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KEY WORDS Abstract The immune system is involved in the initiation and progression of cancer. Research on cancer
and immunity has contributed to the development of several clinically successful immunotherapies. These
immunotherapies often act on a single step of the cancer—immunity cycle. In recent years, the discovery of
new nanomaterials has dramatically expanded the functions and potential applications of nanomaterials. In
addition to acting as drug-delivery platforms, some nanomaterials can induce the immunogenic cell death

Cancer immunotherapy;
Nanomaterials;
Cancer—immunity cycle;
Drug delivery;

ICD inducers; (ICD) of cancer cells or regulate the profile and strength of the immune response as immunomodulators.
Immunomodulators; Based on their versatility, nanomaterials may serve as an integrated platform for multiple drugs or therapeu-
Photothermal therapy; tic strategies, simultaneously targeting several steps of the cancer—immunity cycle to enhance the outcome
Photodynamic therapy; of anticancer immune response. To illustrate the critical roles of nanomaterials in cancer immunotherapies
Radio sensitizer based on cancer—immunity cycle, this review will comprehensively describe the crosstalk between the im-

mune system and cancer, and the current applications of nanomaterials, including drug carriers, ICD in-
ducers, and immunomodulators. Moreover, this review will provide a detailed discussion of the
knowledge regarding developing combinational cancer immunotherapies based on the cancer—immunity
cycle, hoping to maximize the efficacy of these treatments assisted by nanomaterials.
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1. Introduction

Cancer, one of the most fatal diseases, threatens the lives of about
20 million people worldwide currently'. Traditionally, surgery,
chemotherapy, and radiotherapy have been the main theranostics
for patients with cancer. However, systemic toxicity, cancer
recurrence and metastasis affect patients’ prognosis”. As our un-
derstanding of the interaction between oncology and immunology
has increased, it has become feasible to utilize patients’ immune
systems to defend against cancer. Cancer immunotherapies that
can induce immunological memory have demonstrated a lasting
inhibitory effect on cancer growth, recurrence, and metastasis”.
Cancer immunotherapies, such as immune checkpoint blockade
(ICB)*7 and chimeric antigen receptor T (CAR-T)® 10 cell
therapy, have improved overall survival in a subset of patients,
especially in those with hematological cancers. However, these
treatments induce limited responses in solid tumors'' and are
associated with systemic inflammation'?. After the clinical suc-
cess of ICB and CAR-T therapy, numerous immunotherapeutic
agents and combinatorial strategies have been developed. Immu-
notherapy is redefining cancer theranostics and is not limited to
the treatment of in situ or existing cancers. However, incomplete
immunological knowledge as well as technical limitations still
restricts the development of more efficient cancer immunother-
apies. Novel immunological targets, drug delivery methods, and
synergistic therapies are likely to lead to new breakthroughs in
cancer immunotherapy.

Recently, discoveries in cancer immunology have broadened the
horizon of cancer immunotherapy. Neoantigens, derived from mu-
tations arising during the rapid proliferation of cancer cells, signifi-
cantly increase the immunogenicity of tumor antigens'”. Neoantigen
vaccines have been shown to activate cytotoxic T (CD8™ T) cells'.
In addition, a high cancer mutation burden is an important prognostic
indicator of cancer immunotherapy'™'°. During ICB therapy, the
amount of tumor-infiltrating CD8™ T cells is directly linked to the
therapeutic effect'’. “Hot tumors”, with higher numbers of infil-
trating CD8' T cells against tumor antigens, present a greater
response to ICB therapy'®. In addition to activating an immune
response against cancer cells, regulation of the tumor immunosup-
pressive microenvironment is also necessary. Various cytokines and
immune cells are involved in the development and maintenance of
tumor immunosuppressive microenvironments. These include inter-
leukin (IL)-10, transforming growth factor (TGF)-8, immune
checkpoints overexpressed on the surface of cancer cells, regulatory
T (Treg) cells, and M2-type tumor-associated macrophages
(TAMs)'?. Recently, cancer—immunity cycle that describes the
interaction of cancer tissues and immune system has been come up,
and this concept is constantly being updated and improved®’ .
Basically, cancer—immune cycle describes the process how tumor
antigens that are released from damaged cancer cells are captured by
APC cells and primed to CD8" T cells, and how CD8' T cells
infiltrate into cancer tissues and kill cancer cells. For cancer
immunotherapy, every step of the cancer—immunity cycle should be
well considered. Moreover, optimizing the temporal and spatial
activation of the immune response is the basis for achieving a safe
and long-lasting anticancer effect™.

Cancer immunotherapy is generally administered systemically
to ensure that it reaches all potential tumors. However, this can be
accompanied by severe immune-related adverse events, such as
colitis, diarrhea, and endocrinopathy®***. Therefore, targeting and
specifically activating cancer-related immune cells are critical.

Due to the concerted efforts of clinicians, biologists, chemists, and
material scientists, nanomaterials now play important and diverse
roles in cancer immunotherapy” . Nanomaterials can be
enriched in cancer tissues compared to free small molecular drugs,
which is termed an enhanced permeability and retention (EPR)
effect”. The EPR effect was originally believed to result from the
hyperpermeable tumor vasculature and impaired lymphatic
drainage™. Recent reports have suggested that most nanomaterials
enter tumor tissues via active trans-endothelial pathways®'~% A
more detailed study on the mechanism of EPR will enable
nanomaterials to be optimized for more efficient enrichment
within cancer tissues. As an ideal platform, nanomaterials have the
capacity to integrate multiple drugs for combination or synergistic
treatment strategies’ !, meanwhile a part of them possessing
their own functionality, including photothermal®”, photodynamic™®
and magnetic response capabilities’’. In addition, some nano-
materials can stimulate the immune system, partially by inducing
antigen uptake and presentation by APCs™®. These properties of
nanomaterials make it possible to simultaneously activate several
steps in the cancer—immunity cycle with spatial and temporal
accuracy, which helps in controlling immune-related adverse
events and effectively amplifies the anticancer immune response
by synergistically activating different stages of the immune pro-
cess. Current applications of nanomaterials in cancer immuno-
therapy include use as drug carriers (delivery of apoptosis inducer,
immunostimulants, photothermal or photodynamic molecules,
ICB antibodies), functional materials (induction of photothermal
or photodynamic processes), and immunomodulators. This review
summarized the immune mechanisms and knowledge about the
cancer—immunity cycle, meanwhile discussing in detail the
application of nanomaterials to promote cancer immunotherapies
based on cancer—immunity cycle. Finally, we hope to identify a
breakthrough to further promote the combination and application
of nanomaterials in cancer immunotherapy.

2. Game between cancer and immunity

Cancer immunotherapy is a complicated interdisciplinary field,
involving the interaction and crosstalk between tumors and the
immune system at various stages of cancer development. It was
initially believed that there was no clear association between
immune processes and cancer development. In the past few de-
cades, an increasing amount of evidence has been published to
support the involvement of immune processes in cancer’ ",
Additionally, cancer has been shown to influence immune pro-
cesses and lead to immune escape or immune suppression®’.
Based on these discoveries, numerous studies have focused on
activating patients’ immune systems or adopting powerful im-
mune cells to monitor, inhibit, and reverse cancer growth*’.
However, the effects of cancer immunotherapy against a single
component of the immune process can be compromised by
blocking other parts of the immune process induced by cancer.
Therefore, there is an urgent need to elucidate a detailed under-
standing of immune responses associated with the development
and treatment of cancer.

2.1.  Cancer—immunity cycle

Cancer—immunity cycle was first summarized by Chen et al.*’ in
2013. Basically, it describes the cellular immunity process against
cancer tissues. It includes several steps. Step 1, tumor antigens are
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Figure 1

Adaptive immunity in cancer therapy. Humoral immunity: APCs take up and present antigens by MHC II molecules to activate CD

47 T cells; CD4™ T cells present antigens to B cells, resulting in the secretion of antigen-specific antibodies; antibodies associate with antigens
and co-precipitate for digestion by macrophages or induce ADCC effect mediated by NK cells. Cellular immunity: cancer cells are engulfed by
APCs; APCs cross-present antigens to naive CD8" T cells by MHC I molecules, which is accompanied by CTLA-4 expression on primed CD8" T
cells; primed CD8™ T cells recognize cancer cells via an MHC I/antigen complex and kill cells via the perforin, granzyme and Fas/FasL pathway;
however, the association of CTLA-4 or PD-1 with their ligands can induce the dysfunction of primed CD8" T cells.

released from damaged cancer cells and captured by dendritic
cells (DCs) for processing; Step 2, DCs present tumor antigens to
MHCI and MHCII molecules on T cells; Step 3, the priming and
activation the effector T cell response; Step 4, effector T cells
circulate to tumors; Step 5, effector T cells infiltrate into tumor
tissues; Step 6, effector T cells recognize cancer cells by TCR and
MHC I complex; Step 7, effector T cells kill cancer cells. The final
step of killing cancer cells contribute to the release of tumor an-
tigens to initiate a new round of cancer—immunity cycle. There-
fore, the cancer—immunity cycle has the capacity to self-sustain
upon initiation. The original cancer—immunity cycle emphasizes
the critical function of cellular immunity in cancer therapy.
However, lots of evidence proves that humoral immunity and
innate immunity play important roles in inhibiting cancer devel-
opment™. As described in Fig. 1, the tumor antigens from cancer
cells are captured by APCs. As exogenous antigens, tumor anti-
gens that are endocytosed into the endosome—lysosome system
usually bind MHC II molecules that are rich in the endosome,
which further induce the priming and activation CD4" T cells.
This pathway is classical humoral immunity, which kill cancer
cells by antibody—antigen co-precipitation or antibody-dependent
cell-mediated cytotoxicity (ADCC) mediated by NK cells. How-
ever, specific DCs, like CD8a™ DCs**, or special circumstances,
like endosome leakage of tumor antigens“, induce the cross-
presentation of tumor antigens. In the situation of cross-
presentation, tumor antigens that exist in the cytoplasm are
transported by the transporter of antigenic peptides (TAP) to the
endoplasmic reticulum (ER), and are associated with newly
assembled MHC I molecules. The presentation of MHC I/antigen
complex eventually leads to the activation of CD8" T cells.
Therefore, we reorganized and amplified the content of
cancer—immunity cycle in this review (Fig. 2). We described the

cancer—immunity cycle as following steps. (1) Release of tumor
antigens from damaged or dying cancer cells; (2) uptake and
presentation of tumor antigens by APCs; (3) priming and activa-
tion of CD4" and CD8™ T cells to trigger anticancer humoral and
cellular immunity; (4) trafficking of NK cells, tumor antigen-
specific antibodies, and CD8" T cells; (5) infiltration and
enrichment of NK cells, tumor antigen-specific antibodies, and
CDS8™ T cells into cancer tissues; (6) recognition and eradication
of cancer cells via the cytotoxicity of CD8" T cells and ADCC
effect mediated by NK cells.

2.2.  Immune escape and immunosuppression in cancer tissues

The relationship between cancer and immunity is extremely
complicated. Recent research has suggested that chronic inflam-
mation contributes to the initiation and growth of cancer. Gene
mutations or metabolite variations occur in cancer cells during
tumorigenesis. CD8" T cells recognize and destroy cancer cells by
monitoring the abnormal antigens presented by MHC I molecules
on cancer cells, which ensures a low frequency of cancers
considering that mutations occur in approximately 10’—10°
human cells every day. Commonly, the killing process of CD8" T
cells on cancer cells could start up the cancer—immunity cycle
and efficiently inhibit the occurrence of cancer. However, CD8* T
cells sometimes are blind to a subset of mutated cells, which is
termed the immune escape of cancer cells*®. Moreover, the tumor
immunosuppressive macroenvironment also impede the operation
of cancer—immunity cycle. The main reasons of immune escape
and immunosuppression are summarized as follows (Fig. 3).

