest component of TME which consists of
proteins such as collagen, laminin, hyaluronic acid, and proteoglycan.>’ Notably, proteoglycan and hyaluronic acid
reinforce the compressive properties in ECM tissues through their glycosaminoglycan (GAG) chain-bound water. The
heterotypic protofibrils of collagen I, III, and V make up the fibrillar collagen that contributes to the tensile strength of
the tissue.>® These proteins make the ECM in tumor tissue to be inherently hyperdense and stiff, which prevents drug
penetration, eventually leading to low accumulation and impeding therapeutic efficacy.>®* A number of studies have
demonstrated that cancer-associated fibroblasts (CAFs) are a key factor in increasing ECM stiffness and ultimately
leading to ECM fibrosis.*>*! It should be noted that CAF is recruited into the tumor stroma and deposits ECM proteins
via cytokines and growth factors secreted by tumor cells. Subsequently, CAF reorganizes and crosslinks collagen to
enhance the density of collagen fibers, tensile properties, and elevate the compressive force of cells within the tissue,
which induces fibrosis in the ECM.*® Numerous studies have revealed that the fibrotic ECM contributes to regulation of
the activity of the immune cell population, including recruitment of Tregs, MDSCs, and TAMs, and suppression of
T cells, B cells, DCs, and NK cells.** > Importantly, the fibrotic ECM is able to block high molecular weight drugs,
thereby reducing the efficacy of cancer immunotherapy.*®

Abnormal Cellular Metabolism

High production of cellular metabolites such as lipids, reactive oxygen species (ROS), and lactic acid may be harmful to
immune cells and cause immunosuppression, ultimately resulting in limitations to immunotherapy.*’ For example, high
levels of cholesterol, a type of lipid, are positively correlated with depletion of CD8" T cells.*® Stromal cells and tumor
cells in the TME produce large amounts of ROS. The elevated ROS in local TME can in turn promote proliferation of
cancer cells and enhance the pro-tumor effects of TAM, MDSC, and CAE.**>! As one of the most important metabolites
in TME, high levels of lactic acid are responsible for impeding the function of immune cells by a variety of mechanisms,
including inhibiting the proliferation of immune cells in TME, inducing the dedifferentiation of immune cells in TME
and acting as a signaling molecule.’>>* Tt has also been reported that the angiogenic response induced by high
concentrations of vascular endothelial growth factor A (VEGFA) promotes an immature phenotype of the vascular
system, thereby leading to development of tumors with vascular dysfunction.”>>® In addition, a handful of studies have
found that hypoxia promotes the development of cancer cells and resists immunotherapy by suppressing immune cells,

recruiting immunosuppressive cells, and upregulating immune checkpoint molecules.”’

Nanomaterial-Based Drug Delivery System is Capable of Enhancing
Cancer Immunotherapy

Mechanisms Through Which Nanomaterials Enhance Cancer Immunotherapy

Although clinical trials have achieved good results, there are still significant drawbacks and barriers to cancer
immunotherapy. Several barriers from the TME limit the ability to deliver the drug, which results in a vast majority
of patients not responding to immunotherapy even after taking the drug. Currently, new delivery platforms are being
investigated to modify the weak immune efficacy. The boom in nanotechnology offers further opportunities for
nanomaterials in cancer immunotherapy. Nanomaterials selectively target tumor sites and prolong the circulation time
and blood retention of the drug. Nanomaterial-based drug delivery systems could be more widely used in cancer
immunotherapy if the biocompatibility of nanomaterials could be further improved and cytotoxicity could be reduced to
a low level.®":?

First, accumulating evidence has proven that nanomaterial-based drug delivery systems can target immune cells, such
as effector T cells, dendritic cells, and NK cells, to activate adaptive immunity and enhance their anti-tumor activity,
thereby altering the immunosuppressive environment of the TME.'**®* Nanomaterial delivery systems carrying
antigens and adjuvants can specifically deliver antigens to DCs, activate CTL, and promote DC maturation with the
help of antigen presentation or adjuvants. The DCs then present antigen fragments to naive T cells to activate CD4 and
CD8 T cells, thereby acquiring cytotoxic capacity to enhance the immune response and fight cancer cells.** Moreover,

4680 e International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Jiang et al

one study found that addition of TLR ligands to nanomaterial-based drug delivery systems can induce DC maturation to
activate NK cells, thereby leading to a strong immune response.®’

Second, given that the formation of an immunosuppressive environment mainly results from accumulation of
immunosuppressive cells (for instance Tregs and MDSC) and secretion of immunosuppressive factors (for instance
VEGF and TGF-B) and M2 phenotypic polarization of macrophages, nanomaterial-based drug delivery systems can
target these components in TME and reshape the immunosuppressive environment into an immune-supportive state,
thereby enhancing the effectiveness of cancer immunotherapy.®® A previous study reported that nanomaterials modified
with iron oxide were able to reverse the polarization state of macrophages, ultimately causing a phenotypic shift from M2
to M1, which resulted in the loss of TAM activity. This can be attributed to the fact that iron oxide promotes macrophage
recruitment, which in turn induces upregulation of M1-associated TNF-a and CD86, and decreases M2-associated IL-10
and CD206.%

