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REVIEWS I

Cancer nanomedicine for combination
cancer immunotherapy

and James J. Moon®"23°*

immunotherapy.

William B. Coley first reported in 1891 that bacterial
toxins could be used as an immunotherapy to treat
patients with bone and soft-tissue sarcoma'. After a
century of research, cancer immunotherapy has revolu-
tionized oncology and offers new treatment options for
many types of cancer’. Owing to the clinical success of
immune checkpoint blockers, immunotherapy has now
been established as a new pillar of cancer treatment —
a major achievement that was highlighted by the Nobel
Prize in Physiology or Medicine 2018, awarded to James
Allison and Tasuku Honjo, who discovered immune
checkpoints. Conventional cancer treatment modali-
ties, such as surgery, chemotherapy and radiotherapy,
have limited efficacy against advanced cancer. By con-
trast, immune checkpoint blockers can be applied to
durably eliminate tumours in a subset of patients with
advanced metastatic disease, improving patient survival
and reducing side effects”™ (BOX 1).

Cancer immunotherapy aims to train the host immune
cells in lymphoid tissues and antitumour immune cells in
the tumour microenvironment to search for and destroy
tumour cells (BOX 2). Antitumour immune responses
primed by immunotherapy can promote systemic
immune surveillance and eliminate local and dissemi-
nated metastatic tumours. Additionally, immunotherapy
may establish long-term immune memory and mediate
immune protection against tumour recurrence. However,
challenges remain to be overcome for cancer immuno-
therapy to be widely applicable in the clinic. One of the
major hurdles is the limited response rate to immune
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Abstract | Cancer immunotherapy is revolutionizing oncology. However, dose-limiting toxicities
and low patient response rates remain major challenges in the clinic. Cancer nanomedicine in
combination with immunotherapies offers the possibility to amplify antitumour immune
responses and to sensitize tumours to immunotherapies in a safe and effective manner. In this
Review, we discuss opportunities for combination immunotherapy based on nanoparticle
platforms designed for chemotherapy, photothermal therapy, photodynamic therapy,
radiotherapy and gene therapy. We highlight how nanoparticles can be used to reprogramme
the immunosuppressive tumour microenvironment and to trigger systemic antitumour immunity,
synergizing with immunotherapies against advanced cancer. Finally, we discuss strategies to
improve tumour and immune cell targeting while minimizing toxicity and immune-related
adverse events, and we explore the potential of theranostic nanoparticles for combination

checkpoint blockers (BOX 1). Clinical data suggest that only
a fraction (generally 10-30% response rates, depending
on the type of cancer) of patients respond to immune
checkpoint blockers™. Patients with non-immunogenic
tumours (cold tumours), characterized by a low number
of T cells or low expression of programmed cell death 1
ligand 1 (PD-L1), respond poorly to immune check-
point blockers®’. By contrast, patients with immuno-
genic tumours (hot tumours) containing a high number
of tumour-infiltrating T cells and showing high PD-L1
expression benefit from immune checkpoint blockers
with lasting clinical responses®’.

Currently, immune checkpoint blockade involves sys-
temic administration of monoclonal antibodies, which
can cause off-target side effects by inducing activation
of self-antigen-reactive T cells. The combination of mul-
tiple immune checkpoint blockers generally improves
clinical responses; however, at the expense of a higher
number of and more severe immune-related adverse
events that result in clinical manifestations of dermatitis,
colitis and hepatitis'>""’. Patients with immune-related
adverse events receive delayed administration of
immune checkpoint blockers or are treated with cor-
ticosteroids or other immunosuppressants, which can
diminish antitumour therapeutic efficacy and increase
the risk of additional complications and opportunistic
infections'""”. Thus, to fully realize the potential of can-
cer immunotherapy, approaches are needed to amplify
antitumour T cell immune responses, to convert cold
tumours into hot tumours and to sensitize tumours to
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Box 1 | Immune checkpoint blockade therapy

Immune checkpoints refer to inhibitory signals that regulate T cell responses with the
aim of maintaining immune self-tolerance’. Therefore, blockade of inhibitory signals
can amplify the antitumour activity of antigen-specific T cells and release the brake of
the immune system, unleashing the therapeutic potential of endogenous antitumour
immune responses. In particular,immune checkpoint blockers that antagonize
cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed cell death 1 (PD-1), which
downregulate immune responses and promote self-tolerance, have proved effective in
the clinic***". CTLA4 is exclusively expressed on T cells, and upon engaging with CD80
or CD86, which are expressed on activated antigen-presenting cells (APCs), CTLA4
inhibits the early stage of T cell activation. This leads to dampening of effector functions
of T cells and an increase in the activity of regulatory T (T..) cells*****. By contrast, PD-1
is broadly expressed on a wide range of immune cells, including T cells, natural killer
cells, B cells, dendritic cells and macrophages, and suppresses both innate and adaptive
immunity. PD-1 limits the late-stage effector function of T cells upon binding to its
cognate ligands, programmed cell death 1 ligand 1 (PD-L1) and PD-L2, on immune

and non-immune cells*”'*. Importantly, PD-L1 is also expressed on cancer cells and

is upregulated in response to inflammatory cytokines secreted by activated dendritic
cells and T cells. Therefore, tumours with high expression levels of PD-L1 can acquire
immune resistance against T cell-mediated antitumour immunity'*’.

Therapeutic antibodies that block CTLA4 (REFS*2°%) or PD-1 (REFS?°**%%) markedly
improve patient survival across multiple cancer types. CTLA4 and PD-1 simultaneously
regulate non-overlapping inhibitory pathways, and thus, combination therapy with
antibodies against CTLA4 and PD-1 is more effective than monotherapy'*'*; however,
immune-related adverse events associated with dual immune checkpoint blockers
remain to be addressed*’. Several antibodies against CTLA4 and PD-1 or PD-L1 have
been approved by the US Food and Drug Administration (FDA), and numerous other
immune checkpoint blockers are currently undergoing clinical evaluation, including
antibodies against lymphocyte activation gene 3 (LAG3), killer cell immunoglobulin-
like receptor (KIR), T cellimmunoglobulin 3 (TIM3), T cell immunoglobulin and
ITIM domain (TIGIT) and V domain immunoglobulin suppressor of T cell activation
(VISTA)*204205,

immunotherapies with minimal off-target toxicity and
immune-related adverse events.

A variety of nanoparticle platforms with diverse phys-
icochemical properties have been developed for cancer
therapy'. Nano-sized materials have the advantage of
preferentially accumulating in solid tumours owing to
the abnormally leaky vasculature and dysfunctional lym-
phatic drainage within the tumour microenvironment
— a phenomenon termed enhanced permeability and
retention (EPR)'>'°. In addition, synthetic nanoparticles
functionalized with tumour-specific affinity ligands can
promote active tumour targeting of drugs, including
small molecular weight drugs and biomolecules'”'*.
However, failures of nanoparticle-based chemotherapy
in clinical trials have raised doubts about the future of
cancer nanomedicine'*”, and in particular, the clin-
ical relevance of the EPR effect is being questioned.
Therefore, to improve the efficacy of cancer nanomed-
icine, active tumour targeting is being explored as a
strategy for next-generation cancer nanomedicine'**"*%,

Specific targeting of nanomedicine can also be exploi-
ted to minimize off-target toxicity in immunotherapy
and to capitalize on the knowledge of cancer nano-
medicine. Nanomedicines delivering immunological
agents such as tumour antigens, immuno-adjuvants
and cytokines have already shown promising results
in clinical trials'**. In this Review, we discuss nano-
immunotherapy and highlight the potential and chal-
lenges of nanomedicine in combination with cancer
immunotherapy (FIC. 1).