(1) Immune selection allows tumors with relatively weak
immunogenicity to escape immune surveillance and
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Figure 2  Cancer-immunity cycle. (1) Release of tumor antigens from damaged or dying cancer cells; (2) uptake and presentation of tumor
antigens by APCs; (3) priming and activation of CD4" and CD8* T cells to trigger anticancer humoral and cellular immunity; (4) trafficking of
NK cells, tumor antigen-specific antibodies, and CD8™ T cells; (5) infiltration and enrichment of NK cells, tumor antigen-specific antibodies, and
CD8™ T cells into cancer tissues; (6) recognition and eradication of cancer cells via the cytotoxicity of CD8™ T cells and antibody-dependent cell-
mediated cytotoxicity (ADCC) mediated by NK cells. The design of Fig. 2 was inspired by Fig. 1 of Ref. 20 with the copyright permission.
Copyright © 2013 Elsevier Inc.

selectively proliferate’’. Cancers induced by oncogenic
viruses and chemical carcinogens are highly immunogenic
and easily cleared by the immune system, while sponta-
neous cancers of animals bear weak immunogenicity and
tend to be retained*®,

(2) Antigen blockade or burying on the surface of cancer cells

affects the recognition and attack by immune cells*’. Some
cancer cells overexpress mucopolysacchandes’(), such as
sialic acid®’ or glycoproteins’>, preventing CD8" T cells
from recognizing antigens presented by MHC I. Clearing
sialic acid was found to enhance the anticancer immune

53,5
response” %,

(3) Reduced expression of MHC I molecules on the surface of

cancer cells can limit primed CD8" T cell recognition”~°.

However, MHC 1 molecules also inhibit NK cells by
binding killer-cell inhibitory receptors (KIR) on NK cells.
A lack of MHC I molecules activates NK cells to mediate
the lysis or apoptosis of cancer cells’’. Therefore, cancer
cells express non-classical MHC I molecules (HLA-E and
HLA-G) to associate with KIR and inhibit the activity of
NK cells’®.

(4) Disordered Fas expression on the surface of cancer cells

limits the ability CD8" T cells to induce cancer cell

apoptosis via the Fas/FasL pathway’’. Moreover, some
cancers overexpress and secrete FasL to bind Fas molecules
on T cells and induce the death of T cells®.

(5) Cancer cells secrete inhibitory factors, such as IL-10 and

TGF-8 to suppress the host immune response®'-®>. These
inhibitory molecules accumulate in cancer tissues, forming
a strong immunosuppressive microenvironment, which in-
activates and kills infiltrating immune cells®. In addition,
in cancer tissues, stromal cells secrete indoleamine-2,3-
dioxygenase (IDO) to inhibit the proliferation of T
cells®. IDO is the rate-limiting enzyme for tryptophan
metabolism and exhausts tryptophan in the microenviron—
ment to inhibit effector T cell proliferation®. Common
cancer-related cytokines are listed in Table 1 ®~77,

(6) Suppressive immune cells exist in tumor tissues, including

cancer-associated fibroblasts (CAFs), regulatory T (Treg)
cells, myeloid derived suppressor cells (MDSCs), and M2
type tumor-associated macrophages (TAMs). Cancer, which
can be considered a non-healing wound, can induce an
injury-like response, including the continued activation of
fibroblasts. During cancer progression, cancer cells secrete
vascular endothelial growth factor (VEGF), and recruit fi-
broblasts, endothelial cells, and inflammatory cells.
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Fibroblasts and inflammatory cells are the main resources
of host-derived VEGF, which forms an autocrine circuit in
cancer tissues’®. However, the reduced fibroblast and in-
flammatory cell activity observed after wound healing does
not occur in cancer.

(7) Immune checkpoints

T cell activation requires the binding of antigen-bound MHC I
molecules to TCRs, and is regulated by costimulatory or inhibi-
tory signals, or an immunity checkpoint (Table 2). Immune
checkpoint pairs are important strategies to achieve self-tolerance
and prevent the immune system from damaging the surrounding
normal tissue during anti-pathogen immunity. Immune check-
points transmit “self” and “do not eat me” signals to T cells.
Cancer cells escape immune surveillance by upregulating immune
checkpoint signals. ICB strategies provide powerful therapies to
facilitate anticancer immunity.
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Immunosuppression in cancer tissues.

CTLA-4 is expressed dominantly in primed CD8" T cells and
shares the B7 ligand with CD28. The association of B7 with
CD28, accompanied by antigen presentation, activates naive T
cells. Conversely, the binding of B7 to CTLA prevents T cell
activation. The up-regulation of CTLA-4 on primed CD8" T cells
prevents the overaction of cellular immunity’®. Although CTLA-4
is mainly expressed on primed CD8" T cells, it has also been
found on Th and Treg cells*”. The engagement of CTLA-4 on Th
cells reduces Th activity, while the expression of CTLA-4 on Treg
cells enhances their immunosuppressive effect®’. The principal
function of PD-1 is to limit T cell activity in peripheral tissues in
anti-pathogen inflammatory response. Nevertheless, it has an
immunosuppressive function during cancer progression. PD-1 is
expressed in many tumor-infiltrating lymphocytes (TILs),
including CD8" T, Treg, B, and NK cells**. The common ligands
of PD-1 are PD-L1 and PD-L2, which are commonly overex-
pressed on cancer cells®. The association between PD-1 and its

Table 1  Cancer-related cytokines.
Cytokine Main source Function Ref.
IL-6 Macrophages Endothelial cells Participates in acute inflammation and promote tumorigenesis 66—68
IL-10 Th2 cells Monocytes Inhibits activated monocytes to produce cytokines 69
Inhibits the production of Thl cytokines
TGF-8 Monocytes T cells Regulates the differentiation of Treg and Th17 cells 61,63
Inhibits the proliferation and differentiation of most immune cells
and the production of cytokines
Promotes the healing of damaged tissue
TNF-a Monocytes Macrophages DCs Pathogenic mediator of several autoimmune diseases; chronic 70
exposure to TNF-«a promotes tumor growth by mediating
activation-induced cell death of effector T cells
IL-2 Thl cells Activates T cells, NK cells, and macrophages 71
IL-12 DCs Macrophages Activates NK cells and induces Thl differentiation 72,73
IL-15 Activated myeloid cells Activates T cells and NK cells 74
IFN-y Activated T cells NK cells Activates macrophages and MHC expression 75
Induces the differentiation of Th1 cells and inhibits Th2 cells
GM-CSF Macrophages T cells Induces the proliferation and differentiation of DCs 76,77

Activates macrophages
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Table 2 Immune regulatory pairs.
Regulator Ligand Source of ligand Function
CTLA-4 CD80 CD86 APCs cancer cells Limit T cell activity
PD-1 PD-L1 PD-L2 T and B cells cancer cells Induce T cell exhaustion
BTLA HVEM T cells and APCs cancer cells Inhibit T cell proliferation
TIM3 GAL9 Tregs cancer cells Inhibit T cell proliferation
TIGHT PVR PVRL2 DCs Inhibit T cell activation
LAG3 MHC complexes APC cells Induce T cell exhaustion
CD40L CD40 APCs Induce CTL priming
0X40 0OX40L APCs Promote T cell division and survival
CD27 CD70 DCs Induce T cell priming
CD28 CD80 CD86 APCs Induce T cell priming of
ICOS B7RP1 B cells macrophages T cell co-stimulation

ligands can induce the dysfunction of CD8% T and NK cells.
However, PD-1 enhances the proliferation of Treg cells in the
presence of ligands®*. In solid cancers, PD-L1 is the major ligand
of PD-1. However, the level of PD-L1 expression is heterogeneous
in different cancers, which may be important when considering
the feasibility of therapeutic strategies against PD-1 and PD-L1.
The anticancer effects of CTLA-4 or PD-1 blockade arise from
the synergistic effect of CD8" T and NK cell activation and Treg
cell inhibition.

2.3.  Cancer immunotherapy restoring cancer—immunity cycle

The role of the immune system during cancer initiation, develop-
ment, and metastasis has received increasing attention. The identi-
fication of cancer—immunity cycle involved in cancer has supported
the use of immunotherapies in patients. As immunotherapies have
become more targeted, the clinical outcomes of patients receiving
anticancer immunotherapies are gradually improving, meanwhile
the safety profile is improving. Commonly, the cancer immuno-
therapies that directly reinitiate the cancer—immunity cycle or relief
the immunosuppressive effect on cancer—immunity cycle, show
great potentials to eradicate cancer. Because the cancer—immunity
cycle has the capacity to self-sustain, any immunotherapies that
promote any steps of cancer—immunity cycles may achieve self-
amplified anticancer effect. Currently used cancer immunotherapies
restoring cancer—immunity cycle include non-specific immuno-
therapy, monoclonal antibody therapy, adoptive cell therapy (ACT),
and anti-tumor vaccine therapy.

2.3.1.  Non-specific immunotherapy (cytokines and
immunostimulants)

Non-specific immunotherapy, mainly including cytokines and
immunostimulants, usually systematic activate immune response
against cancer cells. Non-specific immunotherapy usually has
diverse mechanisms of promoting cancer—immunity cycle,
including inducing the tumor antigen uptake of APCs, promoting
the activation of CD8" T cells and easing the tumor immuno-
suppressive environment by stimulatory cytokines.

Coley85 first administered bacterial extracts (Coley’s toxins) as
adjuvants in patients with cancer at the end of the nineteenth
century. Coley’s toxins altered cytokine levels and leaded to tumor
clearance in some patients. Subsequently, numerous cytokines
have been demonstrated to possess anticancer effects, including
IL-2, IFN-vy, and GM-CSF*°. IL-2 and IFN-y have demonstrated
promising anticancer potential. However, the clinical application
of IL-2 and IFN-y are hindered by severe toxicity following

systemic administration®”. Fusing cytokines with targeting pro-
teins was shown to increase the accumulation in tumors and
improve the subsequent outcomes, while reducing systematic
toxicity®®. Nevertheless, fusion strategies have distinct effects on
different cytokines. The combination of transgene technology and
cytokines provides a novel treatment strategy. Cancer cells
modified with cytokine genes have been evaluated based on the
protective effect against subsequent challenges with wild-type
cancer cells®””°. Except for stimulatory cytokines, immunosti-
mulants, such as agonists of TLRs or STING protein, are widely
utilized to activate the function of APCs”' %%,

2.3.2. Monoclonal antibodies (mAbs)

In cancer immunotherapy, monoclonal antibodies (mAbs) consti-
tute a substantial proportion of US Food and Drug Administration
(FDA)-approved drugs. mAbs associate with targets at high af-
finity, which ensures the accuracy and efficiency of these agents.
Moreover, mAbs have the capacity to mediate ADCC of NK cells,
which further supports the anticancer effects of mAbs. The mAbs
targeting on cancer—immunity cycles are mainly divided into two
categories: immune checkpoint inhibitors for relieving the
immunosuppression ~ on  cancer—immunity  cycle  and
antibody—drug conjugates (ADCs) for inducing the death and
antigen release of cancer cells.

The existence of immune checkpoints on cancer cells signifi-
cantly limits the effectiveness of cancer immunotherapy. To
restore the function of primed CD8" T cells, antibodies that
inhibit the association of CTLA-4 or PD-1 with respective ligands
have been widely studied. Clinical data promote the commer-
cialization of mAbs against CTLA-4 (ipilimumab), PD-1 (nivo-
lumab, pembrolizumab), and PD-L1 (atezolizumab)’*. Compared
with CTLA-4 and PD-1 mAbs, PD-L1 mAbs have demonstrated
lower toxicity.

Recently, ADCs have attracted attention, and three types of
ADCs have been commercialized since 2019. Traditional chemi-
cal drugs have no selectivity and require a relatively high dose to
achieve curative effects. High-affinity antibodies can be accurately
associated with their targets. ADCs, composed of an antibody
“warhead”, a cleavable linker, and a cytotoxic drug, combine the
advantages of antibody and chemical drugs. Currently approved
ADCs target biomarkers that are overexpressed on cancer cells,
such as HER-2, CD30, CD33, and CD22”. The development of
ADC technologies has expanded the indications for these thera-
pies from leukemia to solid malignancies. Enhertu, a newer ADC,
has been used in patients with HER-2 positive breast, stomach,
and non-small cell lung cancers, with an objective response rate
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(ORR) of approximately 60%°°. The FDA-approved ADCs are
summarized in Table 3.