Third, the nanomaterial-based drug delivery systems break through the dense and rigid fibrotic barrier of the ECM by
combining collagenase and hyaluronidase, which increases the anti-tumor efficiency of the drug.°®*®’ Collagen and
hyaluronic acid are the main ECM structural components associated with fibrosis, promoting tumor metastasis and
angiogenesis by virtue of low elasticity and high gelation pressure.””’' Notably, collagenase breaks down collagen to
help the drug-carrying nanomaterial delivery system penetrate the tumor tissue, whereas hyaluronidase degrades
hyaluronic acid in tumor ECM to achieve tumor penetration and anti-tumor efficacy of nanomaterial delivery systems.
In addition, Tenascin-C, galactose lectin-1, and fibronectin are important components of nanomaterial-based drug
delivery systems because they help to break through fibrosis.”* Similarly, induction of apoptosis in CAFs by nanomater-
ial-based drug delivery systems diminishes the tumor-promoting effect of CAFs and their ability to shape the ECM.”*

Finally, nanomaterial-based drug delivery systems could further facilitate stimulation of the immune system, thereby
exploiting the synergistic effects of cancer immunotherapy and nanomaterials.”* For example, stimulation of nanomater-
ials with added stimulus response units, including internal stimuli (pH, adenosine triphosphate (ATP), redox potential,
and enzymes) and external stimuli (light, X-rays, ultrasound, and magnetic and electric fields), can enable the versatility
of nanomaterials in immunotherapy and further improve the pharmacological properties of the loaded
immunomodulators.”>’® Collectively, the above findings suggest that nanomaterial-based drug delivery systems have
shown great advantages in cancer immunotherapy (Figure 2).

Different Types of Nanomaterials Target TME to Enhance Cancer Immunotherapy
Inorganic Nanomaterials

Inorganic nanomaterials are mainly classified into metallic nanomaterials, mesoporous silica nanomaterials, and carbon
nanomaterials, with each group having unique structural form and intrinsic properties. Owing to their unique optical,
magnetic, and photothermal characteristics, metallic nanomaterials hold great promise for research in drug delivery and
bioimaging.”” On one hand, metal nanomaterial-based drug delivery systems have shown promising results in enhancing
immune responses and reducing immunosuppression. Ultra-small Fe;O4 nanomaterials used as delivery systems in
combination with ovalbumin can promote DC maturation and enhance immune response.’® Considering the character-
istics of Fe;0,4 transforming M2 Tam into M1 phenotype based on Fenton reaction, Fe;O4 nanomaterial delivery system
is able to target tumor antigens, immunostimulatory adjuvants and immunomodulators to TAM, thereby transforming the
immunosuppressive TME fraction into an immune supportive one, ultimately achieving the conversion of “cold” to “hot”
tumors.”” On the other hand, metal nanomaterial-based drug delivery systems can inhibit fibrosis by interacting with
proteins in the TME.*® Gold nanomaterials isolate several key autocrine and paracrine signaling factors secreted by CAFs
by adsorbing VEGF, heparin binding growth factor and fibroblast growth factor, which disrupts the crosstalk ability of
CAFs and cancer cells, ultimately preventing angiogenesis and fibrosis.®' Gold nanomaterials also sufficiently bind IL-8
and TGF-f, key factors involved in paracrine and autocrine signaling in the TME, to alter the interaction between cancer
and fibroblasts, thereby inhibiting tumor growth and remodeling the TME.®* Notably, given their ability to interact with
most cellular components of proteins and mitochondria, metal nanomaterials can trigger toxic effects, including DNA
damage, ATP alteration, ROS production, mitochondrial dysfunction, apoptosis, and cell membrane damage.®> However,
surface coating and surface passivation have been shown to be simple and controlled methods of preventing toxicity,
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Figure 2 Nanomaterial-based drug delivery systems to enhance cancer immunotherapy. (I) Nanomaterial-based drug delivery systems can target immune cells such as
effector T cells, dendritic cells and NK cells to gain a strong immune response. (2) Given that the formation of immunosuppressive TME mainly results from the
accumulation of immunosuppressive cells and secretion of immunosuppressive factors (for instance VEGF and TGF-f) and M2 phenotypic polarization of macrophages,
nanomaterial-based drug delivery systems can target these components in TME and reshape immunosuppressed TME into an immune-supportive state. (3) Nanomaterial-
based drug delivery systems break through the dense and rigid fibrotic barrier of the ECM by combining collagenase and hyaluronidase, which increases the anti-tumor
efficiency of the drug. Similarly, the tumor-promoting effect of CAFs and their ability to shape the ECM is diminished due to the induction of apoptosis in CAFs by
nanomaterial-based drug delivery systems. The Figure was created by Figdraw (www.figdraw.com).

Abbreviations: DC, dendritic cell; Tregs, regulatory T cells; TAM, tumor-associated macrophage; MDSC, myeloid-derived suppressor cell; HA, hyaluronic acid; ECM,
extracellular matrix; CAF, cancer-associated fibroblast; CTL, cytotoxic T lymphocyte; M2, M2 macrophage; M1, M| macrophage.

which are suitable for almost every metallic nanomaterial.**® Thus, metallic nanomaterials should be carefully
examined before they are administered to patients to avoid cytotoxicity.