Nanomaterials for immunotherapy
Nanoparticle-based delivery systems have several advan-
tages for applications in cancer immunotherapy com-
pared with conventional nanomedicine*. Conventional
cancer nanomedicine generally aims to deliver cytotoxic
agents directly to cancer cells; however, immunother-
apy often targets non-tumour cells, including resi-
dent immune cells within secondary lymphoid tissues
or immune and stromal cells in the tumour micro-
environment (BOX 2) — cells and tissues that could readily
be targeted by nanoparticles. In addition, the subse-
quent interaction between nanoparticles and cells or
organs can be regulated by functionalizing nanoparti-
cles and by modifying their surface*". The physico-
chemical properties of nanoparticles can also be tuned
to promote their interaction with and stimulation of
innate immune cells, such as dendritic cells and mac-
rophages®*>. Nanoparticle-based delivery can further
improve the pharmacological properties of drugs,
including their solubility, in vivo stability and phar-
macokinetic profile, and protect biologic drugs from
premature release and degradation®. Nanoparticles
can be designed to traffic to intracellular compartments
and can be programmed to release agents in response
to biochemical changes in the target microenviron-
ments (for example, pH, redox potential and enzymes)
or external stimuli (for example, light and electrical and
magnetic fields)**-*'. Controlled release can increase the
therapeutic index of drugs and enable dose titration.
Nanoparticle-based targeted delivery can also reduce
off-target toxicity and immune-related adverse events,
which is particularly important for potent immunother-
apies that can induce severe dose-limiting toxicity, such
as a cytokine storm***. Importantly, targeted delivery
of nanoparticles, combined with controlled and local-
ized drug release, may allow for dose sparing of immune
checkpoint blockers or activation of immunotherapies
only at the intended sites of action, thus alleviating safety
issues associated with nonspecific systemic distribution
of immunotherapies. Finally, the intrinsic optical, mag-
netic and electrical properties of nanoparticles can be
used for cancer therapy”~’, especially in combination
with immunotherapies® . For example, gold nano-
particles can be applied for photothermal therapy by
exploiting their strong light absorption upon excitation
of surface plasmon oscillations and efficient heat gener-
ation by subsequent thermal relaxation’>""**. Inorganic
nanoparticles composed of heavy metal elements can
potentiate radiotherapy by enhancing radiation scat-
tering and improving the photoelectric effect'>*. Thus,
compared with single molecule-based agents, inorganic
nanoparticles with intrinsic optical, magnetic and elec-
trical properties can be targeted to the tumour and serve
as effective platforms for cancer therapy.
Conventional immunotherapeutic interventions
generally fail to convert cold tumours into hot tumours,
especially for advanced tumours with a myriad of immu-
nosuppressive mechanisms that impair T cells’ (FIC. 2).
Chimeric antigen receptor (CAR) T cell therapy has
been approved by the US Food and Drug Administration
(FDA) for the treatment of haematological malignancies;
however, promoting infiltration of CAR T cells into solid
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tumours remains challenging™. Cancer nanomedicines
offer the possibility to induce tumour-directed cytotoxic
effects and convert cold into hot tumours by debulking
cold tumours and simultaneously removing biological
barriers to T cell infiltration.

The direct killing of tumour cells by chemotherapy,
photodynamic therapy and radiotherapy can initiate
antitumour immune responses owing to immuno-
genic cell death, which is characterized by the release of
damage-associated molecular patterns and antigens from
dying tumour cells, leading to the stimulation of innate
and adaptive immune responses against tumour cells”*
(FIC. 3). Biomaterial-based strategies can be applied to
exploit the immunogenic cell death-inducing properties
of traditional chemotherapeutic agents to not only kill
cancer cells but also initiate in situ vaccination against
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a broad repertoire of tumour-associated antigens
Alternatively, cancer vaccination can be used to expand
the number and functionality of tumour-specific T cells
to achieve potent antitumour efficacy in combination
with immune checkpoint blockade®** (80X 1). This is
particularly exciting because hot tumours feature T cells
against tumour-specific mutant antigens resulting from
tumour-specific DNA or RNA alterations (that is, neo-
antigens)®*. Neoantigen vaccines in combination
with immune checkpoint blockers have shown promise
in seminal clinical trials®*, and a variety of bioma-
terials are being explored for the design of precision
nanomedicines for combination immunotherapy®-"".
Combination immunotherapies generally aim to
prime the tumour microenvironment and to modu-
late immune cells by applying nanomedicines that have

Box 2 | Important immune cells in cancer immunotherapy

Effector T cells

Naive T cells are primed to become effector cells through interaction with professional antigen-presenting cells (APCs)
that present major histocompatibility complex (MHC)-antigen complexes and immunogenic signals*”®. Subsequently,
CD8*T effector cells migrate to the tumour, bind to cancer cells by recognizing their cognate antigen presented on

MHC class | molecules and kill their target cancer cells*®. CD4* T helper (T,)) cells (T,,1, T2 and T,,17 cells) support CD8*

T effector cells by producing cytokines?””. A small portion of T effector cells differentiate into long-lived memory cells that
proliferate in response to immune checkpoint blockers, improving their clinical response?**°.

Regulatory T cells

Activated regulatory T cells (T, cells) directly suppress T cells by producing interleukin-10 (IL-10) and transforming growth
factor-p (TGF), and they inhibit the expression of co-stimulatory ligands of dendritic cells*"*. Indoleamine 2,3-dioxygenase
(IDO) activates the phosphatase and tensin homologue (PTEN) pathway, providing long-term maintenance and stability of
immunosuppressive T cells””. Deletion of the PTEN pathway in T_, cells in the tumour microenvironment can be used to
restore antitumour responses. Tumour-infiltrating T, cells upregulate immunosuppressive markers, including T lymphocyte
antigen 4 (CTLA4), glucocorticoid-induced tumour necrosis factor (TNF) receptor (GITR), inducible T cell co-stimulator (ICOS),
lymphocyte activation gene 3 (LAG3), and CC-chemokine receptor 4 (CCR4) and CCR8 (REF.***), which could be targets for

cancer immunotherapy.

Dendritic cells

Dendritic cells are potent APCs with an essential role in immune activation at the interface between innate and adaptive
immunity’'*. Dendritic cells phagocytose antigens at the tumour site and migrate to secondary lymphoid organs,

where they present antigens to T cells, inducing their proliferation and differentiation. Dendritic cells in the tumour
microenvironment promote immunosuppression through secretion of IDO and IL-10, leading to T cell tolerance and
anergy’"’. Targeting dendritic cells may promote antigen processing and presentation. Dendritic cells can be targeted
by DEC205, CLEC9A (also known as DNGR-1), CLEC12A and dendritic cell-specific ICAM3-grabbing non-integrin
(DC-SIGN)? 2,

Natural killer cells

Natural killer cells can recognize and kill tumour cells without exposure to tumour antigens’*®. Instead, the behaviour of
natural killer cells is determined by the balance of activating and inhibitory signals expressed by normal and abnormal
cells*”®. Upon recognition of tumours by engagement of an activation receptor such as NKG2 (REF.*?°), natural killer cells
proliferate and kill tumour cells through granzyme B-mediated and perforin-mediated apoptosis or by expression of
death receptor ligands.

Myeloid-derived suppressor cells

Myeloid-derived suppressor cells are a heterogeneous and immature population of cells that can secrete
immunosuppressive agents, including nitric oxide, arginase and reactive oxygen in tumours”*.. They suppress T cell
proliferation and cytotoxicity, inhibit natural killer cells and expand T  cells. High numbers of myeloid-derived
suppressor cells can be correlated with a poor response to immune checkpoint blockade therapy and poor prognosis’”’.
Tumour-associated macrophages

Tumour-associated macrophages can be classified into inflammatory, antitumoural M1-like macrophages and
pro-tumoural M2-like macrophages, which together constitute more than 50% of tumour-infiltrating cells in certain
cancer types*”’. Usually exhibiting the M2 phenotype, they are key modulators of tumour invasion and metastasis, and
they release TGFB, IL-10 and arginase 1, which inhibit natural killer cells and cytotoxic T cells. They can also capture

and degrade immune checkpoint blockers within the tumour microenvironment, reducing their efficacy?**. Tumour-
associated macrophages are potential biomarkers for diagnosis and prognosis of cancers and attractive therapeutic
targets’”’. CD206 (mannose receptor), haemoglobin receptor (CD163) and colony-stimulating factor 1 receptor (CSF1R)
can be targeted for elimination or reprogramming of M2 macrophages?”***°.
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Fig. 1| Potential clinical benefits of combination nano-immunotherapy. Compared
with cancer nanomedicine, immunotherapy substantially improves patient median
overall survival by eliciting robust antitumour immunity with long-term memory
responses. However, only a fraction of patients responds to the current cancer
immunotherapies. Nano-immunotherapy may achieve improved median survival with
long-term responses. Adapted with permission from REF*, Elsevier.

been traditionally examined for non-immunological
cancer treatment, such as chemotherapy, photother-
mal therapy, photodynamic therapy, radiotherapy and
gene therapy (TABLE 1). The synergy of these nanomedi-
cines with immunotherapies offers a promising strategy
to address current limitations faced by the field of cancer
immunotherapy (FIC. 1).