2.33. ACT

ACT involves the activation and expansion of autologous immune
cells in vitro, which are then reintroduced into the patient to
enhance the anticancer capacity of the immune system. ACT
directly carries out the identification and killing of cancer cells
and reinitiates the cancer—immunity cycle by supplying a large
amount of tumor antigens.

The effector cells of ACT are mainly lymphokine-activated
killer (LAK) cells”’, cytokine-induced killer (CIK) cells’®, tumor-
infiltrating lymphocytes (TIL), DC, NK, TCR-T, and CAR-T”. In
non-specific ACT therapy, the effector immune cells, including
LAK, CIK, DC, and NK, do not recognize specific tumor antigens
and have no MHC 1 restriction. Although non-specific ACT
therapy has demonstrated excellent anticancer activity against
cancer cells lacking MHC I molecules, the potential toxicity to
normal tissue cannot be ignored. The effector immune cells in
specific ACT therapy, including TIL and TCR-T, can recognize
tumor antigens. The recognition and subsequent lethal effect in
cancer cells are dependent on MHC I molecules. Due to the MHC
I restriction, TIL- and TCR-T-based specific ACT therapies are
ineffective against cancer cells lacking MHC I. Nevertheless,
CAR-T utilizes an antibody-antigen recognition model to replace
the association of TCR-CD3 with MHC I/antigen complex, which
avoids the MHC I restriction. However, CAR-T can only target
cancer cells with surface antigens, and not those with internal
antigens. CAR-T therapies approved by the FDA, such as Kym-
riah and Yescarta, mainly target lymphomas. The application of
CAR-T to solid tumors remains challenging. Identifying better
cancer biomarkers and the rational design of CAR are the main
determinants for the success of CAR-T therapy. Moreover, similar
technologies have been utilized in CAR-NK cells, which have
been utilized in many preclinical studies'*”.

Patients bearing with cancer often have a weak immune sys-
tem, with limitation of number and activity of self-lymphocytes.
Therefore, the development of lymphocytes from other sources is
considered a breakthrough. Recently, induced pluripotent stem
cell (iPSC) technology has expanded the sources and doses of
primary lymphocytes. Perhaps due to epigenetic memory,
compared to somatic cells, iPSCs from cord blood or peripheral
blood lymphocytes increase the efficiency of CD4" CD8™"
lymphocyte production'®'. CAR-T or CAR-NK therapies based on
iPSCs have demonstrated significant curative effects in patients

. . . . 2
with B-cell malignancies and ovarian cancer'®’. Furthermore,

universal CAR-T overcomes the limitations associated with cell
source, providing widely applicable ACT without HLA-matching.
Thus, MHC 1, MHC 1II, and TCR molecules are eliminated to
avoid transplant rejection or graft—versus—host reactions through
mature gene editing. Furthermore, HLA-E or HLA-G is intro-
duced to avoid immune attack by patients’ NK cells'”. Clinical
trials investigating iPSC-derived ACT or universal CAR-T thera-
pies are currently ongoing.

2.3.4. Anticancer vaccines

Tumor initiation and progression are commonly accompanied by
genetic mutations, which generate unique antigens that differ from
those on normal autologous cells. The release of tumor antigens is
supposed to start up the cancer—immunity cycle. However, the
inability of APCs in tumor macroenvironment or low immuno-
genicity of tumor antigens impedes the capture and presentation of
tumor antigens. Cancer vaccines, which are composed of tumor
antigens and adjuvants, aim to overcome the tumor immunosup-
pressive environment, enhance the immunogenicity of tumor an-
tigens, activate autologous cellular and humoral immunity, and
thereby control or eliminate cancers'®’. Traditionally, cancer
vaccines have included whole cell (cancer cell vaccines and DC
vaccines), peptide, and nucleic acid vaccines.

With recent developments in gene sequencing and bioinfor-
matics, personalized tumor neoantigens can be rapidly identi-
fied'”. Relative to tumor-associated antigens, neoantigens are
derived from cancer cell mutations and are therefore, completely
new antigens. These neoplastic neoantigens are usually poly-
peptide fragments that possess a certain binding capacity with
HLA; however, their immunogenicity is uncertain, and should be
determined in vivo experiments. Peptide vaccines and mRNA
vaccines based on neoantigens can induce anticancer humoral and
cellular immunity'*'%°

An in-depth study of cancer cell death found that some cancer
cells can cause an immune response after death, which is termed
immunogenic cell death (ICD). When cancer cells die normally,
their antigens and immunostimulatory components are degraded
via the apoptosis pathway. During ICD, cancer cells expose their
antigens and release damage-associated molecular patterns
(DAMPs), including ATP, high-mobility group protein 1
(HMGBJ1), and calreticulin'®’. These DMAPs induce the uptake
and presentation of tumor antigens by APC cells, thereby pro-
ducing anticancer effects'*®. In situ cancer vaccines based on the
ICD process have revealed new anticancer mechanisms of

Table 3  FDA-approved ADCs for cancer therapy.
Product ADC Approval Target FDA-approved indication
date
Adcertris Brentuximab vedotin 2011 CD-30 Hodgkin’s lymphoma
Kadcyla Trastuzumab emtansine 2013 HER-2 HER2-positive advanced breast cancer
Besponsa Inotuzumab ozogamicin 2017 CD22 Relapsed or refractory CD22-positive acute lymphoblastic leukemia
Mylotarg Gemtuzumab ozogamicin 2017 CD33 CD33-positive newly diagnosed acute myeloid leukemia
Lumoxiti Moxetumomab pasudotox- 2018 CD22 Adult patients with relapsed or refractory hairy cell leukemia
tdfk
Policy Polatuzumab vedotin-piiq 2019 CD-79 b Adult patients with relapsed or refractory diffuse large B-cell
lymphoma
Padcev Enfortumab vedotin-ejfv 2019 Nectin-4 Patients with locally advanced or metastatic urothelial cancer
Enhertu Fam-trastuzumab 2019 HER-2 Adult patients with HER2-positive unresectable or metastatic breast
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traditional chemotherapeutic drugs, such as doxorubicin
(DOX)'". Furthermore, several external cancer therapies, such as
photothermal therapy, photodynamic therapy, and radiotherapy,
have been shown to induce ICD in cancer cells. However, the
effect of the in situ vaccine strategy is not guaranteed, and it
depends directly on the immunogenicity of the tumor antigens.
Cancers with greater mutation burden present a greater response to
in-situ vaccines. Moreover, cancer vaccines that efficiently acti-
vate cellular immunity have good anticancer outcomes. The cross-
presentation of APCs for exogenous tumor antigens is critical for
activating cellular immunity. The cancer vaccines that could target
CD8at DCs in lymph nodes or release tumor antigens from
endosome—lysosome system to cytoplasm, provoke cross-
presentation of APCs and better anticancer cellular immunity.

3. Nanomaterials provoking cancer—immunity cycle

Nanomaterials have versatile advantages, such as controllable size,
high biocompatibility, and excellent load capacity. As the mecha-
nisms underlying cancer immunology are gradually elucidated,
nanomaterials are expected to have potential to optimize many as-
pects of cancer immunotherapy based on cancer—immunity cycle.
The targeting capacity of nanomaterials can ensure that the different
steps of the cancer—immunity cycle are activated with temporal and
spatial precision, which minimizes side effects while ensuring an anti-
tumor immune response. The identification of EPR effects makes
nanomaterials (20—200 nm) a suitable partner for cancer-targeted
drug delivery''°. Applying nanomaterials as carriers may enrich im-
mune regulatory compounds in cancer tissues to enhance the immune
response and reduce systemic toxicity. In addition, nanomaterials with
a size of about 25 nm are more likely to target lymph nodes, resulting
in the potent immune activation induced by cancer vaccines''"''%. In
addition to participating in cancer immunotherapy as drug carriers, an
increasing number of nanomaterials are indicated to mediate external
anticancer treatments, including photothermal and photodynamic
therapies, which induce ICD in cancer cells to form an in-situ anti-
cancer vaccine and reinitiate cancer—immunity cycle. In addition,
partial nanomaterials have demonstrated unique adjuvant effects,
which can stimulate the body to produce a stronger immune response
and relieve the suppression of cancer—immunity cycle. The following
will introduce in detail how nanomaterials as drug carriers, ICD in-
ducers and immune adjuvants enhance cancer immunotherapy based
on cancer—immunity. The versatile functions of nanomaterials raise
up the possibility of developing combinatorial cancer immunotherapy
for simultaneously targeting several steps of cancer—immunity cycle
to achieve more potent anti-cancer outcome (Fig. 4).

3.1.  Drug delivery platform

In cancer immunotherapy, nanomaterials are used widely to target
and enrich immune stimulatory compounds or cancer vaccines in
cancer tissues or immune tissues (such as lymph nodes). The
enriched drugs enhance immune system activation because of the
increased concentration, and also limit damage to normal tissue
caused by a systemic immune response. Nanomaterials that target
cancer tissues and lymph nodes can be divided into passive and
active targeting agents, according to the mechanism used. Passive
targeting relies on the uptake of specific-sized nanomaterials by
cancer tissues or lymph nodes, while active targeting predomi-
nantly relies on the overexpression of receptor molecules. For
example, av-integrins or folate receptors are overexpressed in

some cancer tissues, and the av-integrin ligand (iRGD) or folic
acid can be modified on the surface of nanomaterials to achieve
active targeting. Mannose receptors are overexpressed on the
surface of APCs in lymph nodes. Therefore, mannose can be
modified on nanomaterials to actively target APCs. Cancer-
targeted nanomaterials are usually loaded with immune activa-
tors that can overcome the immune suppressive microenviron-
ment, including cytokines, immune stimulants, and ICB
antibodies. Nanomaterials that target lymph nodes are usually
loaded with tumor antigens to promote the processing and cross-
presentation of antigens by DCs, and to activate cancer-specific
CD8™ T cells in the lymph nodes. The identification and devel-
opment of ICD inducers have led to the use of nanomaterials to
transport these agents to cancer tissues. In addition, the rational
combination of different immunomodulators in nanomaterials will
further improve the efficacy of cancer immunotherapy.

3.1.1. Cytokines and immunostimulants

Systemic administration of free cytokines and immunostimulants
leads to an uncontrollable immune storm. Cancer-targeted nano-
materials can restrict immune activation occurring inside cancer
tissues. Following the assembly of low molecular-weight poly-
ethyleneimine (600 Da), linkage with $-cyclodextrin and the IL-2
gene, and association with folate, polymeric nanoparticles about
100 nm in diameter, were shown to induce the activation of CD4™
T cells, CD 8" T cells and NK cells, resulting in the regression of
B16—F1 melanoma grafts''®. A combination of the IL-2 gene, IL-
12 gene, endosomally cleavable lipid, and endosomally cleavable
RGD peptide generated nanoparticles approximately 100 nm in
size, which led to increased leukocyte infiltration and necrotic
cancerous areas''*. In addition, loading IL-2-fused Fc proteins and
an agonistic CD137 antibody on liposomes could retain the potent
anticancer effects of IL-2 and an agonistic CD137 antibody, while
significantly reducing systemic toxicity caused by circulating
leukocytes''® (Fig. 5).