By virtue of the disulfide bonds that are integral to the manufacture of silica networks, mesoporous silica nanomater-
ials produce size tunable and biocompatible characteristics that enable loading of a wide range of drugs, and ultimately
rapid degradation and release of controlled drugs.*® The use of mesoporous silica as a delivery system can overcome
challenges from cellular metabolism and immunosuppression. Li et al®” reported a hollow mesoporous silica nanomater-
ial capable of responding to glutathione (GSH) by interfering with monocarboxylate transporter protein 4 (siMCT-4) of
RNA and loading hydroxycamptothecin (HCPT), thereby driving increased intracellular lactate and apoptosis in tumor
cells. Besides, after doping Ce6 on mesoporous silica, Kim et al designed a mesoporous silica nanomaterial that could
effectively respond to hypoxia to act as an immune adjuvant delivery system, thereby enhancing the activity of DCs and
restoring the effectiveness of tumor immunotherapy.®®

Carbon nanomaterials (CNMs) are effective drug delivery platforms largely due to their inherent hydrophobicity and
the loading of chemical drugs through hydrophobic interactions or 7-m stacking.® In comparison, CNMs are considered
to be superior to metal-based nanomaterials with regard to safety and biocompatibility, which is more beneficial for
cancer immunotherapy.”® Numerous studies have found that carbon nanomaterials, such as graphene, carbon nanotubes
(CNTs), and carbon nanohorns (CNHs), play an active role as delivery systems in immunotherapy. The delivery system
made of graphene prevents the development of a fibrotic and immunosuppressive environment. By mimicking the anti-
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angiogenic structural domain of the histidine-proline-rich glycoprotein (HPRG) in human neuroblastoma (SH-SY5Y) and
prostate cancer cells (PC-3), graphene oxide (GO) nanocarriers, made from graphene with its large number of oxygen-
containing tributaries and high surface-to-volume ratio, were able to effectively inhibit PC-3 toxicity, block cell
migration, and prevent prostaglandin-mediated inflammation in PC-3, which avoid fibrosis.”' In addition, a drug delivery
system consisting of reduced graphene oxide (rGO) was able to increase infiltration of tumor-specific CD8+ T cells and
reduce infiltration of regulatory T cells (Tregs) in distal tumors by delivering the transforming growth factor B (TGF-B)
inhibitor SB-431542 and the chemotherapeutic agent mitoxantrone (MTX), thereby enhancing immunotherapy.”® In
recent years, the water solubility and strong toxicity of CNTs have been addressed by surface functionalization and
material modifications, which has resulted in CNT-based drug delivery systems gradually being more bioavailable and
intensively investigated. Coating CNT with folic acid (FA) and drug-coupled sugar block copolymers synthesized from
anti-cancer drugs (doxorubicin, Dox), creates an efficient drug delivery platform for dual targeting of folate receptor (FR)
and glucose transporter protein (GLUT5) in breast cancer.” Single-walled carbon nanotubes (SWCNT) form a promising
drug delivery system for the targeted delivery of paclitaxel (PTX) and cis-platinum (CDDP), which allows these drugs to
be transported in cells and maintain their therapeutic effect.”**> In addition, the drug delivery system based on CNHs has
also become a force that cannot be ignored. Modified by n-n stacking interactions, Yang et al loaded DOX and cisplatin
onto modified nanohorn to fabricate a dual chemotherapeutic drug-loaded single-walled CNH system, which served to
eradicate primary breast tumors and lung metastases.”®

Liposomal Nanomaterials
Liposomes, spherical vesicles composed of single or multilayered phospholipids, are thought to be the first closed
microscopic phospholipid bilayer nanosystems, typically ranging in size from 20 nm to over 1 um.’” Liposomal
nanomaterials can be widely applied in cancer immunotherapy by associating with a variety of cancer drug molecules,
and controlling the release of immunomodulators and antigens.”® It is worth noting that liposomal nanomaterial-based
drug delivery systems are capable of enhancing the effectiveness of cancer immunotherapy using a variety of approaches.

First, liposome nanomaterial-based drug delivery systems can achieve the ability to trigger or enhance the immune
response by delivering stimulatory molecules, thereby successfully enhancing the efficacy of cancer immunotherapy.”
For example, to overcome the toxicity of “free” drugs such as IL-2 Fc¢ fusion protein and immunostimulatory anti-
CD137, Zhang et al showed that immunoliposomes in the tumor tissue of a mouse melanoma model facilitated rapid
accumulation of the drug and activation of the immune response due to surface coupling to its delivery of anti-CD137
and IL-12, ultimately achieving strong anti-tumor activity without toxicity.'® Similarly, incorporation of the highly toxic
adjuvant monophosphoryl lipid A (MPLA) into liposomes reduced toxicity while at the same time activating DCs and
enhancing CD8" T-cell responses. Interestingly, liposomes carrying MPLA also enhanced the expression of CD83 on
DCs to induce pro-inflammatory cytokine production (IL1p, IL6, and IL8), ultimately inducing a more effective immune
response and efficiently enhancing immune monitoring.'®!

Second, liposomal nanomaterial-based drug delivery systems can overcome immunosuppressive networks and restore
a state of TME suppression driven by inhibitory mediators by delivering immune checkpoint blocking molecules focused
on shutting down negative feedback pathways to increase immune responses.'®*'*> Currently, PEGylated liposomes
containing CTLA-4 antibodies are approved for use against reduced T-cell content and activity largely due to competitive
inhibition of CD28 and CD80 by CTLA-4.'* Compared to “free” CTLA-4 antibodies, liposomes reduce toxicity in other
organs and accumulate in large numbers at the tumor site, thereby resulting in an improved immune response.'” In
contrast to the anti-immune mechanism of CTLA-4, PD-1 maintains peripheral tolerance and avoids autoimmunity by
inhibiting downstream signaling of the TCR.'% Lang et al discovered a system for the delivery of PD-1 inhibitors
thioridazine and HY 19991 by liposomal nanomaterials. This drug delivery system was able to incorporate the drugs into
the bilayer structure of liposomes and subsequently deliver them to metalloproteinase-rich regions of the tumor,
ultimately increasing the accumulation of thioridazine and HY 19991 in the tumor by 7.23 and 3.65 fold, respectively,
compared to the “free” drugs.'"’

