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Therapies mobilizing host immunity against cancer cells have profoundly improved prognosis of cancer patients. However,
efficacy of immunotherapies depends on local immune conditions. The “cold” tumor, which is characterized by lacking
inflamed T cells, is insensitive to immunotherapy. Current strategies of improving the “cold” tumor microenvironment are
far from satisfying. Nanoparticle-based therapies provide novel inspiration in firing up the tumor microenvironment.
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| 1. Introduction

Immunotherapies have already switched the pattern of cancer treatment and incredibly extended patient survival in
melanoma, non-small-cell lung carcinoma (NSCLC), and gastric/gastro-esophageal junction cancer . Immune
checkpoint inhibitors (ICI), adoptive cell therapy (ACT), and cancer vaccines are major strategies of cancer
immunotherapies. Several ICls and ACT have been approved by Food and Drug Administration (FDA) and recommended
by National Comprehensive Cancer Network (NCCN) guidelines as standard therapies for specific solid tumors and
hematology neoplasms . However, the overall response rate of immunotherapies is inferior, which indicates that it is
necessary to screen potential beneficial patients [El. Meanwhile, resistance to immunotherapies seems inevitable.
Suppressive tumor microenvironment plays an important role in primary or secondary resistance to immunotherapy .
Tumor microenvironment (TME) remodeling exhibits synergism with immunotherapies B According to immune cell
infiltration and reactivity to immunotherapies, malignancies can be divided into “hot”, “cold”, and transitional types (€.
Tumors with “cold” immune landscapes are considered as refractory cases and resistant to immune agents. Although vast
efforts have been made to improve immune cell infiltration and reverse immune suppressive TME, clinical outcomes are
far from satisfying [l There is an urgent need to develop new methods to heat up TME.

The rapid development of nanotechnology in recent years brings a novel choice of immune agent carrier . Nanoparticles
are defined as materials, structures, devices, and systems with their size and shape in the nanoscale range (1 to 100 nm)
(29 pye to the similarity to biologic molecules in scale, nanoparticles are designed to execute different functions as
medical agents. According to material, nanoparticles can be divided into lipid based nanoparticles, polymeric
nanoparticles and inorganic nanoparticles [11.Nanoparticles have been envisioned as an attractive adjunctive approach to
enhance immunotherapies 1218 Nanoparticles can deliver immunogens accurately and activate both antigen presenting
cells (APC) and effector cells to enhance every step of anti-tumor immune cycle 24, Besides, multiple types of drugs have
been proved to display synergistic effect with immunotherapies 2. Nanoparticles construct a platform which facilitates the
combination of different therapies. In this review, we discuss the barriers of immunotherapy and focus on the application
of nanoparticles to heat up the “cold” TME from different aspects.

| 2. Features of “Cold” Tumor and Barriers for Inmunotherapy

Recent advances of technology, analysis methods, and mechanisms in immunology enable more specific classification of
immune landscape of tumor. Due to the relationship between immune contexture and prognosis, scientists constructed
immunoscore to quantitatively evaluate immune cell infiltration in both tumor center and invasive margin 28, The cut point
between a cold tumor and hot tumor is not explicit. Thus, transitional types may be more common. According to
immunoscore, Galon et al. suggested a more comprehensive main four-category classification of tumors—hot, altered-
excluded, altered-immunosuppressed, and cold 12, Beyond hot, the remaining three types of tumors exhibit cold immune
features in various degrees. Cold tumors feature in barrier molecules in extracellular matrix (ECM), low immunogenicity,
and low antigen presentation. Cold tumors possess intrinsic insensitivity to immunotherapy. Excluded type displays



notable hypoxia and angiogenesis in the center of tumor bulk thus blocking T cell trafficking. The immunosuppressed type
has relatively better T cell infiltration and striking immunosuppressive factors or cells.

Taken together, the obstacles of cold tumor immunotherapy include local immune barriers and systematic immune
dysfunction. In the tumor area, molecules such as collagen and hyaluronic acid (HA) construct the ECM barrier and block
immune cell infiltration X8, Aberrant tumor vessels attenuate T cell adhesion and penetration 22, Subsequently, tumor
angiogenesis-caused hypoxia restrains the priming of immune system. Moreover, the local immunogenicity of tumor is not
enough for APCs 28, Meanwhile, cancer patients, especially in late stages, may have malnutrition and T cell exhaustion,
which are systematic immune disadvantages (Figure 1).
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Figure 1. Strategies of nanoparticles in improving cancer immunotherapy. (a) Nanoparticles dissolving ECM barriers and
remodeling angiogenesis-caused hypoxia could improve T cell infiltration. (b) Nanomaodified ICD inducers or vaccines can
augment tumor immunogenicity. (c) ACT equipped with nanoparticles induce antigen specific T cells and relieve
systematic immune dysfunction. ECM, extracellular matrix; TME, tumor microenvironment; TAM, tumor-associated
macrophage; ICD, immunogenetic cell death; TAAs, tumor-associated antigens; DC, dendritic cells; ACT, adoptive cell
therapy.