Except for cytokines, nanomaterials combined with immu-
nostimulants ensure the local activation of tumor-infiltrating leu-
kocytes. Intravenous administration of cyclic-di GMP-loaded
cationic lipids was shown to efficiently trigger the production of
interferon (IFN) and the activation of NK cells, which inhibited
lung metastasis in a BI16-F10 xenograft mouse model''®. In
addition, immunomodulator-loaded nanomaterials have the po-
tential to target cancer-related leukocytes. For example, nano-
particles loaded with a TLR7/8 agonist specifically targeted DCs
in cancer tissues and draining lymph nodes through passive tar-
geting due to the size effects''’. PLGA-PEG polymeric nano-
materials associated with an anti-PD-1 antibody (aPD1) or a CD8
antibody were shown to specifically bind to PD-1 positive CD8* T
cells. These PLGA-PEG polymeric nanomaterials were shown to
deliver TGF-@ inhibitors, reversing the suppressive effect of TGF-
B on CD 8" T cells''®. Similar nanoparticles decorated with aPD1
were used to deliver a NF-«kB inhibitor to PD-1 positive TILs to
reduce the production of IL-10 and TGF-g, thereby easing the

. . s 9
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3.1.2. mAbs

ICB, the most successful mAb therapy used in cancer immuno-
therapy, acts on both TIL and circulatory leukocytes, which induce
anticancer effects along with autoimmune inflammation. Nano-
materials can transport ICB antibodies to cancer tissues and amelio-
rate toxicity. Self-degradable microneedles encapsulating aPD1 were
shown to release aPD1 to melanoma tissues and significantly inhibit
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Nanomaterials target different stages of the cancer—immunity cycle individually or simultaneously. Currently used nanomaterials

mainly induce the ICD of cancer cells, promoting the antigen uptake and maturation of APCs, enhancing the cross-presentation of APCs, and

regulating the immunosuppressive microenvironment of cancer tissues.

cancer progress'*’. In addition to controlled release, nanomaterials
also endow ICB antibodies with multivalent effects, which
strengthens the interaction between antibodies and their targets.
Construction of a multivalent anti-PD-L1 antibody (aPD-L1) by
conjugating aPD-L1 with hyperbranched poly-(amidoamine) den-
drimers, enhanced the binding avidity with PD-L1 six-fold compared
with free aPD-L1'!. Moreover, fusion of recombinant scFv of aPD1
with immune-tolerant elastin-like polypeptide (iTEP) resulted in the
self-assembly of aPD1 nanoparticles, which blocked the PD-1 im-
mune checkpoint in vitro and in vivo'**. Furthermore, nanoparticles
co-loaded with different mAbs, such as aPD1 and anti-OX40 antibody
(a0X40) demonstrated synergistic and improved anticancer out-
comes compared to the two free antibodies'> (Fig. 6).

3.1.3.  Cancer vaccines

Tumor antigens and adjuvants are required for cancer vaccines.
Auxiliary ingredients, such as immunostimulants, could further
improve the immunogenicity of cancer vaccines. Nanomaterials
are multifunctional platforms that provide versatile advantages for
the construction of cancer vaccines, as follows'**'%°: (1) the ca-
pacity to simultaneously deliver different vaccine components to
the same APCs to boost an specific immune response; (2) enrich
cancer vaccines to APCs in lymph nodes or cancer tissues by
passive or active targeting; (3) mediate size and multivalence ef-
fects of cancer vaccines to trigger a potent immune response; (4)
the controlled and sustainable release of tumor antigens ensuring
long-term activation of the immune system; (5) cytosolic delivery
of tumor antigens to promote cross-presentation of APCs to effi-
ciently prime naive CD8" T cells.

Tumor-associated antigens (TAAs) and model antigens have
been widely utilized for the primary identification and develop-
ment of cancer vaccines, since identification of tumor-specific
antigens is relatively difficult. Based on TAAs and model antigens
(such as ovalbumin, OVA), numerous nanoparticles have been

used to develop cancer nanovaccines. For example, biodegradable
PLGA'*®, lipid—calcium—phosphate (LCP) nanoparticles'”’,
glutathione-depletion mesoporous organosilica nanoparticles'**
and protein nanoparticles'>” have successfully loaded TAAs and
model antigens, and shown to mediate tumor antigen-specific
immunity. Following the discovery that DCs play important
roles in the uptake and handling of cancer vaccines, an increasing
number of cancer nanovaccines have been designed to target
DCs'*. For example, golden nanoparticles approximately 14 nm
in size were used to load red fluorescent protein (RFP) as a model
antigen and CPG-ODN as adjuvants. The formulation resulted in
the enrichment of nanoparticles in draining lymph nodes, a high
titer of anti-RFP antibody, and the regression of RFP-expressing
B16-F10 tumors'?'. In addition, DC-targeting molecules, such
as mannose or CD40 antibodies, are commonly modified on
nanoparticles to deliver cancer nanovaccines to DCs. For example,
PLGA-nanoparticles containing Pam3zCSK,, Poly (I:C), and OVA,
were associated with anti-CD40 antibody, which resulted in effi-
cient vaccine delivery to DCs and the potent activation of CD8™ T
cells'??,

Under normal circumstances, DCs present antigens to CD4™ T
cells to induce humoral immunity after engulfing exogenous antigens.
However, cellular immunity facilitated by the cross-presentation of
DCs with the aid of MHC I molecules represents a more efficient
anticancer immune response. Nanomaterials that have the capacity to
deliver tumor antigens into the cytoplasm greatly improve the prob-
ability and efficiency of cross-presentation. Positively charged
nanomaterials, such as polyethyleneimine (PEI) and chitosan/calcium
phosphate nanosheets, have been shown to trigger the endosomal
escape of cargos via a proton sponge effect’™'*. Nanomaterials
loaded with endosomal-disrupting agents, such as pore-forming
peptides, can mediate the escape of co-delivered cargos. For
example, Kong and Liu et al.'* constructed nanovaccines by loading
PLGA with OVA and hydroxychloroquine (HCQ). HCQ induced



116 Qiangian Li et al.
A 2 4x10° <
X
- WiL2-Fe 800 —
5 I Lipo-IL-2-F¢
3 3x10° P _ 600
o E
3 NS =
8 2x10° —_ & 400
- z
b ~ 200
8 1x10°
e 0
0 Control Anti- Lipo-
Day 3 Day 4 CD137  oCD137
D Untreated aCD137+IL-2-Fc Lipo-aCD137+IL-2-Fc
Untreated Lipo-aCD137/IL-2-F¢ Lipo-lgG
. F
E 0 -@- Untreated 107
< -8 CD137/IL-2-Fc Day 13 4
£ 300 ) H
£ -4 Lipo-aCD137/IL-2-Fc -
§ 20 e :
[z
] 2
g 100 Day 20
=
(R i — i
8 101214 16 18 20 22 24 26 28 30 H
AA AL - "
St
Figure 5 Liposomes anchoring IL-2-fused Fc and an agonistic CD137 antibody resulted in anticancer immunity without systemic toxicity. (A)

Cryo-TEM image of a IL-2-Fc-liposome (anti-CD137 liposomes were similar). (B) CD8™" T cell counts were determined following the treatment
of polyclonal T cells from C57Bl/6 mice with soluble or liposomal IL-2-Fc (10 ng/mL of protein). (C) secreted IFN-y was analyzed and then
activated T cells were incubated with soluble anti-CD137 or Lipo-«CD137 (final «CD137 concentration: 10 pg/mL). (D) frozen sections of tumor
after injections of Alexa-568-labeled «CD137 and IL-2-Fc and Lipo-a«CD137 + Lipo-IL2-Fc. (E) tumor sizes in C57B1/6 mice following
treatment with «CD137 + IL-2-Fc, Lipo-aCD137 + Lipo-IL-2-Fc, or Lipo-IgG. (F) Bioluminescence images of C57BL/6 mice carrying
luciferase-expressing B16F10 tumors, after treatment with Lipo-aCD137 + Lipo-IL-2-Fc or Lipo-IgG. Reprinted with the permission from

Ref. 115. Copyright © 2019 Nature Publishing Group.

membrane permeabilization of the endosome and facilitated the
release of OVA. Compared to PLGA/OVA nanoparticles, nano-
vaccines enhanced the expression of MHC-I and the costimulatory
molecule CD86 of BMDCs, increased the frequency of IFN-y* CD8"
T cells, IFN-')/+ CD4" T cells, and central memory T cells, and
promoted the significant regression of tumors. In 2019, Xu et al.'*
constructed another nanovaccine facilitating cross-presentation by
loading OVA and CpG-ODN on a polyamidoamine dendrimer
modified with guanidinobenzoic acid (DGBA). This nanovaccine
induced potent antigen-specific cellular immunity and prevented the
re-challenge of B16-OVA melanoma. Moreover, this nanovaccine
demonstrated robust anticancer efficacy against B16-OVA mela-
nomas when combined with the ICB strategy of aPD-1.

Following the maturation of identification technology for
neoantigens, cancer neoantigens are now being utilized to
formulate cancer nanovaccines. Nanodiscs coated with neo-
antigens and CPG-ODN were demonstrated to enriched in
lymphoid organs, and induced up to 47-fold more neoantigen-
specific CTLs than soluble vaccines'*°. In addition, the use of T7
bacteriophages as nanocarriers for the expression of neoantigens

could obtain nanovaccines containing diverse neoantigens. These
nanovaccines elicited high titers of anti-neoantigen antibodies and
B cell responsesm. In addition, the construction of cancer
nanovaccines by the self-assembly of neoantigens and immunos-
timulants ensured efficient codelivery and high loading capacity.
Conjugation of neoantigen peptides with an imidazoquinoline-
based TLR-7/8 agonist could self-assemble into nanoparticles
about 20 nm in size. Administration of this nanoparticles elicited
functional CD8" T cells against approximately 50% of neo-
antigens and led to enhanced tumor clearance'**.

Neoantigens are specific for different tumor types, making
them ideal antigen sources for cancer vaccines. Nevertheless,
common neoantigen cancer vaccines are difficult to include all
tumor antigens owing to the heterogenicity and frequent mutation
of cancer cells. Therefore, cancer cell lysis and membrane struc-
tures have attracted attention for being rich in antigens. Poly-
dopamine nanoparticles (PDA NPs) conjugated with cancer cell
lysates with a high loading capacity were demonstrated to effi-
ciently inhibit cancer progression'*’. In addition, cancer biofilms
may be a suitable antigen donor for developing cancer vaccines. In
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A dual immunotherapy nanoparticle targeting PD-1 and OX40 improved anticancer immunity. (A) Schematic of DINP-facilitated

enhancement of combination immunotherapy. (B) images of nanoparticles before and after antibody conjugation (scale bar: 100 nm). (C)
tumor size and survival curves of C57BL/6 mice with B16F10 tumors following treatment with different drugs. (D) immunofluorescent images of
tumors after treatment of different drugs. Reprinted with the permission from Ref. 123. Copyright © 2018 WILEY-VCH Publishing Group.

2014, Fang et al.'"*" utilized PLGA as the core material, encap-
sulated within cancer cell membranes derived from murine mel-
anoma cells, and monophosphoryl lipid A (MPLA) as an adjuvant.
This PLGA-membrane system retained most of the membrane-
bound protein antigens and potently activated DCs with the aid
of MPLA. Notably, the PLGA—membrane system without MPLA
rarely induced DC activation, which might result from the low
immunogenicity of the membrane alone.

In addition, the cell membrane from murine melanoma after
PEGylation and association with CPG-ODN as an adjuvant, was
found to induce a 3.7-fold greater antigen-specific cytotoxic CD8*
T cell response, compared to cancer cell lysates. Moreover, the
PEGylated cancer vaccine combined with aPD-1 potently inhibi-
ted melanoma development'*'. Cancer vaccines derived from the
cell membrane elicited a more efficient anticancer effect when
combined with DC targeting. For example, PLGA loaded with the
TLR7 agonist R837 significantly triggered DCs activation, IL-12
release, and TNF-a production after coating with cancer

cytomembrane and mannose'*’. Fusion cell membranes from
cancer cells and DCs have provided new insights into the con-
struction of biofilm-based cancer vaccines. The fused cell mem-
brane presented both tumor antigens and costimulatory molecules
of DCs, producing potent DC-mimicking nanoparticles to directly
present tumor antigens to T cells, and protect against re-challenge
by cancer cells'**. However, the fusion efficiency and stability of
fused cells should be optimized.