Furthermore, liposomal nanomaterial-based drug delivery systems are capable of delivering soluble mediators with
complex mechanisms, including TGF-f inhibitors and Indoleamine 2.3-dioxygenase (IDO) inhibitors, to selectively
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modulate TME. With the help of a pancreatic ductal adenocarcinoma model, Meng et al found that PEGylated liposomes
loaded with TGF-f inhibitors were able to enter the tumor more easily and reduce the pericyte coverage of the tumor
vascular system.'®® Similarly, a PEGylated liposome delivery system delivering a TGF-B inhibitor with IL-2 significantly
retarded tumor growth by increasing activated CD8 T cell infiltration and NK cell activity in a B16/B6 melanoma mouse
model.'%’ Notably, IDO derived from cells in the TME, such as cancer cells and MDSC, not only restricts T-cell function,
but also attracts Tregs, thereby significantly inhibiting the anti-tumor response. Recent studies have shown that systemic
toxicity and enhanced anti-tumor immune response can be reduced by using liposomes to deliver immunogenic cell
death-inducing chemotherapeutic agents to the desired site.''®

Liposomal nanomaterials as delivery platforms still need to address the issues of controlled release and drug loading
of liposomes. Its bioavailability also needs to be further improved. In addition, solid liposomal nanomaterials need to
overcome the intrinsic low incorporation rate and uncertain tendency to gelation due to their crystalline structure.''
Overall, liposomal nanomaterial-based drug delivery systems have made great achievements in cancer immunotherapy
where they have enabled improved cancer treatment through different immunotherapeutic mechanisms, including

delivery of stimulatory molecules, immune checkpoint blocking molecules, and soluble mediators.

Polymeric Nanomaterials

Polymeric nanomaterials mainly refer to polymeric nanoparticles (PNPs) with a size of 10-1000 nm. Polymeric
nanomaterials serve as delivery platforms for the targeted transport of various drugs and adjuvants to specific sites
in cancer, and the composition has undergone continuous modification and refinement.''? Initially, the use of non-
biodegradable polymers, such as polystyrene, polymethyl methacrylate (PMMA), and polyacrylamide, to manufacture
nanomaterials left the body susceptible to chronic inflammation and toxic reactions.''> Consequently, biodegradable
polymers were created to avoid the disadvantages of the previous materials, including poly(caprolactone) (PCL), poly
(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA), poly(amino acid), and natural polymers.''* It should be
noted that such improved polymeric nanomaterials not only improve the stability of volatile drugs, but also enrich the
delivery methods of chemical drugs. Most notably, they can also minimize the adverse toxicity of drugs to normal
tissues.''> Polymeric nanomaterial-based drug delivery systems can reactivate the anti-tumor immunity of APCs,
thereby resulting in enhanced efficacy of cancer immunotherapy. Different cell surface molecules on DCs, such as
CDl11c, CD40, and DEC-205, could be targeted and modulated by a PLGA nanomaterial delivery system loaded with
Toll-like receptor (TLR) 3 ligands, TLR7 ligands, and ovalbumin, which promotes anti-tumor immunity. Among them,
CDA40 is the most highly bound molecule to the nanomaterials and makes an outstanding contribution to enhancement
of the immune response.''® Polymeric nanomaterial-based drug delivery systems also address the adverse effects of
cellular metabolism. A perfect example is the polymeric nanomaterial delivery system invented by Zhou et al which
carries doxorubicin and the epidermal growth factor receptor (EGFR) inhibitor erlotinib. Given that doxorubicin
achieves a slow and sustained release with the aid of erlotinib, this delivery system can also target and vascularly
degrade abnormal blood vessels in the tumor tissue, thereby resulting in a significant reduction in vessel density and
ultimately improving the abnormal tumor vascular system in the TME.''” The most important contribution of
polymeric nanomaterial-based drug delivery systems is to counteract the immunosuppressive environment. Smith
et al found that a poly (beta amino ester) nanomaterial delivery system loaded with encoded DNA triggered production
of active CAR T cells and established memory cells in a B-cell leukemia mouse model, which had a positive effect on
the destruction of cancer cells.''® Likewise, the polycaprolactone (PCL)-b-polyethylene glycol (PEG) delivery system
can effectively activate CTL due to the presence of an oligodeoxynucleotide (ODN)-based immune adjuvant and the
endogenous tumor antigen heat shock protein 70 (HSP70), ultimately leading to the generation of a long-term memory
immune response.''’ Furthermore, a recent study found that a polydopamine nanomaterial delivery system could
induce repolarization of M2-TAMs to M1-TAMs by delivering Fe**, which prevented tumor progression and metas-
tasis in mice models of breast and colorectal cancers.'?*!'?! It is worth noting that some polymeric nanomaterials may
have damaging effects on the organism because they may show different effects at different sizes. For example,
although PCL of smaller size could enhance immune effects by increasing expression of IL-10 and IL-12 in
macrophages, PCL with nanoporous characteristics could also increase in vivo inflammation in fibrous capsules,
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thereby promoting tumor development.'**> A few challenges remain to be addressed for polymeric nanomaterials:
evidence shows that toxic monomer aggregation and toxic degradation are possible undesirable conditions for some
polymeric nanomaterials.'*> Therefore, improving their fabrication and chemical properties is the next focus of
research. If these hindrances can be overcome, polymeric nanomaterial delivery systems will have a broader future
in cancer immunotherapy.