Chemotherapy and immunotherapy
Chemotherapy has long served as the standard-of-care
cancer treatment, and therefore, there is a strong interest
in combining chemotherapy and immunotherapy.
Recent phase III clinical trials have shown that, com-
pared with the standard of care, programmed cell death 1
(PD-1)/PD-L1 immune checkpoint blockers com-
bined with the chemotherapeutic paclitaxel delivered
by albumin nanoparticles can prolong progression-free
survival and overall survival in patients with non-small-
cell lung cancer’” and patients with triple-negative
breast cancer’””. There are further ongoing phase III
trials examining chemo-immunotherapy in urothelial
carcinoma’®”’. In particular, a subset of patients with
non-small-cell lung cancer, who were stratified as
poor responders to immune checkpoint blockade
and showed low PD-L1 expression in tumours, also
responded to chemo-immunotherapy, potentially
broadening the applicability of immune checkpoint
blockers”””. However, a significant fraction of patients
treated with chemo-immunotherapy exhibited immune-
related adverse events of grade 3 (moderate-to-severe
symptoms) or higher (life-threatening symptoms),
with a 10-20% rate of treatment discontinuation
owing to severe adverse events associated with chemo-
immunotherapy’>”°. This highlights the problem of
off-target toxicity and the need to develop targeted and
localized delivery systems.

Some chemotherapeutic agents (for example, dox-
orubicin (DOX), mitoxantrone and oxaliplatin) not
only kill tumour cells but also trigger immunogenic cell
death and systemic immune activation®”**. During the

immunogenic cell death process, chemotherapy-treated
dying tumour cells release a variety of soluble danger sig-
nals, such as calreticulin (CRT), ATP, CXC-chemokine
ligand 10 (CXCL10) and high-mobility group box 1
(HMGBI1)”. These danger signals recruit and prime
dendritic cells, which in turn phagocytose dying tumour
cells and present tumour antigens to activate T cell
responses” (BOX 2). Thus, in contrast to cancer vaccines,
which rely on a defined set of tumour antigens, immu-
nogenic cell death-inducing chemotherapeutic agents
can elicit antitumour immune responses against a broad
repertoire of tumour antigens found on dying tumour
cells, providing a promising platform for combination
immunotherapy. Tumour-targeted delivery of these
chemotherapeutic agents has been extensively examined
using a wide range of nanoparticle platforms, including
liposomes, polymer micelles and polymer-drug conju-
gates'®. Importantly, nanoparticle-mediated delivery can
reduce off-target toxicity of chemotherapy and extend
the therapeutic index, thus providing an advantage in
terms of safety, especially for combination therapy using
potent immunotherapeutic agents with a high incidence
of immune-related adverse events.

Preclinical studies on the combination of nanoparticle-
mediated chemotherapy and immune checkpoint block-
ers have shown promising results (TABLE 1). For example,
synthetic high-density lipoprotein (sHDL) nanodiscs can
be used as nanocarriers for DOX, exhibiting increased
blood circulation time and tumour accumulation com-
pared with the free drug or liposomal formulations.
Delivery of the drug by sHDL nanodiscs triggers immuno-
genic cell death of cancer cells and sensitizes tumours to
immune checkpoint blockade*. Notably, the combina-
tion of sHDL-DOX therapy with anti-PD-1 immune
checkpoint blockers results in a sevenfold increase in
the number of interferon-y (IFNy)*CD8* T cells com-
pared with that seen in free DOX treatment and even-
tually in the complete regression of established CT26
colon carcinoma tumours in 80-88% of animals as well
as the prevention of tumour recurrence and metastasis
to the liver®. Importantly, there was no apparent cardio-
toxicity in the treated animals, whereas animals treated
with free DOX exhibited cardiac tissue damage™.

Chemotherapy combined with immune adjuvants
may also offer a practical approach to increase immunity.
For example, dendrimers carrying DOX and CpG
(a Toll-like receptor 9 (TLR9) agonist) can be modified
with an aptamer against prostate-specific membrane
antigen (PSMA) in 22RV1 prostate tumour-bearing
mice”. DOX, which is a chemotherapeutic agent, forms
a stable complex with CpG, which is a potent immune-
stimulating agent. Paclitaxel (PTX) is also an attractive
chemotherapeutic drug for combination immunotherapy
because PTX can induce TLR4-mediated dendritic
cell maturation and promote CD8* T cell responses®*'
(BOX 2). Intratumoural administration of poly(y-glutamic
acid) (y-PGA) microparticles carrying PTX and the
TLR7 agonist imiquimod leads to local and systemic
antitumour immunity and inhibition of distant tumour
growth in B16F10 tumour-bearing mice*. Alternatively,
administration of poly(lactic-co-glycolic acid) (PLGA)
nanoparticles co-loaded with PTX and detoxified
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Fig. 2 | Nanomedicine approaches for combination cancer immunotherapy. Non-immunogenic, cold tumours
exhibit various immune evasion mechanisms, including limited T cell infiltration and immunosuppressive pathways,

and therefore are resistant to current forms of immunotherapy. Nanomedicines traditionally designed for photothermal
therapy, photodynamic therapy, radiotherapy, chemotherapy or gene therapy can be used to convert cold tumours into
immunogenic, hot tumours. Nanomedicines can have cytotoxic effects against tumour cells in the immunosuppressive
tumour microenvironment, which leads to debulking of the tumour mass, release of tumour antigens and danger signals

and dendritic cell-mediated antitumour immunity.

bacterial lipopolysaccharide (LPS; a TLR4 agonist)
causes an increase in the number of T helper 1 (T},1) cells
(BOX 2) and thus antitumour efficacy compared with PTX
treatment alone in a BI6F10 mouse model®. Sequential
delivery of PLGA nanoparticles carrying PTX, CpG and
small interfering RNA (siRNA) against interleukin-10
(IL-10) promotes IL-10-specific gene knockdown,
immunogenic cell death of tumour cells and suppres-
sion of the T};2 cell immune response (BOX 2), leading to
extended survival of mice bearing B16F10-OVA mela-
noma®. Cisplatin-adjuvant combination therapies can
also be combined with immunotherapy because cisplatin
can induce immunogenic cell death*. Liposomes loaded
with cisplatin and CpG can be intratumourally admin-
istered, which leads to an increase in tumour cell apop-
tosis, a decrease in the number of immunosuppressive
myeloid-derived suppressor cells and regulatory T (T,,,)
cells (BOX 2) in the spleen and in the tumour microenvi-
ronment, proliferation of CD8" T cells and inhibition of
tumour growth in B16F10 tumour-bearing mice com-
pared with administration of liposomes delivering only
cisplatin or CpG™.

The synergy between multiple components has been
tested in preclinical studies combining immunogenic
cell death-inducing chemotherapy, adjuvant molecules

and immune checkpoint blockers (TABLE 1). For exam-
ple, dying tumour cells undergo immunogenic cell death
upon exposure to mitoxantrone, which can be explored
for whole tumour cell-based vaccination®. Dying
tumour cells can be surface-modified with CpG-loaded
nanoparticles and administered in combination with
immune checkpoint blockers, which leads to complete
tumour regression in ~78% of tumour-bearing mice
and the establishment of long-term immunity against
tumour recurrence®. Alternatively, in situ immuniza-
tion with PLGA microparticles co-delivering DOX and
CpG induces immunogenic cell death and leads to the
activation of dendritic cells and T cells, which is fur-
ther amplified by coadministration of anti-OX40 and/or
cytotoxic T lymphocyte antigen 4 (CTLA4) immune
checkpoint blockers* (BOX 1). This triple combination
causes a reduction in primary and distant tumour bur-
den in multiple murine models of EL4 and A20 lympho-
mas and B16 melanoma®, suggesting potent immune
activation by combination immunotherapy.

Finally, immune-stimulatory cytokines can be
combined with chemotherapy to augment antitu-
mour immune responses. For example, chitosan-based
nanogels loaded with PTX and IL-2 can be further
modified with an erythrocyte membrane to extend
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Fig. 3 | Immune cells in the tumour microenvironment as potential targets for nano-immunotherapy. Cold tumours

are populated by immunosuppressive immune cells, including regulatory T (T

) cells, myeloid-derived suppressor cells

reg

(MDSCs), tumour-associated macrophages (TAMs) and dendritic cells (DCs), which suppress the cytotoxic functions of
natural killer (NK) cells and T cells by secreting immunosuppressive factors, including transforming growth factor-p
(TGFP), indoleamine 2,3-dioxygenase (IDO), interleukin-10 (IL-10), arginase (ARG), NO and reactive oxygen species (ROS).
Photothermal therapy, photodynamic therapy and radiotherapy can be applied to target and modulate the functions of
immunosuppressive cells in the tumour microenvironment to amplify the antitumour efficacy of combination
immunotherapy. CTLA4, cytotoxic T lymphocyte antigen 4; PD-1, programmed cell death 1.

their blood circulation time*. Compared with PTX
or IL-2 monotherapy, the dual combination is more
effective in promoting CRT exposure on tumour cells
and in the activation of dendritic cells, leading to
induction of CD8* T cell responses and a reduction
in the number of T, cells in B16F10 tumour-bearing
mice*. Thermosensitive sponge-like nanoparticles co-
delivering DOX and IFNYy also significantly improve
therapeutic outcomes, extending the survival of BI6F10
melanoma-bearing mice®. Similarly, biodegradable,
lipid-coated mesoporous silica nanoparticles can be
applied for the co-delivery of DOX, IL-2 and all-trans
retinoic acid (ATRA) for chemo-immunotherapy*.
ATRA increases tumour cell sensitivity to CD8" T cell-
mediated and natural killer cell-mediated lysis*’, and
thus, compared with the soluble mixture of the drugs or
with nanoparticles delivering the individual agents, the
combination therapy leads to an increase in the number
of tumour-infiltrating CD8* T and natural killer cells as
well as inhibition of tumour growth and metastasis in
B16F10 tumour-bearing mice.