Theoretically, ICD inducers cause the release of tumor anti-
gens and DAMPs, which function as in situ vaccines to activate
APCs'"’. However, the immunogenicity of in situ vaccines is
usually not strong, and depends on the mutation burden of cancer
cells. Nanomaterials can target cancer tissues to deliver ICD in-
ducers and co-load versatile immunostimulants to enhance the
immunogenicity of in situ cancer vaccines. In addition to tradi-
tional chemotherapy drugs that induce ICD in cancer cells, such as
DOX, oxaliplatin, and mitoxantrone, other types of molecules
have also been shown to induce ICD, including photothermal and
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photodynamic agents'**. Indocyanine green (ICG) is an FDA-
approved dye used to assess liver function and blood flow, and
is widely utilized as a photothermal agent in cancer immuno-
therapy. For example, PLGA loaded with ICG and R837 was
found to mediate local tumor regression after irradiation with
near-infrared light, and further inhibited tumor recurrence via the
activation of cellular immunity against cancer cells'* (Fig. 7). A
similar strategy was used to carry ICG and R837 on magnetic
nanoparticles. With the aid of a magnetic field, the nanoparticles
could be efficiently enriched in cancer tissues for MRI imaging.
Moreover, the magnetic nanoparticles potently inhibited the pro-
gression of localized cancer and metastasis'*.

Photofrin and seven other photosensitizers have been approved
by the FDA for use in photodynamic therapy. New-generation
photosensitizers with longer excitation wavelengths and improved
light stability are currently under development. Chlorin e6 (Ce6),
which efficiently produces singlet oxygen, has attracted significant
attention in basic research. As photosensitizers, O, and light are
necessary for the effective production of singlet oxygen and other
reactive oxygen species (ROS). Nanomaterials are commonly used
to co-deliver photosensitizers and O, to cancer tissues to over-
come the hypoxic environment. For example, hemoglobin (Hb)
covalently bound to Ce6 and loaded with sorafenib (SRF, fer-
roptosis promotor) was shown to recruit immune cells to secrete
IFN-y and mediate potent anticancer effects'*’. Recently, nano-
materials were applied as antigen capture carriers in vivo for the
construction of in sifu cancer nanovaccines'**. After the release of
tumor antigens induced by radiotherapy, different surface-
modified PLGA nanoparticles were injected intratumorally and
their ability to capture tumor antigens and activate DC and CD8™
T cells was assessed. Screening demonstrated that maleimide
polyethylene glycol PLGA (Mal AC-NPs) could elicit potent
cellular immunity and a subsequent anticancer outcome'*’.

In addition, nanomaterials are designed to recruit and associate
cancer cells with immune cells such as APCs. For example, Yuan
et al."”" constructed a bi-specific nanobioconjugate engager
equipped with an antibody against HER2 on cancer cells and CRT
proteins to recruit APCs. This nanoparticle induced HER-2-
mediated phagocytosis and resulted in a durable anticancer
response against HER2-positive cancer cells.

3.2.  Functional material as an ICD inducer

The types and functions of nanomaterials are diverse. They can be
used as drug carriers (such as liposomes, mesoporous silicon, and
polymers), and also have various other functions, such as photo-
thermal effects, photo dynamic effects, chemical kinetic effects,
magnetothermal effects, and radiation enhancement effects. A part
of nanomaterials with these functions have been shown to induce
ICD in cancer cells, thereby releasing tumor antigens and
DMAPs'"'. The combination of these nanomaterials with tradi-
tional immunotherapy, such as immunostimulants and immune
checkpoint therapy, has the potential to efficiently promote several
steps of cancer—immunity cycle and eventually achieve better
anticancer effect. The following part of this review will introduce
photothermal, photodynamic, radiotherapeutic, chemodynamic,
and other functional nanomaterials, and discuss their applications
in cancer immunotherapy based on cancer—immunity cycle.

3.2.1.  Photothermal nanomaterial
Photothermal agents (PTAs) transform light energy into thermal
energy. PTA nanomaterials are usually divided into metal-based

inorganic agents, carbon-based inorganic agents, phosphorene-
based agents, polymeric agents, and other new PTAs'** !>
Metal-based inorganic PTAs include conventional noble metal
materials (including Au, Ag, Pd, and Pt) and semiconductor ma-
terials (containing CuS, MoS,, and WS,). Metal-based inorganic
PTAs are easily synthesized with adjustable sizes and shapes, but
have disadvantages such as slow metabolism rate and unclear long-
term toxicity profiles. Carbon-based inorganic PTAs are mainly
composed of graphene, carbon nanotubes, and fullerene. While
carbon-based inorganic PTAs have high photothermal conversion
efficiency and stability, they have potential to induce pneumonia
and are difficult to produce on a large-scale. Phosphorene-based
PTAs, newly developed nanomaterials, contain two-dimensional
black phosphorene and black phosphorous quantum dots.
Phosphorene-based PTAs have high photothermal conversion effi-
ciency and excellent biodegradation properties. Nevertheless, issues
with stability, large-scale production, and storage capacity remain
to be resolved. Moreover, the acute toxicity and immune effects
associated with phosphorene-based PTAs are still unclear. Poly-
meric PTAs, including polypyrrole (PPy) and polydopamine
(PDA), are easily synthesized with adjustable molecular weights.
Regarding other novel PTAs, several two-dimensional materials
have been generated with high photothermal conversion efficiency,
such as C3N, and MXenes with the general formula M, ;X,,. In
M,,;1X,,, M indicates a transition metal (Ti, V, Ta, Nb, Mo, and Zr)
and X represents C or N.

The PTAs suitable for PTT in cancer immunotherapy should
satisfy the following requirements: (1) relatively high photo-
thermal conversion efficiency to avoid laser damage to normal
tissue; (2) excellent biocompatibility and biodegradation to avoid
systemic toxicity; and (3) light absorption in the NIR region,
which is optimal in the second NIR (NIR-II) window
(1000—1350 nm). To date, photothermal therapies function as two
models: high-temperature PTT and low-temperature PTT. For high
temperature PTT, cancer tissues are ablated at temperatures
exceeding 50 °C'>>. High temperature and heat transduction may
damage adjacent normal tissue'°°. Normally, mammalian cells
respond to heat shock by overexpressing heat shock proteins
(HSPs), such as HSP70 and HSP90. Therefore, research has
focused on sensitizing cancer cells for low-temperature PTT by
inhibiting the expression and activity of HSPs'”’.

Recent studies have confirmed that PTT can induce ICD in
cancer cells'**. The higher temperature induced by irradiation
resulted in more efficient cell death. However, ICD biomarkers did
not increase with raising temperature. ICD markers, such as ATP
release, HMGB1 release, and calreticulin expression, emerged
more frequently at 63.3—66.4 °C than at higher (83.0—83.5 °C)
and lower (50.7—52.7 °C) temperatures. Moreover, subsequent
vaccination with different PTT-treated neuroblastomas confirmed
in vitro findings. Challenging immunized mice with neuroblas-
toma cells within an optimal temperature window resulted in
improved long-term survival compared to higher or lower tem-
perature groups'”®,

However, it is difficult to elicit a potent anticancer immune
response only depending on antigen immunogenicity resulting
from PTT-induced ICD. Therefore, PTA nanomaterials are
frequently combined with other traditional immune strategies
to improve the outcome of cancer immunotherapy. Utilization
of carbon nanotubes as PTAs, combined with systemic
administration of an anti CTLA-4 antibody effectively inhibi-
ted distant cancer and cancer metastasis under irradiation'’.
Hollow CuS nanoparticles coated with chitosan and CpG-ODN
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Photothermal therapy with immune-adjuvant nanoparticles induced anticancer immunity. (A) Schematic of immune-adjuvant

nanoparticle constructed by PLGA loaded with ICG and R837 and its effect on immune system. (B) tumor volume of 4T1 and CT26 distant
tumors following the indicated treatment of the primary tumor. (C) CD4" and CD8" T cells counts of distant tumors following the indicated
treatment of the primary tumor. Reprinted with the permission from Ref. 145. Copyright © 2016 Nature Publishing Group.

were found to activate NK cells and DCs in cancer tissues and
draining lymph nodes, leading to the inhibition of localized
and distant cancer'®’. Recently, mammalian cells have been
utilized for the in situ generation of PTAs, Au nanoparticles
(AuNPs). Treatment of B16F10 cells with HAuCl, induced the
intracellular generation of AuNPs. After exocytosis, AuNPs
were encapsulated in B16F10 membranes containing diverse
tumor antigens. Then, the AUNP@B16F10 cells were incubated
with DC2.4 cells to further decorate the DC membrane and
form AuNP@DCg¢r19. Administration of AuUNP@DCg¢rig to
B16F10-bearing mice significantly inhibited cancer develop-
ment and activated DCs and CD8" T cells after irradiation'®’
(Fig. 8).

Although nanomaterial-mediated PTT has been used widely
in basic research for its non-invasive feature, there are still no
successful clinical applications. The obstacles of nanomaterial-
mediated PTT in clinical transformation can be summarized into
six categories. (1) The limitation derived from the material
features of most nanomaterials, including poor blood stability
and dispersion, limited long circulation capacity, liver enrich-
ment and inflammation, and unclear pharmacokinetic process.
(2) The limitation of nanomaterial-based PTAs, including low

photothermal efficiency and poor photo stability, especially for
gold-based PTAs. (3) The obstacles derived from the irradiation
process of light, including light toxicity and superficial tissue
penetration. (4) What temperature is beneficial to the ICD pro-
cess? Is there general principle for all nanomaterials-based PTAs
(5) The limitation of knowledge about ICD process induced by
nanomaterials-assisted PTT, for example, whether all the
nanomaterials-assisted PTT cause ICD of cancer cells and how
to evaluate and predict the capacity of nanomaterial-based PTAs
to induce ICD process. (6) The intensity of ICD process induced
by nanomaterials-assisted PTT is not enough to potently reini-
tiate the cancer—immunity cycle, and the combination of
nanomaterials-assisted PTT with other cancer immunotherapy is
necessary, which increases the complexity of the treatment
system.

3.2.2.  Photodynamic nanomaterial

In PDT, photosensitizers (PSs) can absorb photons and transform
them from a ground state to an excited state. Under an excited
state, the PS is usually unstable and easily transfers high-energy
electronics to other substrates. In type I reactions, PS in an excited
state, reacts with the cell membrane or other biomolecules to form
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radicals, which further react with O, to generate oxygenated
products. In type II reactions, PS in an excited state directly reacts
with O, to form singlet oxygen, which is a highly active ROS'%
(Fig. 9). Therefore, the PDT output is closely related to O, con-
centration. Under a hypoxic tumor environment, it is difficult to
demonstrate high efficiency with PDT. Although PDT emerged in
the 1970s and was successfully used to treat superficial cancers,
PDT-mediated immune activation was confirmed in the late 20th
century, and therapies are still under development'®*'%_ In more
recent studies, PDT has been shown to be an effective method of
inducing ICD in cancer cells'®*'%’. Notably, it appears that ROS
are required for ICD, because the immunogenicity of the process
is largely inhibited in the presence of antioxidants. The PS of PDT
includes organic dyes and nanomaterials. Organic dyes have
several intrinsic drawbacks, including hydrophobicity, low pene-
tration depth, and low specificity for cancer cells. Utilizing
nanomaterials as carriers for organic PSs can overcome their
several shortcomings, and related content have been introduced in
Section 3.1.3. Herein, we will introduce nanomaterials that have
an intrinsic capability to elicit photodynamic processes and their
application in cancer immunotherapy.