Small Extracellular Vesicles (sEVs) Nanomaterials

Small extracellular vesicles (30—150 nm in diameter) are found in almost all cells, including endothelial cells, epithelial cells,
fibroblasts, neuronal cells, immune cells, and cancer cells.'** sEVs carry typical biomolecules, such as DNA, RNA, and
proteins and can participate in long-range communication.'*>'?® Compared to other nanomaterials, SEVs effectively avoid
phagocytosis by circulating monocytes due to the presence of CD47, thereby facilitating effective drug delivery.'?” Therefore,
sEVs nanomaterials can be involved in cancer immunotherapy as good delivery systems. sEVs are used as carriers for the
delivery of anti-cancer drugs to initiate anti-cancer immune responses. Studies involving renal cancer have shown that sEVs
delivery systems carrying the glycolipid-anchored-1L-12 (GPI-IL-12) could gene significantly promote T cell proliferation,
and efficiently activate CTL via the FasL/Fas signaling pathway by expressing the tumor-associated antigen MAGE-1 and the
tumor rejection antigen G250.'*®'* In lung cancer, by using exosomes as drug delivery vehicles to package paclitaxel, the
limitations of poor water solubility of paclitaxel are effectively avoided and the function of immune cells is re-engaged to kill
tumor cells."*® Similarly, exosomes containing chemotherapeutic agents, such as cisplatin, methotrexate, and curcumin, have
exhibited outstanding immunotherapeutic effects in the treatment of different cancers.'*' >3 Moreover, numerous studies
have shown that sSEVs RNA (such as miR-125a-3p, miR-27a, miR-130a, IncRNA BLACAT1) can be used as diagnostic
biomarkers."** %7 Drug delivery systems based on sEVs allow for prognostic diagnostics alongside targeted drug delivery,
which significantly enriches the use of nanomaterials. However, considering challenges such as heterogeneity, difficulty in
preservation and lack of uniform standards for isolation and purification, research into SEVs nanomaterials needs to be further
developed before they can be promoted.'*®!3?

Other Nanomaterials

With the advent of nanotechnology, an increasing number of nanomaterial-based drug delivery systems have been well
developed and involved in clinical applications. This section will also briefly introduce several other productive nanomater-
ials, including monoclonal antibody nanomaterials, nanoemulsions, and dendritic media.”” Monoclonal antibodies (mAbs) are
widely used in cancer immunotherapy largely due to their anti-tumor effects and excellent targeting ability. Recently, they
have been used in the manufacture of drug delivery systems.'*® As a monoclonal antibody capable of treating breast cancer,
trastuzumab (Tmab) with paclitaxel forms a drug delivery system that shows great promise for both human epidermal growth
factor receptor 2 (HER2)-positive and negative breast cancers, with greater efficacy than either alone.'*"'** Nanoemulsions
(NE), colloidal nanoparticles ranging from 10 to 1000 nm in size, are made from emulsifiers, aqueous phases, and oils.'*?
Given their several outstanding properties: large surface area, optical transparency, biodegradability, ease of manufacture, and
an ideal drug release profile, Nes have been widely used as drug nanocarriers.'** The NE delivery system carrying IFN-y not
only remains stable under extreme temperature disturbances, but also activates phagocytosis and inhibits the function of MCF-
7 human breast cancer cells, thereby demonstrating potential in immunotherapy.'*> The highly branched dendritic media,
ranging between 1 and 10 nm in size, are highly regular polymers which have a repeating branched structure and an abundance
of cavities."*® Considering their special structure that gives them versatile and tunable branched chains, bioavailability to
hydrophobic drugs and superior solubility, dendritic polymers can play a crucial role in drug delivery.'*” Dendrimer-based
nanomaterials allow delivery of DOX to the TME for the treatment of colon cancer, which exhibits enhanced cancer immune
efficacy compared to the drug alone.'*® In Additional, polyamidoamine (PAMAN)-based drug delivery systems, a type of
dendrimer, have an excellent role in combination therapy for the treatment of liver cancer.'*” Nanomaterials such as magnetic
nanomaterials and nanogels are also beginning to play an increasingly important role in drug delivery systems. It is expected
that more nanomaterials will be used for drug delivery applications in the future. Here, we summarize the structural maps of
different types of nanomaterials (Figure 3) and the mechanisms of how they can enhance cancer immunotherapy (Table 1).
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Figure 3 The structural shapes of nanomaterials. The Figure was created by Figdraw (www.figdraw.com).