Multifunctional nanoparticles can augment the effect of immunotherapy by resolving critical immune barriers.
Nanoparticles mainly act as carriers for immunotherapy. According to distinctive design, nanoparticles are divided as
tumor targeting and lymph organ targeting. Tumor-targeting nanoparticles mainly rely on the enhanced permeability and
retention effect (EPR) of solid tumors 4. Therefore, less kidney, liver, and spleen clearance also contribute to the
concentration of nanoparticles in tumor bulk 22, Tumor targeting nanoparticles provide drugs with the targetability towards
TME, including ECM components, aberrant angiogenesis, hypoxia, and immune cells. Meanwhile, lymph organ targeting
nanoparticles are usually administered through subcutaneous, intradermal, intramuscular, or intraperitoneal injection,
which facilitates nanoparticles entering lymph circulation 23, When reaching lymph nodes, nanoparticles with suitable
diameter are absorbed by macrophages or dendritic cells and initiate antigen processing and presentation 241, Apart from
carriers, nanoparticles with multiple modification facilitate the combination of immunotherapy and other therapies. For
example, nanomodification endows T cells with enhanced cytokine secretion which augments systematic antitumor
immune.

| 3. Dissolving ECM Barriers

A large amount of ECM is one of the features of cold tumors 22, Ingredients of tumor ECM, such as collagen and HA,
compose physical barriers for lymphocyte infiltration or immune agents entering TME 28, Researchers have already
developed several ways to break through the ECM barriers. It is an effective strategy to break through ECM barrier by



directly decomposing matrix components through nanomaterials. In addition, nanomaterials can also improve matrix
properties and enhance immune infiltration by regulating stromal cells. Conventional preparation caused relatively short
half-life and less-than-effective local concentration when systematically injected. Nanoparticles as carriers for those drugs
avoid inappropriate activation in peripheral blood and release drugs accurately in TME.

3.1. Enzymolysis of Collagen and HA

Enzymes that can dissolve collagen or HA have been under trial 2. Methods to decompose collagen could modulate
tumor ECM, which could potentially increase immune cell infiltration and tumor cell evasion simultaneously 28, Therefore,
collagenase is usually applied as combination instead of monotherapy. Collagenase modification on the surface of
pegylated gold nanoparticles could increase tumor penetration by 35% in the NSCLC xenograft murine model 2. In the
breast cancer murine model, collagenase conjugated with gold-nanoparticles can also improve the penetration of
metformin gold-nanoparticles’ conjugation, thus reforming tumor suppression 39,

When combined with chemotherapy, collagenase could raise drug penetration and immunogenetic cell death (ICD).
Fibrosis in ECM is typical of ductal adenocarcinoma of pancreas (PDAC), which has little inflamed T cells 1. Zinger et al.
developed nano-liposome encapsulated collagenase type-l called “Collagozome” 32, Pretreatment with Collagozome
followed by paclitaxel micelles decreased tumor volume by 60% in orthotopic PDAC murine model, comparing with
unmodified collagenase pretreatment. Masson'’s trichrome histological staining confirmed that the collagen level was 37%
less in the Collagozome-treated group than free collagenase. Besides, the application of Collagozome did not increase
the amount of circulating tumor cells or metastasis. Improved tumor suppression of paclitaxel micelles was in line with a
higher level of ICD. It has been proven that paclitaxel-induced ICD could promote antigen presentation by dendritic cells
and activate antitumor immunity B3, Instead of utilizing collagenase as pretreatment, Huang et al. designed a novel
collagenase IV and clusterin modified polycaprolactone-polyethylene glycol (PCL-PEG) nanoparticles that load
doxorubicin, which exhibited impressive ECM penetration and anti-tumor effects both in vitro and in vivo 4],