Common PDT nanomaterials include noble metallic nano-
materials, carbon-based nanomaterials, black phosphorene, and
nanoscale metal—organic frameworks (MOFs)'®®. Briefly, noble
metallic nanomaterials are represented by gold and silver nano-
particles. Gold nanorods, for example, were reported to produce
singlet oxygen under NIR light at 915 nm, which destroyed B16FO
melanoma tumors in a mouse model. In addition, these gold
nanorods induced an increase in temperature around cancer tissues
following irradiation with NIR light at 780 nm'®. The switch in
excitation light could transform the therapeutic model between PTT
and PDT. Carbon-based PS nanomaterials contain carbon nano-
tubes, fullerenes, and graphene quantum dots. Native carbon-based
PS produces limited singlet oxygen under NIR irradiation. How-
ever, doping and surface modification can endow carbon-based PS
with excellent quantum conversion efficiency under NIR irradi-
ation'”"'7?, Black phosphorene with a tunable band gap, excellent
biocompatibility, and biodegradation was first applied as PS in
2015. Black phosphorene demonstrated an approximately 0.91
quantum yield of singlet oxygen upon 660 nm irradiation, and
caused significant cell death and tumor suppression'>. MOFs
assembled with organic PSs as ligand, and metal ions (Hf, Fe, Zn,
and Zr ions) as metal centers, were shown to function as a PS
nanomaterial' "*'”°. For example, a new porphyrin derivative, 5,15-
di (p-benzoato) porphyrin (H,DBP) was reacted with HfCly
through a solvothermal reaction to generate a DBP-UiO MOF
structure. The DBP-UiO-O MOF showed enhanced PDT efficacy
and eliminated cancer in approximately half of mice following a
single administration, and once exposure of 640 nm irradiation'’°.
Subsequent research developed chlorin-based MOF by replacing
H,DBP with 5,15-di (p-benzoato)-chlorin (H,DBC) to obtain DBC-
UiO, which had red shift excitation and an 11-fold greater
extinction coefficient compared to DBP-UiO'”’. Compared to
PTAs, the types and application potentials of current PS nano-
materials are limited. Most PS nanomaterials are excited under
visible light or the NIR-I region, which limits the depth of tissue
penetration. Two-photon excitation PDT nanomaterials provide a
solution of NIR-II irradiation'’®. Conventional one-photon excita-
tion of PSs absorbs a single photon to trigger PSs. However, two-
photon excitation PSs are capable of absorbing two low-energy
photons simultaneously to achieve the band-gap energy of PSs by
the sum of the two photon energies. Two-photon excitation allows

for deeper tissue penetration and reduced photobleaching of PSs.
For example, CdSe QDs were used as two-photon excitation
nanomaterials that could be excited under an 1100 nm laser and
emit photons with a wavelength of 635 nm. The silicon phthalo-
cyanine 4 (Pc 4) conjugated on CdSe QDs was able to absorb
635 nm photons and functioned as a PS via a fluorescence reso-
nance energy transfer (FRET) process between QD and Pc 4'7.
Although current PS nanomaterials can potently inhibit localized
cancers, the prevention of distant and metastatic cancers are
dependent on the combination with other cancer immunotherapies.
For example, Fe-TBP MOF was constructed from [Fe;O(OA-
¢)s(H20)3] OAc and the 5,10,15,20-tetra (p-benzoato) porphyrin
(TBP) ligand. Fe** can interact with H,0,, which is abundant in
cancer tissues, to generate O, and ease hypoxia in cancer tissues,
resulting in improved PDT efficiency. Fe-TBP combined with aPD-
1 inhibited both localized primary cancers and distant cancers via
abscopal effects'®. Recently, poly (y-glutamic acid) @glucose
oxidase @carbon dot nanoparticles were constructed and combined
with aPD-1. This nanomaterial generated O, from H,O, under
Mn®+ catalysis and mediated carbon dot-based PDT, which further
induced an anticancer immune response against treated and un-
treated distant tumors'®'.

Compared to conventional organic PSs, functional nanomaterial-
mediated PDT is relatively rare. Development of NIR-II-elicited PDT
nanomaterials with excellent biocompatibility and biodegradation
may provide new opportunities for PDT. Except for the general lim-
itations of nanomaterials, nanomaterials-assisted PDT owns its unique
obstacles. First, it has photo toxicity and poor tissue penetration depth,
which are common problems in photo irradiation therapy. Secondly,
better intracellular uptake of PDT nanomaterials is necessary, for the
ROS produced in PDT is active and only effective in the nanometer
range. Thirdly, it should achieve a balance between PTT and PDT
process induced by nanomaterials, for many nanomaterials have the
ability to convert photons into heat and high-energy free radicals at the
same time. Fourthly, O, is necessary in PDT and hypoxia in cancer
tissues impedes the efficiency of PDT. However, delivery of O, with
nanomaterial-based PS complicates the drug system and is not
sustainable.

3.2.3.  Radiotherapy nanomaterial

Radiotherapy is a mature treatment for cancer. Some nanomaterials
are believed to enhance the effect of radiotherapy. Combined with its
cancer-targeting ability, nanomaterial-based radiotherapy can reduce
the damage to surrounding normal tissue'**. Radiotherapy-enhanced
nanomaterials are usually composed of high-Z elements'®®. The
most prevailing radiosensitizers are gold-based nanoparticles'®*.
Other studied radiosensitizers include lanthanide-based NPs'®>'%,
Bi,Ses 1‘1a110pa.1rti<:lesm7 and Hf-based MOF nanomaterials'®®'®°.
These radiosensitizing nanoparticles have been shown to improve
the efficacy of radiotherapy by enhancing the photoelectric and
Compton effects, which further increase the emission of secondary
electrons and the production of ROS. During radiotherapy, DNA
radicals need to react with O, to induce DNA double-strand breaks.
Therefore, the hypoxic environment of cancer tissues weakens the
anticancer effects of radiotherapy. To circumvent the hypoxic
microenvironment, radiosensitizers are usually accompanied by O,
delivery molecules, such as MnO, nanoparticles or per-
fluorocarbons. For example, core—shell Au@MnO,-PEG was con-
structed to combine radiosensitizer high-Z atoms and O, generators.
The Au core, a well-known radiosensitizer, can enhance the pro-
duction of DNA radicals. MnO, has the capacity to decompose
H,O, to O, to overcome hypoxia-mediated resistance to
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Figure 8

Gold nanoparticles in situ generated in B16F10 and DCs for the combination of PPT and immunotherapy. (A) Schematic of con-

struction and immunological functions of AUNP@DCg¢pi9. (B) TEM images of AUNP@DCg¢po. (C) temperature change (A7) of AuNP,
AuNP@DC} gp9, and AuNP@DCg¢p1o. (D) images presenting live/dead cells after treatment with AUNP@DCg 4o or/and laser. (E) primary
tumor volume following the indicated treatment. (F) distant tumor weight following the indicated treatment. (G) DC maturation following the
indicated treatment. (H) CD4" T cell count after the indicated treatment. Reprinted with the permission from Ref. 161. Copyright © 2019 ACS

Publishing Group.

radiotherapy'”’. In addition, perfluorocarbon-coated hollow Bi,Se;
nanoparticles were shown to enhance the efficacy of radiotherapy
via three mechanisms: perfluorocarbon, as an O, carrier, reduced the
hypoxic condition in solid tumors; Bi,Se; nanoparticles, as radio-
sensitizers with high Z atom Bi, efficiently enhanced the photo-
electric effect of RT; BiySe; absorbed NIR light and produced a
photothermal effect to increase the intertumoral blood flow, thus
enhancing the concentration of O, in tumor tissues'”'.

The abscopal effect, first proposed in 1953, hints at the evo-
lution of the immune system under radiotherapy'®>. Subsequent
studies found that radiotherapy could upregulate the expression of
MHC I molecules and TAAs, thereby inducing the antigen pre-
sentation of DCs and the activation and trafficking of CD8" T
cells'”. Further studies demonstrated that radiotherapy enhanced
the immune response via ICD'**. Combining radiotherapy with
other immunotherapeutic strategies strengthens the immune
response and induces synergistic anticancer efficacy. For example,

Hf-based nMOFs with radiosensitizing effects induced potent
CRT exposure and activation of immune effector cells (including
DC, CD4" T, CD8* T, and NK cells), which further inhibited the
growth of primary and distant tumors. Moreover, combining Hf-
based nMOFs with aPD-L1 clearly improved the immune
response and almost eradicated primary and abscopal tumors'®®,

Radiotherapy achieves deeper tissue penetration than photo
irradiation. The immune elicitation mediated by radiotherapy is
relatively well documented compared with photo irradiation.
However, the tumor’s hypoxic microenvironment is an obstacle
for radiotherapy to produce enough ROS. Moreover, radiotherapy
resistance mechanisms in cancer cells, like up-regulating DNA
repair enzyme, reduce the anticancer outcome of radiotherapy.
Besides, it is necessary to carefully evaluate the anti-cancer effect
brought by the enhanced immune response and the cost of nano-
material. Moreover, the general limitations of nanomaterials
cannot be ignored in radiotherapy.



122 Qiangian Li et al.
1o EXCited state PS Intersystem
PS - &os‘sing
c 5 Biomolecules
k) ] z H =V Free radicals
=| & i§ Q3 2
s 2 io b - 3 Type | :
o ‘8 3 fiye: @] reaction H
wl 2| i% Vs T 0, |
S o) a3 HEYS o : H
i @ 53 B B o
! S i e T Type I
] - 2 reaction H
v :
A i
Ground state PS v ooy v
Cell death
Figure 9  ROS generation in photodynamic therapies.
3.2.4.  Other functional nanomaterials untrasmall silica nanoparticles (about 6 nm) were demonstrated to

In addition to improving the efficiency of PTT, PDT, and radio-
therapy, nanomaterials also present other functionalities, including
chemodynamic effect, inducing ferroptosis and magnetic hyper-
thermia (MHT) effects. The chemodynamic effect is mainly
derived from the Fenton reaction, which primarily describes the
reaction of Fe>™ with H,O, to produce Fe*™ and hydroxyl radicals
(-OH) with high oxidizing ability. High concentrations of -OH are
lethal to cancer cells. Except for ferrous ions, other cations, such
as Cu®", Mn*>", V>, and Cr*", are capable of catalyzing Fenton-
like reactions'®. Compared to stable Fe;O, nanoparticles that
only utilize surficial Fe** to catalyze the Fenton reaction, amor-
phous Fe nanoparticles (AFeNPs), which would be more effi-
ciently ionized under an acidic tumor microenvironment and
release active Fe>", enhanced the inhibition of cancer develop-
ment'*®. Although H,0, is present at much higher levels in cancer
cells compared with in normal cells, endogenous H,O, seems not
enough to mediate a lethal chemodynamic effect on cancer cells
in vitro. For many CDT therapies, the supply of additional H,O, is
necessary to induce cancer cell death and tumor regression'®’.
Therefore, CDT is usually combined with other cancer therapies.
For example, our group™® developed a Z-scheme heterojunction
with a FeS, core and Fe,O; shell. The novel 2D thermally
oxidized pyrite nanosheets (TOPY NSs) were able to kill cancer
cells through glutathione consumption, the Fenton reaction,
heterojunction-mediated PDT, and PTT. Moreover, TOPY NSs
almost eradicated HepG2 xenograft tumors under irradiation at
650 and 808 nm. As CDT generates ROS as PDT does, it may
induce ICD in cancer cells as well. However, the interaction be-
tween CDT and the immune system requires further study.
Ferroptosis is a new type of programmed cell death. Under the
action of divalent iron or ester oxygenase, it catalyzes the high
expression of unsaturated fatty acids on the cell membrane to
cause lipid peroxidation, thereby inducing cell death. The ROS
production in ferroptosis and non-apoptotic nature of ferroptosis
imply its ability to modulate the immune system. Ferroptocide, a
newly identified natural product, was proved to induce ferroptosis
via covalent conjugation on thioredoxin, a critical component of
the antioxidant system. The ferroptocide induced 40% tumor
retardation in 4T1 bearing BALB/c mice but had rare inhibition in
4T1 bearing nude mice, which suggested the participation of T and
B cells in ferroptocide meditated in vivo tumor inhibition'”®. The
nanomaterials inducing chemodynamic effects could start up the
ferroptosis process, because Fenton reaction can initiate liposome
peroxidation'gg. However, several nanomaterials that not contain
divalent iron show the potential to induce ferroptosis. PEGylated

induce ferroptosis in nutrient-deprived cancer cells. The cell death
induced by silica nanoparticles was inhibited by treatment of
scavengers of lipid ROS (liproxstatin-1) or glutathione repletion
via the addition of glutathione or N-acetylcysteine (NAC).
Moreover, intravenous injection of the silica particles (12 nmol
per dose) significantly inhibited the growth of 786-O and HT-1080
xenograft tumors in nude mice. And intraperitoneal doses of
liproxstatin-1 significantly reduced the particle induced tumor
inhibition>”’. Recently, arginine-rich manganese silicate nano-
bubbles (AMSNs) have been proved to induce ferroptosis by
highly efficiently depletion of glutathione (GSH) and thereby
inducing the inactivation of glutathione-dependent peroxidases 4
(GPX4). Manganese in AMSNs mediated the depletion of GSH,
and ariginine modification provide tumor targeting ability. The
AMSNSs induced tumor inhibition by ferroptosis mechanism
in vitro and in vivo™'. Recently, a hybrid core—shell vesicles
(HCSVs) was constructed by utilizing ascorbic acid (AA) as core
and PLGA as shell decorated with iron oxide nanocubes (IONCs).
HCSVs induced the exposure of calreticulin via Fenton reaction
and ferroptosis-like cell death after magnetic field treatment.
Moreover, intratumoral injection of HCSVs boosted significant
proliferation of splenocytes, DC activation in inguinal LNs, and T
cells activation in tumors and LN?%%,