Nanomaterial-Based Drug Delivery System for Drug Repurposing in Cancer
Immunotherapy

Drug repurposing, also known as repositioning or redirection, can serve a new purpose through rescuing a drug which
has failed in one indication to deliver a potential drug candidate to another indication.'>® With the aid of characteristics of
actively targeted tumor sites and retention (EPR) effect of nanomaterial-based drug delivery systems, cytotoxic drugs,
cytokines, and adjuvants overcome their inherent toxicity and side effects, ultimately enabling drug repurposing in cancer
immunotherapy'>' (Table 2). 1) Cytotoxic drug reuse. Nanomaterial-based delivery system of cytotoxic drugs that cause
high off-target toxicity in immune cells and systemic toxicity alters the immunosuppressive conditions in tumor tissue by
enhancing immunogenic cell death (ICD) and prolongs the retention of cytotoxic drugs at the tumor site. For example,
a study involving a mouse model of mammary tumors found that a manganese dioxide nanomaterial delivery system
carrying polymeric lipid and DOX could change the immunosuppressive environment by strengthening T-cell activity
and attenuating acidosis, thereby resulting in enhanced immune response.'>* Mesoporous silica nanomaterials delivering
oxaliplatin (OX) and IDO were found to improve in situ pancreatic ductal adenocarcinoma by inducing ICD that recruits
CTL from TME and releases high mobility group protein Bl (HMGB-1) required for DC."** 2) Cytokine reuse.
Nanomaterial-based drug delivery systems can maximize the effectiveness of cytokines in cancer immunotherapy by
overcoming cytokine resistance, off-target effects, short half-lives, toxicities, inflammatory immune responses, and
generally low clinical efficacy. Incorporation of hydroxyethyl starch nanomaterials results in IL-2, a T-cell growth
factor, binding more tightly to the IL-2 receptor, ultimately promoting more efficient targeting of the T-cell
population.'**'>* In addition, the ligands on the hydroxyethyl starch nanomaterials indirectly promote proliferation of
activated CD4 CD25 T cells, thereby enhancing the immune response.'*® 3) Adjuvant reuse. Nanomaterial-based drug
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Table 1 Mechanisms Through Which Different Types of Nanomaterials Enhance Cancer Immunotherapy
Types of Key Properties Payload Outcomes References
Nanomaterials
Fe304 Unique optical, magnetic and Ovalbumin Promote DC maturation and enhance [78]
nanomaterials photothermal characteristics immune response
Fenton reaction Immunostimulatory Achieve the conversion of “cold” to [79]
adjuvants and “hot” tumors
immunomodulators
Gold Unique optical, magnetic and VEGF, heparin binding Disrupts the ability of CAFs and cancer | [81]
nanomaterials photothermal characteristics growth factor and cells to crosstalk each other
fibroblast growth
factor
IL-8 and TGF-B Alter the interaction between cancer and | [82]
fibroblasts
Mesoporous Adjustable dimensions and excellent GSH and HCPT Drive increased intracellular lactate and [87]
silica biocompatibility apoptosis in tumor cells
nanomaterials
GO Vast oxygen-containing tributaries and | HPRG Inhibit PC-3 toxicity, block cell migration | [91]
nanomaterials high surface-to-volume ratio and prevent inflammation in PC-3
rGO Inherent hydrophobicity and the TGF-B inhibitor SB- Increase infiltration of tumor-specific [92]
nanomaterials loading of chemical drugs through 431542 and MTX CD8" T-cells and reduce infiltration of
hydrophobic interactions or -1 Tregs in distal tumors
stacking
SWCNT High bioavailable PTX and CDDP Allow these drugs to be transported in [94,95]
nanomaterials cells and maintain therapeutic effect
CNHs -1 stacking interactions DOX and cisplatin Eradicate primary breast tumors and lung | [96]
nanomaterials metastases
Liposomal Deliver stimulatory molecules Anti-CD137 and IL-12 | Achieve strong anti-tumor activity [100]
nanomaterials without toxicity
MPLA Reduce toxicity while activate DCs and [101]
enhance CD8" T-cell responses
Deliver immune checkpoint blocking PD-1 inhibitors Increase the accumulation of thioridazine | [107]
molecules thioridazine and and HY 19991 compared to the “free”
HY 19991 drugs
Deliver soluble mediators with TGF-B inhibitors Enter the tumor more easily and reduce | [108]
complex mechanisms the pericyte coverage of the tumor
vascular system
IDO inhibitors Reduce systemic toxicity and enhance [109]
anti-tumor immune response
Polymeric Enhance anti-tumor immunity Loaded Toll-like Enhance the activity of DCs and activate | [106]
nanomaterials receptor (TLR) 3 the anti-tumor immunity of APCs
ligand, TLR7 ligand and
ovalbumin
Polymeric Minimize the adverse toxicity of drugs | Doxorubicin and EGFR | Degrade abnormal blood vessels in the [117]
nanomaterials to normal tissues inhibitor erlotinib tumor tissue and ultimately improve the
abnormal tumor vascular system in TME
Polydopamine Minimize the adverse toxicity of drugs | ODN-based immune Activate CTL and lead to the generation | [I119]
nanomaterials to normal tissues adjuvant and HSP70 of a long-term memory immune
response
Polydopamine Minimize the adverse toxicity of drugs Fe3* Induce repolarization of M2-TAMs to [120,121]
nanomaterials to normal tissues MI-TAMs
sEVs Avoid phagocytosis by circulating GPI-IL-12 Promote T cell proliferation and activate | [128,129]
nanomaterials monocytes CTL
(Continued)
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Table | (Continued).