HA is another druggable target of tumor ECM. The most frequently applied hyaluronidase is pegylated recombinant
human hyaluronidase (PEGPH20). PEGPH20 monotherapy could increase NK cell infiltration in the high-HA tumor model
135 Besides, PEGPH20 has been combined with chemotherapies and immunotherapies in various trials. However, the
effect of nanoparticle as carriers for hyaluronidase was more controversial in clinical trials, especially combined with
chemotherapies. In SWOG S1313, a phase | b /Il trial, PEGPH20 plus FOLFIRINOX caused more adverse events,
reduced treatment duration, and seemed to be deleterious in unselected metastasis pancreas cancer (mPC) patients 28],
While in the HALO-202 trial, retrospective analysis showed that the PEGPH20 plus nab-paclitaxel/gemcitabine group had
a better objective response rate (ORR, 45% vs. 31%) and medium overall survival (OS, 11.5 vs. 8.5 months) in HA-high
untreated PDAC patients B4, Thus, the following phase Il clinical trial HALO-301 was limited to high-HA PDAC patients.
Considering the similar clinical background of SWOG S1313 and HALO-202, the divergence of outcomes lay in the type
of chemotherapy. Patients in the PEGPH20-treated group tended to have more adverse events, although not reaching
statistical significance in HALO-202 trial 28], When combined with intense chemotherapy, enhanced adverse events may
be intolerable and result in relatively more drop-outs. Taken together, caution should be paid when combing nanoparticle
modified hyaluronidase with chemotherapy.

Immunotherapy is a better choice to combine with hyaluronidase, which could directly increase T cell infiltration or improve
the concentration of immune agents in TME. Blair et al. applied an irradiated whole-cell PDAC vaccine along with
PEGPH20 in metastasis PDAC murine model, resulting in increased effector memory T cell infiltration, IFNy secretion,
and improved survival 2. Apart from the vaccine, hyaluronidase coordinated with the immune checkpoint inhibitor as
well. PEGPH20 sensitized HA accumulating cancer to PD-L1 blockade in the breast cancer murine model 9.

Overall, nanoparticle-modified enzymolysis of collagen and HA itself enhanced immune infiltration and exhibited a
synergistic effect with other immunotherapy. Enzymolysis of ECM ingredients may be potential adjuvant of
immunotherapy.

3.2. Reprogramming ECM Producing Cells

Aside from directly dissolving ECM components, the strategy of restraining fibroblasts from secreting excessive stroma is
another way of remodeling tumor ECM for better immune infiltration. Angiotensin receptor Il blockers, namely losartan,
inhibit collagen | synthesis in cancer-associated fibroblasts and facilitate the distribution and efficacy of pegylated
liposomal doxorubicin in murine breast, pancreas, and skin cancer models 411, A phase II clinical trial further confirmed
that in neoadjuvant setting, FOLFIRINOX along with losartan brought about survival benefits to PDAC patients with an RO
resection rate of 61% [#2. Considering the regulation of TGFP signaling of losartan, the drug may have undefine influence



on anticancer immune 23!, Hou et al. developed transformable nano assemblies of carbon dots containing doxorubicin
and Fe ions on the surface and losartan encapsuled within the mesopores, which exhibited about 2.40-fold higher CD8*
and CD4* T cell infiltration than those of control 24, Another angiotensin I type 1 receptor blocker telmisartan inhibits the
development of transient hypoxia and sensitizes tumor to radiation, causing higher level of ICD [42],

Taken together, nanoparticles as carriers for ECM targeting therapies have exhibited impressive improvement of
pharmacokinetics, either in prevention from premature emission or systematic toxicities. Nanoparticles when combined
with chemotherapies increase T cell infiltration by inducing higher levels of ICD. Immune agents modified with
nanoparticles could remodel TME more directly through better penetration and raised local concentration.

| 4. Improving Tumor Immunogenicity

Efficient antitumor strategies must fully activate endogenous tumor immunity. However, one of the major obstacles to
tumor clearance is loss of tumor antigen expression and low adjuvancity 8. To solve this problem, increasing efforts have
been made to improve tumor immunogenicity by enhancing local antigen presentation or adjuvanticity and inducing ICD,
in order to form the cycle of immune priming, tumor cell death, antigen release, and immune reactivating, to maximize the
anti-tumor effect. Nanomaterials play an important role in antigen delivery and ICD induction.

4.1. Assisting in Exogenous Antigen Delivery

Effector T cells recognize and bind the peptide-MHC complex on target cells to start the killing process. Lacking of
endogenously presented antigen-derived peptides on tumor cells is one of the important reasons for forming “cold” TME.
Therefore, the innovative approach to modify tumor cells via immunogenic antigen or peptide delivery can be an option to
induce the cytotoxic T lymphocyte (CTL)-mediated antitumor activity.