MHT mainly depends on superparamagnetic materials, which
can achieve magnetic targeting and transform electromagnetic to
thermal energy under an alternating magnetic field. Compared to
PDT and PTT, MHT has a deeper penetration capacity and is
associated with lower toxicity to surrounding tissue’”. Fe;O,
nanoparticles are the most widely applied superparamagnetic
nanomaterials, which can heat tumors above 43 °C and trigger the
activation and proliferation of CD4" and CD8* T cells. The in-
hibition of distal and secondary tumors by Fe;O, nanoparticles
suggests the involvement of the immune system””*. Utilizing Fe
nanoparticles (FeNPs) as MHT agents, local administration of
PLGA-R837 and systemic administration of aCTLA-4 checkpoint
blockade were found to efficiently prevent cancer metastasis®”.

In conclusion, functional nanomaterials that induce photo-
thermal, photodynamic, radiosensitizing, chemodynamic, ferrop-
totic and magnetic hyperthermia effect, show great potentials to
induce the ICD process of cancer cells in which dying cancer cells
could release tumor antigens and present immunostimulatory
signals to activate the APCs. The potential ICD nano-inducers are
summarized in Table 4. For many functional nanomaterials,
whether they induce ICD of cancer cells and whether ICD strength
is sufficient to restart cancer—immunity cycle remains to be



Table 4 Potential ICD nano-inducers.

Nanomaterial Component Function ICD biomarker Ref.
FAL-ICG-HAuNS ER-targeting pardaxin (FAL) peptides-modified, PTT ROS generation and CRT exposure 144
ICG-conjugated hollow gold nanospheres PDT Increased CD8™ T cells, reduced CD4" T cells and
Tregs in tumor, increased TNF-a and IFN-v in blood
Prussian blue nano-particles Coordination compound between Fe?", Fe** PTT ATP release, HMGBI release and CRT exposure, 158
and CN vaccination mediated prevention of tumor challenge
Single-walled nanotubes (SWNTs) PEG-grafted amphiphilic polymer-decorated PTT DC maturation and the expression of pro-inflammatory 159
SWNTs cytokines, no direct ICD biomarkers are evaluated,
primary and metastatic tumor inhibition through
combination of CTLA-4 mAbs
Fe-TBP MOF Solvothermal synthesis from PDT Exposure of calreticulin, proliferation of tumor-antigen 180
[Fe30(0Ac)(H,0)5] OAc Specific cytotoxic T cells and CD4" T cells, inhibition
(OAc = acetate) and H4TBP of distal tumors, better anticancer outcome combined
with a-PD-L1
PGA @glucose oxidase @carbon Poly (y-glutamic acid) @glucose PDT No direct ICD biomarkers are evaluated, inhibition of 181
dot nanoparticles oxidase @carbon dot nanoparticles PTT distal tumors, better anticancer outcome combined
with a-PD-L1
Hf-based nMOF Hf6-DBA with a formula of Hfg(u3-0)4 (13- RT Exposure of calreticulin, release of HMGBI, 188
OH), (DBA)g and Hf12-DBA with a formula proliferation of CD8" and CD4* T cells, inhibition of
of Hf}5(u3-0)g (u3-OH)g (u2-OH)g (DBA)g distal tumors, prevention of tumor challenge
A hybrid core—shell vesicle (HCSVs) Ascorbic acid (AA) in the core and poly (lactic- CDT ferroptosis CRT exposure, GPX4 downregulation, the maturation of 202
co-glycolic acid) shell incorporating iron DCs, proliferation of CD8" T cells in DLN,
oxide nanocubes (IONCs) inhibition of primary tumor
Ferrihydrite nanoparticles PEGylation of ferrihydrite nanoparticles Ferroptosis Glutathione peroxidase 4 (GPX4) inhibition, increasing 199
of ROS level, TAM polarization from M2 to M1,
inhibition of tumor metastasis
Iron oxide nanoparticles Iron oxide nanoparticles MHT Activation of DCs and CD8™ T cells in LN, production 204
of cytokines and chemokines, inhibition of distal
tumor, prevention of tumor challenge
FeNPs Pure iron nanoparticles functionalized with MHT Increase of CD8" T cells in secondary tumor, slight 205

polyethylene glycol (PEG)/dopamine (DA)
-cografted polymer

inhibition of secondary tumor, better anticancer effect
after combination with R837 and «-CTLA-4
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studied. In addition, a small number of reports on functional
nanomaterials inducing ICD are difficult to explain that all func-
tional nanomaterials of the same type can induce ICD. However,
lack of standardized characterization and research on the ICD
process mediated by nanomaterials impede the rational optimi-
zation of ICD nano-inducers.

3.3. Immunomodulatory adjuvants

Adjuvants are essential components of modern vaccines, which
strengthen and/or shape the immune response against pathogens or
malignancies. In the field of cancer vaccines, it is critical to trigger
potent cellular immunity against tumor antigens. Nanomaterials
with various sizes, shapes, and surface modifications may function
as adjuvants via the following mechanisms®’®: delivery and
consistent release of antigens, targeting APCs in a passive or
active way, the cytosolic delivery of antigens to enhance the cross-
presentation of APCs, and modulate the immune response. The
use of nanomaterials as delivery platforms to transport tumor
antigens to immune organs and the cytoplasm of DCs is described

in Section 3.1.3. Herein, we will discuss the immunomod-
ulatory effects of nanomaterials and their application in cancer
immunotherapy.

The immunomodulatory effects of nanomaterials mainly include
inflammasome activation, complement system activation, and the
recruitment of immune cells®”’. Alum adjuvants, which are widely
used clinically, have been shown to induce NLPR3 inflammasome
activation. Upon exposure to danger, such as pathogens, DAMPs or
PAMPs, NLPR3, and other related proteins will self-interact to form
high-molecular-weight complexes that induce the autocleavage of
caspase- 1. This further regulates the secretion of IL-8 and IL-18>%. In
addition to alum, numerous nanomaterials have been shown to induce
NLRP3 inflammasome activation, including carbon black nano-
particles””, Si0,”'%*'" and TiO, nanoparticles®'”. Inflammasomes
are activated in response to the danger signal provided by nano-
particles, such as lysosomal destabilization and ROS production.
Complement proteins exist in the serum and tissue fluid in humans
and vertebrates. Complements can be activated by antigen—antibody
complexes or microorganisms, leading to the lysis or phagocytosis of
pathogenic microorganisms. Recent studies have demonstrated that
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opsonin, a type of complement, could adsorb onto nanoparticles to
mediate the recognition and endocytosis of particles by phagocytic
cells. After ingestion by phagocytes, nanomaterials may induce
phagocytes to synthesize and secrete proinflammatory cytokines and
chemokines to recruit immune cells, such as macrophages, DCs, and
T cells. For example, in 2010, Yang et al>"’ reported an
[Gd@Cg,(OH),,],, nanoparticles, which induced cytokine production
(including IL-12p70), co-stimulatory molecule expression, and MHC
molecule expression in DCs. Furthermore, mice immunized with
OVA and [Gd@Cgy(OH),,], presented a robust Thl immune
response. In 2017, Luo et al.”'* constructed novel polymeric PC7A
nanoparticles, which were ultra-pH sensitive and had diameters of
20—50 nm for lymph node targeting. Using PC7A as a carrier without
other immunostimulatory agents to deliver tumor antigens to lymph
nodes potently inhibited the growth of melanoma and colon cancer.
These PC7A nanoparticles were shown to regulate the immune
response, including the promotion of DC maturation through the
STING pathway.

The immunoregulatory function of nanomaterials is usually
ignored in application of nanomaterials as drug delivery. Recently,
consensus that lots of nanomaterials affect immune system has
been reached. The influence on immune response of nanomaterials
is diverse. Although we mainly introduced the immunostimulatory
effect of nanomaterials, other nanomaterials that provoked
inflammation or immunosuppression were reported. Large amount
of immune evaluation of nanomaterials should be accumulated.
The relationship between structure of nanomaterials and immu-
noregulatory function remains to be uncovered.

3.4.  Combinatorial cancer immunotherapy enabled by
nanomaterials

Based on the cancer—immunity cycle, successful cancer immu-
notherapies should focus on the following aspects.

(1) Making tumor antigens available for DCs. Apoptosis of
cancer cells removes most antigens, and in situ ICD or
exogenous cancer vaccines can retain or provide tumor
antigens.

(2) Enhancing the immunogenicity of tumor antigens. Usually,
tumor antigens have relatively low immunogenicity, mak-
ing it difficult to trigger an antigen-specific immune
response. Therefore, immunostimulatory agents such as
CpG-ODN, R837, CDG, and Pam;CSK, are necessary to
enhance the immunogenicity of tumor antigens and in-
crease the antigen-uptake of DCs.

(3) Co-delivery of tumor antigens and immunostimulatory
agents to DCs. The simultaneous uptake of both tumor
antigens and immunostimulatory agents by APCs will
enhance the strength of antigen-specific immune responses.

(4) Enhancing the cross-presentation of tumor antigens by
DCs. Targeting lymph nodes and the cytoplasmic delivery
of tumor antigens in DCs are essential for enhancing cross-
presentation efficiency, which is directly related to the
strength of the cellular immune response.

(5) Overcoming the immunosuppressive microenvironment
of cancer tissues. After activating and recruiting antigen-
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specific CD8" T cells, the immunosuppressive microen-
vironment tends to trigger the dysfunction or exhaustion of
CD8" T cells. Therefore, ICB inhibitors, IDO inhibi-
tors, or other agents that can overcome the immuno-
suppressive microenvironment, have potential in cancer
immunotherapy.

(6) Combination therapies may lead to additional or synergistic
anticancer effects. However, the toxicity of combination
therapies should be carefully evaluated and controlled.

Combination immunotherapies that act simultaneously on the
different components detailed above, or on different steps of the
cancer—immunity cycle, have an increased possibility of trig-
gering robust antigen-specific cellular immunity. Nanomaterials,
which act as carriers, ICD inducers, and immunomodulatory
agents, have the potential to integrate different anticancer func-
tions into a single platform and to achieve relatively efficient
anticancer outcome.

Initially, nanomaterials were used to co-deliver tumor antigens
and immunostimulatory agents for the development of potent
anticancer vaccines in combination immunotherapies. For
example, Xu et al.'>” in 2013 constructed lipid-calcium-phosphate
(LCP) nanoparticles modified with mannose to target DCs, which
were co-loaded with tyrosinase-related protein 2 (Trp 2) peptide as
melanoma antigens and CPG ODN as an adjuvant.