Types of Key Properties Payload Outcomes References
Nanomaterials
Paclitaxel Avoid the limitations of poor water [130]
solubility of paclitaxel and re-engage the
function of immune cells
mAbs Anti-tumor effects and excellent Paclitaxel Shows great promise for both HER2- [140-142]
nanomaterials targeting ability positive and negative breast cancers with
greater efficacy than either alone
Nanoemulsions Large surface area, optical IFN-y Activate phagocytosis and inhibit the [145]
transparency, biodegradability, ease of function of MCF-7 human breast cancer
manufacture and an ideal drug release cells]
profile
Dendritic media | Bioavailability to hydrophobic drugs DOX Show enhanced cancer immune efficacy | [147,148]
and superior solubility compared to the drug alone

Abbreviations: DC, dendritic cells; VEGF, vascular endothelial growth factor; GSH, glutathione; HCPT, hydroxycamptothecin; GO, Graphene oxide; HPRG, histidine-
proline-rich glycoprotein; PC-3, prostate cancer cell-3; rGO, reduced graphene oxide; TGF-, transforming growth factor f3; MTX, mitoxantrone; Tregs, regulatory T cells;
SWCNT, Single-walled carbon nanotubes; PTX, paclitaxel; CDDP, cis-platinum; CNHs, carbon nanohorns; DOX, doxorubicin; MPLA, monophosphoryl lipid A; IDO,
Indoleamine 2.3-dioxygenase; EGFR, epidermal growth factor receptor; PCL-b-PEG, polycaprolactone-b-polyethylene glycol; ODN, oligodeoxynucleotide; HSP70, heat
shock protein 70; CTL, cytotoxic T lymphocyte; sEVs, small extracellular vesicles; GPI-IL-12, glycolipid-anchored-IL-12; mAbs, monoclonal antibodies; HER2, human

epidermal growth factor

receptor 2.

Table 2 Summary of the Three Categories of Nanomaterial-Based Delivery Systems for Drug Repurposing

Category Agent Composition Outcomes References
Nanomaterial-based DOX Polymeric lipid and Alter the immunosuppressive environment of breast cancer by | [152]
cytotoxic drug manganese dioxide enhancing T-cell activity and attenuating acidosis
delivery system nanomaterial
Oxaliplatin | IDO and mesoporous Improve in situ pancreatic ductal adenocarcinoma by inducing [153]
silica nanomaterial ICD that recruits CTL from TME and releases HMGB-|
required for DC
PTX sEVs nanomaterials Enhance anti-mammary tumor activity through activation of [161]
with PTX macrophage-mediated inflammation
Nanomaterial-based IL-2 Hydroxyethyl starch Promote efficient targeting of the T-cell population and [100]
cytokine delivery nanomaterials and their | proliferation of activated CD4 CD25 T cells
system ligands
TRAIL Liposomal Increase pro-apoptotic activity of the exogenous TRAIL [156]
nanomaterials with pathway and apoptosis-inducing caspases for the treatment of
TRAIL colorectal cancer
Anti-HER2 | Polystyrene Target cancer cell-specific receptors and enhance tumor [162]
and CRT nanomaterials with anti | lethality by T cell
HER2 and CRT
Nanomaterial-based Poly I:C OVA and Poly (y- Enhance the secretion of type | IFN-a and IFN-$ by uptake of | [157]
adjuvant delivery glutamic acid) antigen-presenting cells to activate anti-tumor immunity
system nanomaterials
CpG AlbiAg, AlbiCpG and Induce antigen-specific T-cell responses, alter [158]
Albumin binding immunosuppression in TME and enhance immunotherapy
nanocomplexes

Abbreviations: DOX, doxorubicin; IDO, Indoleamine 2.3-dioxygenase; ICD, immunogenic cell death; HMGB-1, high mobility group protein Bl; PTX, paclitaxel; TRAIL,
tumor necrosis factor related apoptosis-inducing ligand; CRT, calreticulin; OVA, ovalbumin; AlbiAg, albumin-binding antigen; AlbiCpG, albumin-binding adjuvant.

delivery systems have been shown to co-deliver adjuvants and antigens for effective antigen cross-presentation largely
because they overcome the disadvantages of severe adjuvant toxicity and the small number of patients for whom they are
suitable. Kim et al'®’ developed an interesting delivery system using two different nanomaterials carrying adjuvants,
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Toll-like receptor 3 (TLR3) agonist (poly I:C) and ovalbumin (OVA), model tumor antigens, respectively. This system
enhanced secretion of type I IFN-a and IFN-B through uptake of antigen-presenting cells, thereby activating anti-tumor
immunity.'>” Nanomaterials delivering antigen (AlbiAg) and albumin-binding adjuvant (AlbiCpG) induced antigen-
specific T-cell responses in mice, which were critical for altering immunosuppression in the TME and enhancing
immunotherapeutic efficacy.'>®'>* Moreover, nanomaterial-based delivery of antigen adjuvants is available to direct

the immune response to specific sites, such as type 1 T helper cells (Th1) or type 2 T helper cells (Th2).'*°

Patents Related to Nanomaterial-Based Drug Delivery Systems

The use of nanomaterials in drug delivery and cancer therapy is critical to the pursuit of better clinical practice, and
researchers have developed and patented a large number of nanomaterial inventions. With advantages such as small size,
high penetration and better targeting of cancer cells, the number of patented technologies for nanomaterial-based drug