Photothermal therapy and immunotherapy

Hyperthermia — treatment of disease by heat admin-
istration — is effective at ablating established, local
tumours owing to limited heat dissipation in tumour
tissues with abnormal vasculature®. Tumour cells can
be destroyed at temperatures of 40-44 °C, which cause
DNA damage, protein denaturation and disruption
of the cellular membrane, resulting in eradication of

tumour tissues®. In addition, febrile temperature can
induce immune responses by various mechanisms,
including the expression of heat shock proteins and an
increase in the migration of lymphocytes to the tissues
with elevated temperature®.

Photothermal therapy is a minimally invasive treat-
ment method, in which photon energy is converted
into thermal energy to induce hyperthermia®. Selective
tumour ablation can be achieved by directional control
of focused incident irradiation following administra-
tion of photoactive molecules (photosensitizers), which
induce localized heat transfer to the surrounding envi-
ronment by non-radiative relaxation of the incident
photon energy’'. Near-infrared (NIR) light exhibits min-
imal absorption and scattering by tissue components,
including skin, blood and biomolecules, and there-
fore achieves deep tissue penetration’. Conventional
organic molecule-based photosensitizers are limited by
photobleaching, low absorption cross section and poor
NIR photothermal conversion efficiency; by contrast,
inorganic nanoparticle photosensitizers offer several
key advantages, including a high molar extinction coef-
ficient, resistance to photodegradation and strong NIR
responsiveness*’*.

Nanoparticle-based photothermal therapy can also
promote antitumour immune activation through the
release of tumour antigens and immune-stimulatory
molecules by ablated tumour cells (FIC. 2). For example,
NIR-based photothermal therapy using gold nanoshells
stimulates the expression of pro-inflammatory cytokines
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(IL-6, tumour necrosis factor (TNF), IL-1p, IL-12, p70,
granulocyte-macrophage colony-stimulating factor
(GM-CSF) and granulocyte colony-stimulating fac-
tor (G-CSF)) and chemokines (CXCL1, CC-chemokine
ligand 2 (CCL2) and CCL4) and induces dendritic cell
maturation in tumour-draining lymph nodes®" (FIC. 2).
However, efficient control of distal tumours or metasta-
ses cannot be achieved by photothermal therapy alone
owing to suboptimal immune activation, photothermal
therapy-induced expansion and tumour accumulation of
immunosuppressive myeloid-derived suppressor cells™
(BOX 2). In addition, immune responses induced by
photothermal therapy can be dampened if tumours are
heated to >45°C, presumably because of temperature-
dependent adverse effects on cytokines, chemokines
and the vasculature and heat-induced adverse stress in
tumour cells and stromal cells. Moreover, small tumours
release fewer tumour antigens and endogenous immune-
stimulatory damage-associated signals®’. However, pho-
tothermal therapy requires high temperatures for rapid
and complete cell death and thus can achieve only lim-
ited immune activation. Small tumours are more likely
to be completely ablated with photothermal therapy;
by contrast, large tumours are prone to tumour relapse
caused by residual cancer cells and therefore are often
resistant to photothermal therapy.

These limitations can be addressed by combining
photothermal therapy with immune-stimulating agents
and nanoparticles to synergistically induce antitu-
mour immunity for the treatment of large established
tumours and distant metastases”>’ (TABLE 1). For exam-
ple, photothermal therapy using chitosan-coated hol-
low copper sulfide nanoparticles carrying CpG results
in the ablation of primary, treated tumours and in the
activation of plasmacytoid dendritic cells, which trig-
ger an immune response against untreated, distant
tumours*. Upon photothermal therapy, these nano-
particles disintegrate into small particles, which are then
rapidly cleared by renal excretion, minimizing long-term
toxicity.

Photothermal therapy combined with conven-
tional immune checkpoint blockers offers a promising
approach to reverse photothermal therapy-induced
immunosuppression within the tumour microen-
vironment. For example, photothermal ablation of
primary tumours using single-walled carbon nano-
tubes promotes infiltration of T, cells into tumours™.
Coadministration of anti-CTLA4 antibodies effectively
removes T, cells in untreated secondary tumours,
which enables the treatment of distal tumours and lung
metastases in mice. Similarly, anti-PD-L1 immune
checkpoint blockers (BOX 1) combined with plasmonic
gold nanostar-mediated photothermal therapy leads to
an increase in the number of T cells and B cells and a
decrease in the number of immunosuppressive myeloid-
derived suppressor cells, enabling the synergistic con-
trol of primary tumours and untreated, distal tumours”.
Alternatively, photothermal therapy can be combined
with adoptive T cell therapy to overcome immunosup-
pression of in situ-primed T cells by myeloid-derived
suppressor cells and to promote the antitumour effect
of the therapy”'.
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The combination of photothermal and chemotherapy
has been traditionally studied using human tumour xeno-
graft models or syngeneic murine tumours and single
tumours, thus mainly focusing on the heat-mediated
direct killing of tumour cells®. Using late-stage murine
tumour models, we recently demonstrated that com-
bining photothermal therapy using polydopamine-
coated spiky gold nanoparticles with a subtherapeutic
dose of DOX can trigger robust systemic antitumour
immunity against local and disseminated tumours™.
This combination treatment leads to the elimination
of residual tumour cells from locally treated tumours
and to an abscopal effect, that is, the regression of
untreated distant tumours following local treatment,
which significantly extends animal survival compared
with photothermal therapy or chemotherapy alone in
advanced models of bilateral CT26 colon carcinoma
and TC-1 submucosa lung metastasis™. Interestingly,
CD8" T cells are necessary and sufficient to achieve
tumour regression and to prevent tumour relapse in
local primary tumours, whereas regression of untreated,
distant tumours requires both CD8* T cells and natural
killer cells, providing insight into the roles of the major
effector cells in combination photothermal therapy
and chemotherapy.

These results indicate that, although immune
responses induced by local photothermal therapy are
generally weak and dominated by immunosuppressive
mechanisms, the combination with immunotherapeutic
components can substantially enhance immune stimu-
lation and overcome immunosuppression within the
tumour microenvironment. In particular, photothermal
immunotherapy might be effective against advanced
cancer owing to the potential to ablate large, bulky
tumours while eliciting systemic antitumour immunity
against metastatic tumours.

Photodynamic therapy and immunotherapy
In photodynamic therapy, diseased cells and tissues are
destroyed by a combination of light and photosensitizers,
which generate cytotoxic reactive oxygen species (ROS),
such as singlet oxygen, hydrogen peroxide and hydroxyl
and superoxide anion radicals”. Photodynamic therapy
damages subcellular organelles and plasma membranes;
in addition, dying tumour cells release tumour antigens
and cytosolic components that provoke inflammation
and stimulate immune responses (FIG. 2). In particular,
photodynamic therapy induces the accumulation of
neutrophils at the treatment site within minutes after
irradiation'”. Neutrophils destroy tumour cells by
releasing toxic substances and lysosomal enzymes, and
they trigger the subsequent invasion of monocytes
and macrophages, which help to eliminate remaining
tumour cells and secrete inflammatory cytokines and
chemokines to stimulate immune responses'” (FIG. 3).
Photodynamic therapy also increases the expression of
heat shock proteins and other stress-induced proteins,
leading to dendritic cell activation and thus presentation
of tumour antigens to T cells'"".