Distant tumor and
metastasis

LT

S%a
Tumor-associated antigen

release

More recently, nanomaterials equipped with inducers of ICD
and immunostimulatory agents have been used in combination
with ICB therapies. For example, in 2017, Chen et al.'* prepared
a nanosystem composed of PLGA loaded with ICG and R837.
ICG generated a strong photothermal effect, which mediated the
release of tumor antigens. R837, a robust TLR-7 agonist, potently
activated DCs. Utilization of PLGA to co-deliver ICG and R837
was shown to induce the strongest effect on DC maturation and
TNF-« production under 808 nm irradiation. Following combi-
nation treatment with aCTLA-4, PLGA-ICG-R837 with laser
irradiation almost eradicated 4T1 and CT26 distant xenograft tu-
mors, and efficiently inhibited the metastasis and recurrence of
tumors. The inhibition of cancer growth, metastasis, and recur-
rence was enhanced by the activation and proliferation of CD4"
and CD8" T cells, and a reduction of Treg cells. Thereafter, Xu
et al.”"> constructed a multifunctional nanosystem combining
upconversion nanoparticles (UCNPs), Ce6, R837, and aCTLA-4.
The UCNPs were modified with amphiphilic polymers to load
Ce6 and R837. UCNPs were able to absorb light at 980 nm
and emit light at 550 nm to activate Ce6 and produce ROS.
UCNP-Ce6-R837 was shown to potently induce DC maturation
and pro-inflammatory cytokine secretion under 908 nm irradia-
tion. Furthermore, UCNP-Ce6-R837 combined with systemic
administration of aCTLA-4 robustly inhibited the growth of pri-
mary, distant, and metastatic tumors (Fig. 10).
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Figure 12  The scheme of OSPS mediated combinatory cancer therapy. Reprinted with the permission from Ref. 218. Copyright © 2019 John

Wiley and Sons Group.



Symphony of nanomaterials and immunotherapy based on the cancer—immunity cycle 127

A
14
Lung
metastasis
Laser Tumor growth and i.v.‘/injection of Laser Tumor growth,
nanoparticles irradiation metastasis inhibition nanoparticles irradiation lung metastasis
B
1500 9 400 D
. - laser + laser -laser + laser
‘E1200Saline = T 320{Saline =
E CSPN - = £ CSPN - o
g 900 OSPS Y 2404 OSPS =
5 5
$ 6001 S 160
g g
P %001 B
04 01
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (day) Time (day)
E F G H !
12
2 == Control L == Control L == Control 5 |mControl o0 == Control
" = CSPN == CSPN S [mCSPN . < |mCSPN = CSPN
818 = OSPS S 12 = OSPS = 1.2{m OSPS g 9{mOSPS kT __45{mOSPS
g 3 3 = g
2 z = 2 6 2
g 12 a 8 o 0.8 S 230
&) e *xx 8 3 g)
3 g : 5 =
=6 X 4 K04 >3 1.5
= o g
0 0.0 0.0

-laser + laser -laser + laser

Figure 13

-laser + laser

-laser + laser -laser + laser

Anticancer immune response induced by OSPS. (A) OSPS-mediated tumor inhibition and lung metastasis. (B) Growth curves of

primary tumors in 4T1 tumor-bearing mice. (C) Growth curves of distant tumors in 4T1 tumor-bearing mice. (D) H&E staining of lung metastasis
in 4T1 tumor-bearing mice. (E) Number of metastatic nodules in 4T1 tumor-bearing mice (F) The Kyn/Trp ratio in primary tumors in 4T1 tumor-
bearing mice. (G) Population of CD37CD8" T cells in distant tumors. (H) IFN-y producing T-cells in distant tumors. (I) Treg cells in distant
tumors. *P < 0.05, **P < 0.01, ***P < 0.001, n = 5. CSPN, nanoparticles without NLG919. Reprinted with the permission from Ref. 218.

Copyright © 2019 John Wiley and Sons Group.

Furthermore, Chen et al.>'® in 2019 combined enhanced
radiotherapy, immunostimulatory agents, and aCTLA-4. PLGA
was used to encapsulate R837 and catalase, which could convert
tumor-rich H,O, to O,, thereby ameliorating the hypoxic envi-
ronment of cancer tissues. PLGA-R837@cat nanoparticles under
X-ray irradiation induced ICD and reverted the immunosup-
pressive environment, which further contributed to the thera-
peutic efficacy against cancer growth, metastasis, and recurrence.
Recently, Patel et al.”'” constructed BNP nanoparticles by using
PC7A nanoparticles as carriers to load CpG and bacterial mem-
branes, meanwhile capturing tumor antigens released during radi-
ation via a maleimide modification on bacterial membranes. This
combination enhanced the antigen uptake and cross-presentation of
DCs and robustly activated effector T cells to induce clear tumor
regression (Fig. 11). Qin et al."*® constructed cyclodextrin (CD)-
based gel system, DOX/ICG/CpG-P-ss-M/CD, which was load
with DOX, ICG and CpG-P-ss-M. CpG-P-ss-M was indicated
polyamidoamine (PAMAM) dendrimer decorated with reductive 4-
aminophenyl-a-D-mannopyranoside (MAN)—polyethylene glycol
(PEG) chain and CpG. The DOX/ICG/CpG-P-ss-M/CD released
tumor antigens by DOX treatment and PTT, meanwhile capturing
the tumor antigens by CpG-P-ss-M nanoparticle to form in situ
vaccine for inducing antigen uptake of DCs. Furthermore, DOX/
ICG/CpG-P-ss-M/CD system induced the activation of DCs in

spleen and the proliferation of CD8" T cells, and eventually
inhibited the growth of primary and distant tumors.

In addition, nanomaterials that induce ICD are combined with
immunostimulants. For example, Li et al.>'® developed an organic
semiconducting pro-nano-stimulant (OSPS) with a semiconducting
polymer nanomaterial as the core and an immunostimulant (NLG919)
as the coating layer (Fig. 12). This OSPS showed excellent photo-
thermal and photodynamic efficiency, which ensured the potent acti-
vation of CD8" T cells and inhibition of primary and distant tumors
(Fig. 13).

4. Conclusions

The interaction of cancer with the immune system is complicated.
Tumor formation usually requires long-term immune screening
and an immune-tolerant microenvironment. Therefore, an in-
dividual’s immune system may not be sufficient by itself to
eliminate cancer cells. The use of external agents that reinitiate the
cancer—immunity cycle at one or multiple steps is the basis of
cancer immunotherapy. Restoring the cancer—immunity cycle
includes the following key steps: making tumor antigens available
for APCs, inducing the maturation of APCs, promoting the cross-
presentation of APCs, and ameliorating the immunosuppressive
microenvironment. Targeting multiple key points simultaneously
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is an effective means to overcome compensation mechanisms and
promote potent anticancer immunity.

Nanomaterials are used widely in the fields of diagnostics and
drug delivery because of their controllable size, shape, and surface
properties. Development and in-depth research on nanomaterials
show that nanomaterials can not only be used for drug delivery,
but also have versatile properties, such as their photothermal ef-
fect, photodynamic effect, ability to enhance radiotherapy, mag-
netic hyperthermia effect, and immunomodulatory effect. These
properties allow nanomaterials to be used as a comprehensive
platform to integrate diverse drugs or strategies focusing on
different steps of cancer—immunity cycle, which promotes addi-
tional, or even synergistic anticancer outcomes. As excellent drug
delivery platform, nanomaterials have the capacity to load and
sustainably release of multiple immunomodulators simultaneously
to cancer tissues or lymph nodes to potently activate the different
processes of cancer—immunity cycle, like supply of tumor anti-
gens, activation of APCs and inhibition of immune checkpoint or
immunosuppressive regulatory immune cell. As functional nano-
materials, nanomaterials are able to trigger the ICD process of
cancer cells, thereby inducing the uptake of immunogenic tumor
antigens by APCs and the activation of APCs. As for immuno-
modulators, nanomaterials could function as adjuvant and directly
induce the activaiton of inflammasome and production of stimu-
latory cytokines for activation of immune system and ease of
immunosuppression. The three faces of nanomaterials make them
excellent candidate for manually regulating cancer—immunity
cycle. Moreover, nanomaterials can possess multiple roles at the
same time, for example, functional nanomaterials are able to
deliver small molecular immunomodulators.

5. Challenges and future perspectives

Nanomaterials have unique advantages in promoting cancer
immunotherapy. In recent years, many basic scientific studies have
been performed in this field. However, nanomaterial-assisted
immunotherapy is still rarely used clinically. The main limitations
include unclear mechanisms underlying the toxicity of nano-
materials, pharmacokinetics, and interactions with the immune
system. Although the cytotoxicity and acute toxicity of nano-
materials have been systematically studied, the chronic toxicity of
nanomaterials is often not addressed. Some nanomaterials easily
accumulate in tissues, such as the liver and lungs, causing chronic
inflammation. The pharmacokinetics of nanomaterials also need to
be studied. For example, for how long are they retained in the body?
Will they cause damage to metabolic organs? In addition, the
relationship between nanomaterials and immunity remains unclear.
Some nanomaterials promote inflammation, and some suppress
immune responses. Therefore, each nanomaterial should be sys-
tematically evaluated to determine its toxicity, pharmacokinetics,
and mechanisms of immune regulation before application. In
addition, the stability of nanomaterials is also an important aspect
that restricts their clinical applications. Many nanomaterials, espe-
cially inorganic nanomaterials, have poor stability in saline or serum
and aggregate easily, which is unfavorable for clinical applications.
Besides, the protein corona of nanomaterials has significant effects
on the drug releasing capacity, stability, tissue distribution and
pharmacokinetics. The different species of nanomaterials and
diverse surface modifications on nanomaterials lead to different
components of protein corona.

Except for these general limitations of nanomaterials, ICD
nano-inducers possess their own problems. The most important

issue of ICD nano-inducers is lack of standardized character-
ization and research on the ICD process mediated by nano-
materials. Currently, lots of nanomaterials-based PTAs, PSs and
radiosensitizers are combined with immunotherapies, like ICBs,
IDO inhibitors or immunostimulatory molecules. Although,
these combinations achieve enhanced proliferation of CD8" T
cells and significant inhibition of primary, distant and metastatic
tumors, the immune related mechanisms are roughly studied. It’s
hard to differentiate the main cause of the activation of anti-
cancer immune response. Is it derived from the ICD process
induced by functional nanomaterials or because of the intro-
duction of ICBs or immunostimulatory molecules? We are
cautious about whether all nanomaterials-based PTAs or PSs can
induce ICD. Detailed experimental evaluation needs to be per-
formed to explain the structure—activity relationship of nano-
materials and ICD inducing capacity. Besides, currently designed
nanomaterials targeting on several steps of cancer—immunity
cycle often need complex composition and several steps of
modifications or drug loading, which seriously hinders the
clinical application of these systems. The multifunctional
nanomaterials that could simultaneously possess better cancer
targeting ability, ICD inducing capacity and immune regulatory
potential should be identified and designed.

Increased knowledge of cancer immunology has resulted in
the availability of several immunotherapeutic anticancer strate-
gies, such as CAR-T and ICB therapy. However, our under-
standing of the immune environment in cancer tissues, and the
relationship between the immune system and cancer remain
incomplete. The low efficiency of CAR-T in solid tumors and the
low response rate of ICB therapy remain to be solved. The
identification and classification of cancer markers is likely to
promote the use of cancer immunotherapy, for example, detect-
ing the level of PD-L1 expression in cancer cells to determine the
suitability of PD-L1 antibody treatments. Even though PD-L1 or
PD-1 positivity is necessary for a good prognosis in response to
ICB therapy, it is not a sufficient condition to guarantee its
antitumor outcome. Cancer is commonly divided into “cold” or
“hot” types. Hot tumors are rich in TILs, which are important
biomarkers for ICB therapy. Activating these TILs may effi-
ciently eliminate cancer cells. However, some studies have found
that most of the TILs act on viruses, but not cancer cells?"?.
These limitations of cancer immunotherapies highlight the need
for further research, and emphasize that cancer immunotherapy is
not a panacea. Some malignancies have achieved the ability to
ignore immune killing during the long-term battle with the im-
mune system. For example, the immune system is unable to
identify and kill cancer cells that lack MHC I and meanwhile
overexpress NK inhibitory biomarkers (such as HLA-E). There-
fore, rational combinations of cancer immunotherapy with other
traditional cancer theranostics, and the artificial transformation
of effector immune cells may provide an efficient method of
treating cancer.
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