Delivering alloantigens to “foreignize” tumor cells is a feasible way to enhance the immunogenicity of tumor. A
nanoplatform of hyaluronic acid, which modified CD44* tumor-targeting ligand and loaded with foreign antigen ovalbumin
(OVA), realized preferential aggregation on tumor surface, phagocytosis by tumor cells, degradation by hyaluromycin, and
release of OVA intracellularly. The OVA was degraded by proteasome into recognized peptide to boost T cell response 4.,
In addition, based on the characteristics of acid pH, hypoxia, high levels of MMP, and other specific enzymes of TME, the
stimulation sensitive nanodelivery system can improve the safety of the antigen delivery therapy. For example, a
conjugated polymer nanoplatform modified by matrix metalloproteinase 9 (MMP9) cleavable linker allowed foreign antigen
to be delivered and conditionally released into the local tumor site (48], This kind of exogenous antigen-loading therapy
theoretically overcomes the tumor heterogeneity and has a certain clinical application potential. However, the current
preclinical studies are mostly the introduction of heterologous proteins, and its safety needs to be further evaluated.

Delivering viral peptides can also subtly enhance the immunogenicity of tumor cells. Memory T cells specific to previous
virus infections can produce immediate and effective response to secondary infection. Injecting non-replicating viral
peptides into TME effectively reactivated these antiviral T cells by mimicking a viral reinfection to poorly immunogenic
tumor cells 9. Encouragingly, antibody-peptide epitope conjugates (APECs), a nanoscale antibody and viral peptide
conjugates, successfully loaded CMV antigens to the tumor surface, mobilized pre-stored virus specific memory T cells to
attack tumor cells, effectively increasing the immunogenicity of tumor cells and avoiding the potential biosafety problem of
oncolytic virus infection BY, Redirection of virus-specific T cells to tumors may yield new therapeutic opportunities for
cancer patients. However, previous reports mainly focused on intratumoral injection. It is only suitable for superficial and
puncture accessible lesions, rather than microsatellite lesions and metastatic lesions. Therefore, it is necessary to develop
effective tumor targeting and penetrable materials for systemic administration in order to eliminate occult lesions.

4.2. Promoting the Release of Endogenous Antigen

Apoptotic tumor cells induced by subtherapeutic doses of chemotherapeutics, radiotherapy, or photodynamic therapy
could release tumor associated antigens (TAA), damage-associated molecular patterns (DAMPSs) and pro-inflammatory
cytokines to trigger antitumor immune response, which called ICD B, |CD-inducing modalities can effectively provoke
specific T cell responses while killing tumors, and eventually transform a “cold” TME to an immunogenic, “hot” TME 52,

The application of the nanomaterials endows ICD inducers with superior antitumor activity. Apart from being a synergist of
ICD to improve penetration and hypoxia microenvironment as above-mentioned, nanoparticles have several unique
advantages in inducing ICD. First, aggregation in tumor site is necessary for ICD inducers. Integrated mesoporous silica
nanoparticles armed with classical ICD inductors doxorubicin (DOX), named DOX@HIMSNSs, initiated an anti-tumor
immune response characterized by DC maturation and antitumor cytokines release 3. Second, nanotechnology allows



ICD inducers to release in a predictable and designable manner. DOX@HIMSNs has been confirmed to mostly
accumulate in tumor tissue and controllably release DOX in acidic microenvironment with high concentration of GSH with
the help of integrating a pH and GSH dual stimulated rotaxane 23], Third, nanoparticles could effectively induce ICD while
reducing their side effect. NPs can selectively deliver photosensitizers to tumors with minimize damage to normal tissues
by spatially controlled light irradiation 2. Fourth, co-loading multi-components on nanoparticles could significantly
improve ICD and anti-tumor effect. Sen et al. engineered a redox-active Au(l) bis-N-heterocyclic carbine (Au(l) bis-NHC)
that realized the double effect combining TrxR2 inhibition (damaging biological antioxidants) with increased oxidative
stress B4, The combination of photodynamic therapy with oxygen therapy based on C@HPOC showed enhanced specific
CD8" T cell response and abscopal effect 23, Fifth, the development of nanoparticles broadens the selection range of
ICD inducers. Classical metallic ICD inducer oxaliplatin failed to induce ICD in non-small cell lung cancer (NSCLC) 58, An
ER-targeting iridium(lll) complex, armed with an N,N-bis(2-chloroethyl)-azane derivate, significantly triggered endoplasmic
reticulum stress and increased reactive oxygen species by targeting endoplasmic reticulum, resulting in antitumor CD8* T
cell response and Foxp3* T cell depletion, successfully suppling the selection of ICD inducers for NSCLC B4, At last,
nanoparticles can be used as a synergist of ICD inducers. Min et al. engineered Antigen-capturing NPs (AC-NPs) could
play a good synergy with radiotherapy by capturing TAAs released after radiation with different surface chemistry and
transport them to APCs (58],
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