Photosensitizers for photodynamic therapy are usu-
ally composed of hydrophobic aromatic repeating units,
such as tetrapyrrole and phenothiazinium, and they can
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Table 1| Preclinical studies of nanomedicine-based combination cancer immunotherapy

Immunotherapeutic
agents or gene

Combination chemotherapy

DOX +anti-PD-1 Ab
DOX +CpG

PTX +imiquimod
PTX+LPS
PTX+CpG+IL-10 siRNA
CpG+cisplatin

Mitoxantrone-treated cells
+CpG + anti-PD-1 Ab

DOX +CpG +anti-OX40 Ab
+anti-CTLA4 Ab

PTX+IL-2
DOX +IFNy
ATRA +DOX +IL-2

Delivery platform or modality

Synthetic high-density lipoprotein nanodisc

Poly(amidoamine) dendrimer

y-PGA microparticle
PLGA nanoparticle
PLGA nanoparticle
Liposome

Hyaluronic acid-cationic lipid nanoparticle
PLGA microparticle

RBCm-coated chitosan-based nanogel
Thermosensitive nanoparticle

Lipid-coated hollow mesoporous silica
nanoparticle

Combination photothermal therapy

CpG

Anti-CTLA4 Ab
Anti-PD-L1 Ab
Adoptive T cell therapy
DOX

Chitosan-coated hollow copper sulfide
nanoparticle

Single-walled carbon nanotube
Gold nanostar
Gold nanoshell

Polydopamine-coated spiky gold nanoparticle

Combination photodynamic therapy

Oxaliplatin+anti-PD-L1 Ab

Anti-PD-L1 Ab

Anti-PD-L1 siRNA
Imiquimod +anti-CTLA4 Ab
IDO inhibitor

Combination radiotherapy
Cowpea mosaic virus
Anti-CD40 Ab

IDO inhibitor

Combination RNAi therapy
PD-L1

IDO
SOCS1
STAT3
IL-10
TGFB

PD-L1
IL-6
VEGF

NCP@pyrolipid

ZnP@pyrolipid
Micelle
Up-conversion nanoparticle

Chlorin-based nanoscale metal-organic
framework

Cowpea mosaic virus nanoparticle
Gold nanoparticle

Hf-based nanoparticle

PEI-PEG-FA

DCvaccine

PLGA nanoparticle
PLGA nanoparticle
PLGA microparticle

Liposome-protamine-hyaluronic acid
nanoparticle

Micelle nanocomplex
Radiofrequency thermal ablation

M2pep-modified gold nanoparticle

Model

Mouse colon carcinoma

Human prostate cancer xenograft
in athymic Balb/c mice

Mouse melanoma
Mouse melanoma
Mouse melanoma
Mouse melanoma

Mouse melanoma and colon
carcinoma

Mouse lymphoma and mouse
melanoma

Mouse melanoma
Mouse melanoma

Mouse local and metastatic models

Mouse breast cancer

Mouse breast cancer
Mouse bladder cancer
Mouse melanoma

Mouse colon carcinoma and
mouse submucosa lung tumour

Advanced murine colorectal
tumour

Mouse metastatic TNBC
Mouse melanoma
Mouse colon carcinoma

Mouse colon carcinoma

Mouse ovarian carcinoma
Mouse pancreatic cancer

Mouse head and neck, prostate,
colon and breast cancers and
glioblastoma

In vitro human epithelial ovarian
cancer

Mouse breast cancer
Mouse T cell lymphoma
Mouse B cell lymphoma

Mouse melanoma

Mouse melanoma
Mouse breast adenocarcinoma

Mouse human lung
adenocarcinoma xenograft model

Type

CT26 and MC38
22RV1

B16F10

B16F10

B16F10-OVA

B16F10

B16F10-OVA and CT26

EL4,A20 and B16fLuc

B16F10
B16F10
B16F10

EMT6-OVA and EMT6

4T1

MB49

B16F10

CT26 and TC-1/luc

CT26 and MC38

4T1 and TUBO
B16F10

CT26

CT26 and MC38

ID8
Panc02

SQ20B, U87MG, PC-3,
CT26 and TUBO

SKOV-3-Luc

4T1
EG7-OVA
A20
B16F10

B16F10
R3230 and MATBIII
A549-|uciferase-C8

Refs

113

164
171

171
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Table 1 (cont.) | Preclinical studies of nanomedicine-based combination cancer immunotherapy

Immunotherapeutic
agents or gene

Combination mRNA vaccine

OVA
MUC1
OVA

IL-2 and IL-12

IP-10

Delivery platform or modality Model Type Refs

Two-component mRNA vaccine complex Mouse T cell lymphoma EG7-OVA 178

Mannose-modified liposome Mouse TNBC 4T1 2

Two-component mRNA vaccine complex Mouse T cell lymphoma and mouse  EG7-OVA and LLC e
lung carcinoma

Liposome-mediated pDNA Mouse head and neck squamous SCCVII e
cell carcinoma

Chitosan-FA-PEG nanoparticle Mouse melanoma and mouse B16 176

human hepatocellular carcinoma

xenograft

Ab, antibody; ATRA, all-trans retinoic acid; CpG, immunostimulatory oligodeoxynucleotide containing unmethylated CpG motifs; CTLA4, cytotoxic T lymphocyte
antigen 4; DC, dendritic cell; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOX, doxorubicin; DTX, docetaxel; FA, folic acid; Hf, hafnium; IDO, indoleamine
2,3-dioxygenase; IFNy, interferon-y; IL, interleukin; IP-10, interferon-y-inducible protein 10; LPS, lipopolysaccharide; M2pep, M2 macrophage-targeting peptide;
MUC1, mucin 1; NCP, nanoscale coordination polymer; OVA, ovalbumin; PD-1, programmed cell death 1; PD-L1, programmed cell death 1 ligand 1; pDNA, plasmid
DNA; PEG, polyethylene glycol; PEI, polyethylenimine; PGA, poly(glycolic acid); PLGA, poly(lactic-co-glycolic acid); PTX, paclitaxel; RBCm, red blood cell membrane;
RNAi, RNA interference; siRNA, small interfering RNA; SOCS1, suppressor of cytokine signalling 1; STAT3, signal transducer and activator of transcription 3; TAM,
tumour-associated macrophage; TGFp, transforming growth factor-$; TNBC, triple-negative breast cancer; TRP2, tyrosinase-related protein 2; VEGF, vascular
endothelial growth factor.; ZnP, zinc pyrophosphate

selectively localize in specific intracellular organelles,
such as the Golgi apparatus, endoplasmic reticulum,
mitochondria and lysosomes'”. Subsequent photody-
namic therapy then causes organelle-confined damage
owing to the short diffusion distance (<0.1 um) of cyto-
toxic oxygen species, which subsequently collapse, limit-
ing their impact on other organelles'”. Mitochondrial
damage through disruption of ATP generation is one
of the primary mechanisms by which photodynamic
therapy kills cells'**. However, the use of hydropho-
bic photosensitizers can lead to loss of photoactivity
owing to undesired physicochemical properties of
these compounds in biological media, which can cause
poor solubility and aggregation'”. Nanoparticle-based
delivery approaches can improve the performance
of photodynamic therapy by increasing the colloidal
stability and photoresponsiveness of photosensitizers
and by improving tumour accumulation in tissues and
specific subcellular compartments'*~'". For example,
mitochondria-targeted nanoparticles can achieve an
increase in photodynamic therapy-induced apopto-
sis and antitumour immune activation by dendritic
cells and CD8" T cells'* compared with non-targeted
nanoparticles. Targeting tumour cell surface receptors
can also be effective for inducing tumour cell killing
and immune activation, regardless of the subcellular
localization of nanoparticles'”%,

Photodynamic therapy can also be used to target and
ablate non-tumour cells within the tumour microenvi-
ronment. For example, carcinoma-associated fibroblasts
(CAFs), which constitute a major fraction of the tumour
stromal cell population in various tumours, including
colorectal, breast, ovarian, bladder and lung carcinoma,
can promote proliferation of tumour cells, induce
immune suppression and prevent T cell migration into
the tumour microenvironment'**''"°. Photodynamic
therapy can target CAFs to increase the number and
enhance the cytotoxic effector function of tumour-
infiltrating CD8* T cells and to inhibit the growth of
murine 4T1 breast cancer®. Similarly, photodynamic

therapy-mediated selective depletion of tumour-resident
immunosuppressive lymphocytes, such as T, cells,
causes tumour-specific, systemic antitumour effects
through manipulation of the balance between effector
and suppressor immune cells”.

Although photodynamic therapy triggers antitumour
immunity, its effect is generally too weak to control estab-
lished tumours with an immunosuppressive tumour
microenvironment'"'. In addition, photodynamic ther-
apy inherently induces immune tolerance or suppression
through the extensive release of self-antigens owing to
collateral damage to healthy cells, oxidative modifica-
tion of danger signals that promote tolerance and the
release of immunosuppressive cytokines''? (FIG. 3). Thus,
to counteract the immunosuppressive effects of mono-
photodynamic therapy, it can be combined with immune
checkpoint blockade. Nanoscale coordination polymer
core-shell nanoparticles combined with photodynamic
therapy, chemotherapy and immune checkpoint block-
ade promote pro-inflammatory cytokine release and
synergistic activation of dendritic cells and CD8" T cells,
enabling control of local and distant tumour growth
in an advanced model of murine colorectal cancer'".
Coordination polymer core-shell nanoparticle-mediated
photodynamic therapy further improves the therapeutic
efficacy of anti-PD-L1 immune checkpoint blockers in a
murine model of metastatic triple-negative breast can-
cer”. Anti-PD-L1 immune checkpoint blockade leads to
an increase in the number of tumour-infiltrating natural
killer cells and T cells (BOX 1), and photodynamic ther-
apy causes infiltration of B cells into distant tumours,
indicating complementary immune responses induced
by the combination therapy.