163 Many different types of nanomaterials have been patented for drug delivery,

delivery systems continues to grow.
including metal, carbon, silica, lipid, and polymeric nanomaterials. Patent W0O2014047318Al for targeted combination
therapy of cancer attaches therapeutic agents to iron oxide nanomaterials with superparamagnetic properties in a non-
covalent manner, thereby maintaining the original structure and function of the drug, and it also significantly improves
the bioavailability and stability of the loading agent. The invention of patent WO2018102921Al utilizes ultra-stable gold
nanomaterials that can withstand cold or heat treatment and remain unchanged. The invention is primarily used to deliver
therapeutic agents to mucous membranes and to treat mucous membrane-related diseases. Patent US8535726B2 relates to
graphitic nanomaterials, which comprise complexes composed of carbon nanotubes, in particular SWNTs.'®* The system
enables targeted delivery of drugs to the interior of specific cells by linking hydrophilic polymers, which remain stable in
aqueous suspension form. Patent WO2019113184A1 describes the clinical application of hollow silica nanomaterials for
specific delivery of therapeutic agents to nerves. This invention consists of a multilayer silicone shell with mesopores in
each film, and it enhances the ability of the drug to penetrate the nerve, increases the rate at which the therapeutic effect
is achieved and prolongs the therapeutic effect of the nerve blocking agent.'®®> Patent W02018031782A1 related to
liposomal nanomaterials uses SLN to deliver and enhance the stability of glycopeptide drugs. Liposomal nanomaterials
can integrate the glycopeptide and prevent the peptide chain of the drug from being broken down by the enzyme
peptidase until the glycopeptide binds to the target thereby improving drug stability, tolerance and producing lower
cytotoxicity. Patent US8945629B2 is a clinical application of polymeric nanomaterials for enhancing the targeting of
chemotherapeutic drugs to cancer cells and prolonging the drug’s effectiveness through the delivery of anti-cancer drugs.
The system consists of a polymer soluble in cancer cells and an inner core containing an anti-cancer drug, which protects
the entire system by preventing recognition and attack by the reticuloendothelial system. However, the safety, biocom-
patibility and potential toxicity aspects of nanomaterials still have damaging results for humans. Therefore, more research
on nanomaterials should be conducted and more relevant patents should be applied for clinical use, so as to provide better
treatment effects for various diseases including cancer.

Challenges for Nanomaterial-Based Drug Delivery Systems

Despite the growing use of nanomaterial-based drug delivery systems in cancer immunotherapy, a number of challenges
remain. First, there are significant differences between humans and animals or between patients that cannot be ignored.'®®
Unlike mice used in clinical studies that lack the complexity of human tumors, human tumors are heterogeneous and
mutations can occur in cells within the same tumor.'®” This results in the impossibility of an identical TME for each
tumor, which significantly reduces the efficiency of nanomaterial-based drug delivery. While the humanization of mouse
models may be helpful in addressing such issues, the complexity of the clinical setting is not something it can fully
predict and change.'®® In the future, conducting more clinical trials and using biomarker assays may provide better results
for nanomaterial-based drug delivery systems into cancer immunotherapy. Second, given the many gaps in TME
research, the complexity and heterogeneity of TMEs has made it difficult to estimate the targeting efficiency of
nanomaterial-based drug delivery systems, which ultimately compromises the effectiveness of cancer immunotherapy.
Reversing the immunosuppressive environment of the TME to an immune-supportive environment also has the potential
risk of promoting tumor metastasis. Therefore, further studies on the immune interactions and long-term effects of
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regulatory strategies in TME appear to be necessary. Moreover, toxicity remains a major drawback of nanomaterials.
Nanomaterials of very small size can be potentially harmful when penetrating physiological barriers, including endocrine
disruption, reduced fertility and metabolic diseases.'®® It is also worth mentioning that the techniques for determining the
toxicity of nanomaterials are not yet sufficiently mature. This may be attributed to the fact that when nanomaterials react
with biological substances in vivo, their own properties may change, and there is a great deal of uncertainty about their
final form and the toxicity they will manifest.'’®!”" Reducing the toxicity of nanomaterials to low levels is a key factor in
getting it into clinical treatment on a large scale. The root cause approach to reducing toxicity is to start with
a comprehensive toxicology study. By characterizing nanomaterials in detail, researchers can make the data obtained
in toxicological assays reliable, reproducible and comparable. In addition, modifying specific material characteristics is
also a better way to design lesser toxic nanomaterials, such as controlling the length of nanotubes, applying surfactant
coatings, and removing impurities.'’? Finally, there is a major question of whether the biological properties, stability and
manufacturability of nanomaterial-based drug delivery systems are guaranteed in terms of clinical translation and large-
scale manufacturing. The quality control and manufacturing reproducibility of delivery systems has been studied and
improved by academic researchers and pharmaceutical companies to address this issue. For example, by using
a monodisperse approach to precisely control key quality attributes (such as particle size, drug loading, and targeted
ligand coating), the quality and yield of nanomaterials have been improved. This manufacturing control allows the drug
to be targeted to specific sites of cancer treatment while ensuring safety and quality.

Conclusion

In this review, we first focus on the specific mechanisms by which nanomaterial-based drug delivery systems overcome
barriers to enhance immunotherapy. And we discuss in detail how the different types of nanomaterials currently in
existence can facilitate cancer immunotherapy by playing their specific role in TME. Furthermore, the paper discusses
nanomaterial-based drug delivery systems for drug repurposing in cancer immunotherapy. By delivering immunother-
apeutic drugs (cytotoxic drugs, cytokines, antigens, and adjuvants), nanomaterial-based drug delivery systems can
effectively repurpose these drugs, thereby improving cancer immunotherapy. Notably, it is undeniable that there are
still limitations and challenges with nanomaterial-based drug delivery systems. It is expected that in the near future,
considering the improvements in nanomaterials and advances in nanobiotechnology, nanomaterial-based drug delivery
systems will also be available for precision targeting approaches and combination therapies, which will provide new and
promising directions for cancer immunotherapy.
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