Up-conversion nanoparticles can convert NIR
light into visible light, by which most conventional
photodynamic therapy photosensitizers are strongly
excited'”. Therefore, the resonance energy transfer of
up-converting nanoparticles enables NIR-based photo-
dynamic therapy for deep tissue applications, including
cancer immunotherapy''. For example, up-conversion

NATURE REVIEWS | MATERIALS




REVIEWS

nanoparticles loaded with a chlorin e6 (Ce6) photo-
sensitizer and a TLR7 agonist induce robust immune
stimulation following NIR-based photodynamic ther-
apy compared with free TLR7 agonist, and coadmin-
istration of anti-CTLA4 antibody leads to depletion of
intratumoural T,,, cells and allows control of metastatic
CT26 colorectal cancer in mice'”. A nanoscale metal—
organic framework carrying the photosensitizer Ce6
and indoleamine 2,3-dioxygenase (IDO) inhibitors can
be used for combination photodynamic therapy and
immune checkpoint blockade'. IDO is an immunoreg-
ulatory enzyme that is highly expressed in tumours and
catalyses the oxidative catabolism of tryptophan, pre-
venting the clonal expansion of T cells and promoting
T cell anergy and apoptosis'"” (BOX 2). The synergistic
action of photodynamic therapy and IDO blockade gen-
erates systemic antitumour immunity and inhibits the
growth of local and metastatic tumours.

Photodynamic therapy is typically dominated by
a type II photoreaction that is dependent on oxygen
concentration and thus requires synchronized inter-
actions between light, photosensitizers and oxygen'*.
Therefore, the efficacy of photodynamic therapy dimini-
shes in hypoxic tumours, especially in solid tumours
with limited oxygen supply and abnormal tumour vas-
culature'®. Fractional photodynamic therapy or inno-
vations in the design of nanoparticle photosensitizers,
for example, hybrid protein oxygen nanocarriers, are
being explored to overcome this limitation*-'"*'*. By
contrast, photothermal therapy is not affected by oxy-
gen deficiency and thus can be effective in the treatment
of highly hypoxic solid tumours'*'. Despite progress
in this field, the activation mechanisms of innate and
adaptive immune responses and the differential contri-
bution of photothermal and photodynamic therapy to
local and systemic antitumour efficacy remain elusive
thus far; therefore, mechanistic studies are required to
facilitate clinical translation of these therapies for cancer
immunotherapy.

Radiotherapy and immunotherapy

Radiotherapy is widely used for cancer therapy, with
>50% of patients with cancer receiving radiation over
the course of their disease'*’. In radiotherapy, high-
energy ionizing radiation (X-rays, y-rays or fast-moving
charged particles, such as ions, electrons and protons)
are used to generate free radicals and damage DNA and
cellular components to promote tumour cell death'*.
Tumour cells are more susceptible to radiotherapy
than most healthy cells because tumour cells often have
defects in the DNA repair machinery, making them
more vulnerable to radiotherapy-mediated DNA dam-
age. Radiotherapy also induces immunogenic cell death
in irradiated tumour cells'** and causes an increase in
the intracellular peptide pool in dying tumour cells
through radical-induced degradation of proteins and
expression of radiation-responsive proteins, such as
those related to DNA repair and protein breakdown'*.
Therefore, more antigen peptides are presented on the
surface of dying tumour cells, sensitizing them for rec-
ognition and killing by CD8* T cells'**'*. Radiotherapy
further promotes activation of dendritic cells through

stimulator of interferon genes (STING)-mediated cyto-
solic DNA detection, type I interferon'**'*” and other
pro-inflammatory cytokines and chemokines, such as
IL-1pB, TNF and CXCL16 (REF.'*). These complementary
immune-stimulatory events induce an abscopal effect
and generate systemic antitumour immunity against
untreated distant tumours'*'*.

Although antitumour immunity is induced by
radiotherapy, immunosuppression within the tumour
microenvironment can dampen the abscopal effect'”'.
In fact, radio-monotherapy can promote the recruitment
and expansion of immunosuppressive cell types, such as
T, cells, that are less radiosensitive than other lympho-
cytes'*>'*’. Furthermore, it can cause an increase in the
expression of immune-inhibitory proteins, such as PD-L1
and transforming growth factor-p (TGFp), within the
tumour microenvironment'* (FIG. 3). The combination
of radiotherapy with immunotherapy can be applied
to overcome immunosuppression'*’, and clinical tri-
als are ongoing examining conventional radiotherapy
combined with immune checkpoint blockers'*.

Radiotherapy can be combined with cowpea mosaic
virus nanoparticle in situ vaccination'”’. Compared
with single agent radiotherapy or virus particles alone,
their combination triggers an increase in the number
of tumour-infiltrating T cells and significantly delays
tumour growth in a mouse model of ID8 ovarian car-
cinoma, suggesting that the combination treatment can
turn an immunologically cold tumour into a hot tumour
(FIC. 2). The combination of radiotherapy with immune
checkpoint blockers can further improve the efficacy of
radiotherapy and augment systemic antitumour immu-
nity even in poorly immunogenic murine tumours,
including a triple-negative breast cancer 4T1 tumour
and a TUBO spontaneous mammary tumour'**'*.
Moreover, the triple combination of radiotherapy with
anti-CTLA4 and anti-PD-L1 antibodies (BOX 1) improves
the local and abscopal responses against BI6F10 mela-
noma, TSA breast cancer and pancreatic ductal ade-
nocarcinoma 4662 compared with a combination of
radiotherapy with a single immune checkpoint blocker,
indicating non-redundant mechanisms of action and
synergy'**'*’. Notably, in phase I and II clinical trials,
patients with low-grade B cell lymphoma and cutane-
ous T cell lymphoma treated with radiotherapy and CpG
exhibited systemic immune stimulation with a reduced
T, cell population compared with pretreatment speci-
mens, yielding objective response rates of 27% and 36%,
respectively'>'*,

Nevertheless, it remains unclear how the radiation
dose and treatment regimen of radiotherapy influence
immune-mediated effects. For example, high-dose irra-
diation is often needed to kill tumour cells and release
a sufficient amount of tumour antigens and danger
signals'* (FIC. 2); however, high-dose irradiation can
also increase the number of T, cells and pro-tumour
M2-phenotype macrophages'**'** (BOX 2). Low-dose irra-
diation induces the differentiation of tumour-associated
macrophages into macrophages with an antitumour M1
phenotype'**'*>, Interestingly, fractionated radiotherapy,
in which low radiation doses are administered multiple
times to achieve high total radiation, minimizes side
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effects and improves therapeutic efficacy of radiotherapy
by promoting repair of healthy cells and by amplifying
abscopal effects'?5!40147,

Inorganic nanoparticles composed of heavy atoms,
such as gold, titanium dioxide and iron oxide, are
excellent agents for scattering and absorption of y-ray
and X-ray radiation, and they can sensitize tumours
to low-dose radiation*>**-*°. Radiation of inorganic
nanoparticles leads to the production of distinct short-
range Auger electrons owing to the photoelectric effect.
Auger electrons then generate ROS, which can eliminate
radio-resistant hypoxic tumours'*. Inorganic nanopar-
ticles also increase the deposition of radiation energy
within tumours and promote radiation-induced dam-
age in cancer cells through multiple biochemical path-
ways, including oxidative stress, cell cycle arrest, DNA
repair inhibition, autophagy, mitochondrial damage
and endoplasmic reticulum stress'**~'*'. Moreover, inor-
ganic nanoparticles can promote the immunogenicity
of tumour cells by inflicting ionization-induced muta-
tion of tumour cell DNA'*. For example, in a murine
model of pancreatic adenocarcinoma, gold nanoparticle-
aided radiotherapy combined with anti-CD40 antibod-
ies leads to complete regression of treated subcutaneous
tumours in 60% of animals and reduces the mass of
untreated orthotopic tumours by 74%'*. By contrast,
anti-CD40 treatment alone leads to only 40% tumour
regression and 34% tumour reduction, demonstrating
the efficacy of the combination of radiotherapy and
immunotherapy for the treatment of local and dis-
tant tumours. Hafnium-based nanoparticles carrying
an inhibitor against immunosuppressive IDO can be
directly injected into local tumours in mouse models
of breast and colorectal cancer. Subsequent low-dose
X-ray irradiation leads to regression of local tumours and
abscopal responses against untreated distal tumours'*.

Inorganic nanoparticles are promising platforms for
maximizing the immunogenic effect of radiotherapy
while minimizing the radiation dose and thus the poten-
tial toxicity of the treatment, which is particularly impor-
tant for combination radiotherapy-immunotherapy,
which is limited by toxicity and immune-related adverse
events'*. Clinical studies are underway to investi-
gate and improve the toxicity profiles of combination
radiotherapy-immunotherapy'*®, and nanomaterials
could greatly contribute to the efficacy and safety of the
treatment (FIC. 1). For example, nanoparticles that can
scavenge free radicals and exert antioxidative functions
in normal tissues could reduce the risk of radiation-
induced toxicity. Inorganic nanoparticles composed of
gadolinium or hafnium have already entered clinical tri-
als to sensitize tumours to radiotherapy''. Nanoparticle
platforms could achieve dose sparing of fractionated
radiotherapy and maximize the abscopal effect of radio-
therapy through radiosensitization and radioprotection,
improving cancer immunotherapy.

Gene therapy and immunotherapy

RNA interference (RNAi) therapeutics, such as siRNA,
microRNA (miRNA) and short hairpin RNA (shRNA),
can be used to target and knock down specific cel-
lular signalling molecules, including cytokines and
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chemokines. RNAi therapeutics exploit the endogenous
cellular machinery, referred to as RNA-induced silencing
complex (RISC), which guides complementary mRNA
binding and subsequent mRNA degradation to con-
trol gene expression'*’. Therefore, RNAi therapeutics
can achieve highly sequence-specific gene silencing for
cancer therapy'>”"*%,

The clinical translation of RNAi-based therapeu-
tics has been hampered by the inherent instability of
RNAs, rapid degradation of RNA in vivo and poor
cellular uptake owing to the strong anionic charge of
RNA. Nanoparticles can be designed for RNAI thera-
peutic delivery to address these limitations and improve
the efficacy of gene therapy'™ (TABLE 1), in particular,
for the targeting of immune checkpoints, including
the PD-1-PD-L1 pathway'*>'®" (BOX 1). For example,
folic acid-modified polyethylenimine nanoparticle-
mediated siRNA delivery for the silencing of PD-L1
enables sensitizing of epithelial ovarian cancer cells to
T cell-mediated killing™. Silencing of PD-L1 can also
be achieved by siRNA-mediated gene knockdown in
tumour-specific human CD4" and CD8" T cells (BOX 2),
improving their effector functions and antigen-specific
cytotoxicity'®”. Alternatively, RNAi therapeutics can
be applied to silence other immunosuppressive pro-
teins, such as IDO, signal transducer and activator of
transcription 3 (STAT3) and suppressor of cytokine
signalling 1 (SOCS1), that are upregulated in immune
cells and stromal cells within the tumour microenvi-
ronment'®. For example, tumour antigen-loaded den-
dritic cells transfected with siRNA against IDO can be
injected into 4T1 tumour-bearing mice, which leads to
an increase in the number of CD8* T cells and a decrease
in the number of T, cells'*". Liposomes conjugated with
mannose and loaded with siRNA against IDO can be
administered to target mannose receptors on dendritic
cells in the lymph nodes, decreasing apoptosis of CD4*
and CD8* T cells and improving antitumour efficacy in
a murine model of melanoma. Tolerogenic dendritic
cells can be further inhibited by STAT3 siRNA'®>,
Alternatively, STAT3 siRNA can be delivered by PLGA
nanoparticles to restore dendritic cell maturation and
functionality™. STAT3 siRNA conjugated to CpG allows
TLR9-mediated uptake of STAT3 siRNA and knock-
down of STAT3 in myeloid-derived suppressor cells
(BOX 2) in a murine prostate cancer model'”, providing
robust antitumour efficacy. In addition, siRNA-mediated
knockdown of SOCS1 improves antigen presentation by
dendritic cells and generates robust antitumour immune
responses'®*-17°,

RNAi-based therapeutics can be synergistically used
with other treatment modalities designed to promote
immune stimulation (TABLE 1). For example, delivery
of siRNA against SOCS1 together with PLGA nano-
particle vaccines significantly increases the expres-
sion of pro-inflammatory cytokines in dendritic cells,
including TNF, IL-2, IL-6 and IL-12, and enhances
the antigen-specific CD8* T cell response compared
with the same formulation without SOCS1 siRNA'"",
PLGA nanoparticles can also be loaded with STAT3
siRNA, imiquimod (a TLR7 agonist) and the model
antigen ovalbumin (OVA) for dendritic cell activation.
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This triple combination significantly inhibits tumour
growth in an EG7-OVA tumour model compared with
the same formulation without STAT3 siRNA'”". Dual
delivery of CpG and siRNA against IL-10 by PLGA
microparticles promotes T;;1 cell: T2 cell-balanced anti-
tumour immune responses (BOX 2) in a murine model of
B cell lymphoma®. The delivery of vaccine nanoparticles
carrying the tyrosinase-related protein 2 (TRP2) peptide
antigen and CpG in combination with hyaluronic acid
liposomes loaded with siRNA against TGFp significantly
increases the level of tumour-infiltrating CD8* T cells
and inhibits the growth of late-stage murine B16F10
tumours when combined with TGF siRNA'”,

RNAI therapies can also be combined with tradi-
tional therapeutics designed to debulk tumours or to
remove tumour-associated cells. For example, intrave-
nous administration of cationic micelles carrying siRNA
against PD-L1 leads to a 55% decrease in PD-L1 expres-
sion in a murine B16F10 tumour model; co-treatment
with photodynamic therapy further provides strong
antitumour efficacy”. Radiofrequency thermal ablation
combined with PD-L1 siRNA treatment by micelle-like
nanoparticles causes elimination of residual tumours'”.
The tumour vasculature also provides a facile target for
RNA| therapeutics. For example, tumour-associated
macrophages (BOX 2) induce tumour vascularization
and overexpression of angiogenic vascular endothelial
growth factor (VEGF) while promoting immunosup-
pression within the tumour microenvironment. The
macrophages can be targeted by gold nanoparticles
modified with the tumour-associated macrophage-
specific M2 macrophage-targeting peptide (M2pep)
and anti-VEGF siRNA, which leads to complete regres-
sion of human lung adenocarcinoma in a murine
xenograft model™.

Alternatively to RNAi-mediated gene knockdown,
gene expression can be promoted for reversing immu-
nosuppression or for stimulating immune responses.
For example, PD-L1 can be neutralized using a PD-L1
trap. Lipid-protamine nanoparticles can be used for the
systemic delivery of plasma DNA encoding a PD-L1 trap
fusion protein that binds to and blocks the PD-1/PD-L1
pathway'”* (BOX 1). Interestingly, intravenous adminis-
tration of the nanoparticles results in transient and local
expression of the PD-L1 trap in orthotopic CT26-FL3
colorectal cancer cells. Combination with oxaliplatin,
which is an immunogenic cell death-inducing agent,
significantly improves tumour infiltration of CD4* and
CD8* T cells, reduces PD-L1 expression and leads to
potent antitumour efficacy in multiple models, includ-
ing CT26-FL3, B16F10 and 4T1 tumours'’*. Compared
with coadministration of anti-PD-L1 monoclonal anti-
bodies and oxaliplatin, the PD-L1 trap and oxaliplatin
combination therapy leads to a decrease in the number
of T17 cells (BOX 2). T;17 cells are implicated in auto-
immune disease and associated with immune-related
adverse events, suggesting a favourable safety profile
of this strategy'”*. Lipid-protamine-DNA nanopar-
ticles encoding traps for immunosuppressive IL-10
and CXCL12 can reverse immunosuppression and
extend animal survival in murine orthotopic models
of 4T1 breast cancer and KPC pancreatic cancer'”.

Alternatively, DNA-based gene therapy can be used
to improve the delivery and expression of immuno-
stimulatory proteins for combination immunotherapy.
Liposome-mediated delivery of plasmid DNA encod-
ing IL-2 and IL-12, used in conjunction with radio-
therapy, leads to the activation of CD8" T cells, natural
killer cells and macrophages in the tumour and in the
circulation as well as favourable therapeutic outcomes
in a murine head and neck squamous cell carcinoma
model'”. The combination of IFNy-inducible protein 10
(IP-10) gene delivery and adoptive T cell therapy has also
shown promise in murine models of melanoma'’® and
hepatocellular carcinoma'”®.

In addition to DNA-based gene therapy, mRNA is
being tested for vaccine applications in multiple clinical
trials'”. Compared with traditional vaccine platforms,
such as protein, peptide and DNA vaccines, mRNA
vaccines can be designed to contain immunostimula-
tory domains that stimulate pattern recognition recep-
tors and allow for the co-delivery of danger signals and
encoded antigens. Moreover, in contrast to peptides,
mRNA vaccines are not restricted by the patient’s human
leukocyte antigen (HLA) type, and in contrast to DNA-
based vaccines, mRNA does not integrate into the host
genome, and thus, transient expression of mRNA-
encoded proteins is possible, minimizing safety issues.
Finally, large-scale good manufacturing practice pro-
duction of mRNA is feasible. Messenger RNA vaccines
and immune checkpoint blockers or chemotherapeu-
tics act synergistically and exert antitumour efficacy'”*
(TABLE 1). In a murine model of the EG7-OVA tumour,
a protamine-mRNA vaccine elicits substantial T cell
and natural killer cell responses, and in combination
with anti-CTLA4, it promotes tumour regression in a
subset of mice'”®. Dendritic cells overexpress mannose
receptors, and thus, mannose-modified liposomes can
be employed to deliver mRNA encoding the mucin 1
(MUC1) tumour antigen to dendritic cells®. These
mRNA-loaded liposomes elicit strong antigen-specific
CD8* T cell responses against a murine TNBC 4T1
tumour, and coadministration with anti-CTLA4 signif-
icantly slows tumour growth compared with the mRNA
vaccine or anti-CTLA4 treatment. Alternatively,
mRNA vaccination can be combined with radiation
therapy, triggering strong immune responses and inhib-
iting tumour growth in murine models of EG7-OVA and
poorly immunogenic Lewis lung cancer'”. These studies
demonstrate the versatility of gene therapies to target
and modulate specific genes for combination cancer
immunotherapy.

Perspectives

There has been substantial progress in the nascent field
of nano-immunotherapy. However, to realize its thera-
peutic potential and improve patient care in the clinic,
there are a number of crucial limitations and challenges
that need to be addressed.

Tumour targeting. Many nanoparticle-based strategies
require tumour infiltation by nanoparticles. The clini-
cal relevance of EPR'**! remains controversial, and there
is evidence that only a small fraction of administered
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nanoparticles carrying conventional chemotherapeutic
agents enter tumour tissues, thus failing to achieve a
meaningful therapeutic index in clinical trials®. Indeed,
it remains challenging to increase tumour targeting
of nanoparticles despite extensive efforts to optimize
nanoparticle properties and to regulate biological inter-
actions of nanoparticles, partly owing to the complex
physiology of the tumour microenvironment, which is
characterized by irregular vascular distribution, high
tumour interstitial fluid pressure, poor blood flow, dense
extracellular matrix (ECM) and abundant stroma cells.
Therefore, strategies are needed to render the tumour
microenvironment more favourable to nanoparticle
entry, which may be achieved by improving tumour
perfusion, increasing permeability of the tumour vas-
culature and remodelling of ECM. For example, tumour
microenvironment-targeted nanoparticles delivering
agents that degrade ECM or normalize tumour vascu-
lature'® could prime the tumour microenvironment
to generate favourable immune responses. Subsequent
sequential or concomitant treatments with nano-
immunotherapies or conventional immunotherapies
may then provide an effective multi-modal strategy
for reversing immunosuppression and eliciting strong
systemic antitumour immunity'®'.

If tumours are directly accessible, intratumoural
injection of nanoparticles, rather than systemic injection,
can address limited tumour accumulation. Retention of
nanoparticles within the tumour microenvironment, fol-
lowed by controlled release of immunotherapies, could
bypass the initial hurdle of tumour entry, reduce treat-
ment doses and prevent systemic off-target side effects.
A number of clinical trials are currently evaluating
direct intratumoural injection of immunotherapies'®>'*.
Improved antitumour efficacy and safety profiles could
be demonstrated in a preclinical study using immune
checkpoint blockers modified with an ECM-binding
peptide, which increases the retention time of immune
checkpoint blockers after intratumoural administration
as compared with unmodified immune checkpoint
blocker administration'®. Similarly, nanoparticles
designed to bind to ECM or tumour cells can increase
retention in the tumour'® and may offer a safe and
effective strategy to augment the efficacy of immuno-
therapies and restrict their site of action to local tumour
tissues, reducing the incidence of immune-related
adverse events.

Targeting immune cells. A larger fraction of system-
ically administered nanoparticles is taken up by non-
tumour cells than by tumour cells'*, presenting an
opportunity for nanoparticle-mediated immunotherapy.
Phagocytic immune cells, such as dendritic cells and
macrophages, can take up nanoparticles within tumours,
offering the possibility to initiate antitumour immune
responses and to increase penetration of T cells and
antibody therapeutics into the tumour by exploiting
phagocytosis-mediated signalling'®’. Similarly, immune
cells residing in peripheral tissues, including the lymph
nodes, spleen, skin and circulation, can be investigated
as potential targets. For example, following systemic
administration in tumour-bearing mice, nanoparticles
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encapsulating immune checkpoint blockers are mainly
delivered to splenic dendritic cells and macrophages,
enabling dose titration of immune checkpoint blockers
and robust antitumour efficacy'*. Therefore, nonspecific
uptake of nanoparticles in the spleen, which is a major
disadvantage for conventional chemotherapy-loaded
nanoparticles, could be exploited to potentiate immune
checkpoint blockade, alleviate immune-related adverse
events and advance cancer immunotherapy. A thorough
understanding of the biodistribution of nanoparticles
will enable the optimal design of nano-immunotherapies
targeting tumours and lymphoid tissues.

Improving efficacy and minimizing toxicity. The
material composition, physicochemical parameters,
dosing and injection routes of nanomedicine need to
be modulated to achieve desired pharmacokinetics,
tissue-specific or organ-specific delivery, optimal effi-
cacy and minimal toxicity. In particular, administration
timing and sequence of combinatorial agents need to
be carefully examined, especially for cytotoxic drugs.
Incorrect sequence of chemo-immunotherapy could
cause elimination or inactivation of key immune cells
within the tumour microenvironment or lymphoid tis-
sues, decreasing the therapeutic efficacy of immuno-
therapy. For example, the timing of administration of
paclitaxel or cyclophosphamide substantially impacts
the induction of antitumour T cell responses by CD47
blockade'®. In addition, safety profiles of nanoparticle
platforms and nanoparticle combinations with immu-
notherapeutic agents should be systemically examined
to identify host tissue damage or dysfunction of the
immune system. Materials used to fabricate nanopar-
ticles can further have an immunological effect, which
can induce immune stimulation or immunotoxicity,
possibly exacerbating immune-related adverse events
associated with immunotherapy’’. Thus, the intrin-
sic immune-modulatory effects of nanoparticles in
relation to their physicochemical properties have
to be thoroughly investigated in combination with
treatment parameters, such as dose, timing, sequence
and administration route, and tailored to specific
clinical applications.

Theranostics. Precision cancer nanomedicine implies
screening of tumours and stratifying of patients on the
basis of their EPR status before treatment'**"*”. Similarly,
biomarkers for immune checkpoint blockade treat-
ments can be identified to maximize their therapeutic
benefit and minimize unnecessary risks of immune-
related adverse events'. Multifunctional theranostic
nanoparticles can be explored for real-time monitoring
of patient-tailored immunotherapies'”’. For example,
gold nanoparticles can be loaded into T cells to track
the cells in vivo by X-ray computed tomography dur-
ing immunotherapy, allowing real-time monitoring of
antitumour efficacy in relation to the fate of T cells®.
Cell tracking could be combined with theranostic nan-
oparticles, such as gadolinium-based platforms, which
can provide image-guided radiotherapy and magnetic
resonance imaging*. The combination of theranostic
nanoparticles with immunotherapy can open doors for
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precision immunotherapy. Similarly, synergies between
cell therapies and nanomedicine can be explored to
improve intratumoural T cell infiltration and tumour
cell killing'7*"*"'*2, For example, photothermal therapy
using gold nanoshells can be applied to augment anti-
tumour immune responses of adoptively transferred
tumour-specific T cells®.

Nanomedicines have the potential to overcome
challenges associated with cancer immunotherapy.
Immune checkpoint blockers generally exhibit lim-
ited efficacy in the conversion of cold tumours into
hot tumours®’. Nanoparticle platforms can be used to
reconstitute the tumour microenvironment in favour
of antitumour immune responses by reprogramming
tumour-associated stromal cells and immune infiltrates
or simply by debulking cold tumours. In contrast to

surgical resection, which often leads to tumour recur-
rence from residual tumours'”, nanoparticle-based
treatment modalities, such as chemotherapy, photody-
namic therapy, photothermal therapy and radiotherapy,
can be applied to not only ablate tumours but also trigger
the release of tumour antigens and intracellular danger
signals, which can initiate systemic antitumour immune
responses. Therefore, in combination with immune
checkpoint blockade immunotherapy, nanoparticle-
based therapies could prevent tumour recurrence and
eliminate metastases. Preclinical and clinical studies have
already demonstrated the potential of nanomedicines
for combinational cancer immunotherapy, providing
a solid basis for their clinical translation.
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