Acta Pharmacologica Sinica

REVIEW ARTICLE

www.nature.com/aps

q

Check for
updates

Nanosized drug delivery systems modulate the
Immunosuppressive microenvironment to improve

cancer immunotherapy

Wen-lu Yan'?, Tian-qun Lang™*, Wen-hui Yuan'?, Qi Yin"?* and Ya-ping Li

12,45

Immunotherapy that activates immune systems for combating cancer has yielded considerable clinical benefits recently. However,
the immunosuppressive tumor microenvironment (ITME) is a major hurdle to immunotherapy as it supports tumor to evade
immune surveillance. Reversing ITME facilitates the recruitment and activation of antitumor immune cells, thereby promoting
immunotherapy. Our group has developed various nanosized drug delivery systems (NDDSs) to modulate ITME with enhanced
efficacy and safety. In the review we introduce the ITME-remodeling strategies for improving immunotherapy based on NDDSs
including triggering tumor cells to undergo immunogenetic cell death (ICD), applying tumor vaccine, and directly regulating
intratumoral immune components (immune cells or cytokines). In order to guide the design of NDDSs for amplified effects of
antitumor immunotherapy, the contributions and future directions of this field are also discussed.
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INTRODUCTION

Immunotherapy, which activates immune systems to combat cancer,
has yielded considerable clinical benefits recently [1]. Antitumor
immunotherapy can be typically divided into two categories based
on the mechanism: (i) immune-enhancing therapies that reinforce
immune responses against tumors, such as cytokines, vaccines, and
adoptive cell therapy, and (ii) immune-normalizing therapies that
repair the defects of systemic antitumor immunity, such as immune
checkpoint blockade (ICB) [2]. Despite wide application in the clinic,
how to obtain long-lasting responses in the majority of patients
suffering cancer remains an unsolved problem for cancer immu-
notherapy [3].

Severe immune-related side effects (irSEs) and a low response rate
hinder the progress of immunotherapy [4, 5]. The irSEs (eg.,
myocarditis and pneumonia) result from nonspecific activation of
the immune system due to the extratumoral distribution of the drug
after systemic administration. Primary and acquired resistance in
tumors results in the ineffectiveness of immunotherapy [6]. For
instance, the objective response rates of programmed death 1 (PD-1)
protein or its ligand (PD-L1) inhibitors against certain cancers (e.g.,
pancreatic cancer and glioblastoma) are lower than 30% [7]. The
immunosuppressive tumor microenvironment (ITME) is a major
hurdle to immunotherapy, as it supports tumor evasion of immune
surveillance [8]. Therefore, developing strategies to reverse the ITME
is necessary for improving cancer immunotherapy [9, 10].

Nanosized drug delivery systems (NDDSs) improve the safety
and efficacy of cancer immunotherapy because of their excellent
pharmacokinetic and biodistribution profiles, including prolonged
blood half-life, high intratumoral accumulation, and deep tumor
penetration capacity [11-13]. They can also be designed as
multidrug delivery platforms for combined therapy, which is
beneficial for immunotherapy since ITME is an intricate network
that requires modulation from multiple aspects [14-16].

Recently, our group reported a series of NDDSs for remodeling the
ITME and enhancing cancer immunotherapy. In this review, we
briefly introduce the composition of ITME and traditional treatments
against ITME. Then, we will elaborate our endeavors in reversing the
ITME to improve immunotherapy by manipulating NDDSs based on
different strategies. Finally, the contributions and prospects of this
field will be discussed.

IMMUNOSUPPRESSIVE TUMOR MICROENVIRONMENT
Characterization and composition

The tumor microenvironment (TME) is highly heterogeneous
among tumors [17]. Based on the type, density and location of
immune cells within the tumor site, the tumor immune micro-
environment can be broadly classified into two categories: hot
and cold tumors [18]. Immunologically hot tumors, with high
infiltration of cytotoxic T lymphocytes (CTLs) and activation of the
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PD-1/PD-L1 signaling pathway, are responsive to immunotherapy
[19]. Unfortunately, many tumors insensitive to immunotherapy
are usually cold tumors with ITME, which are difficult to eradicate
and associated with poor prognosis [20].

Multiple and complex factors contribute to the ITME. The low
mutational burden and poor immunogenicity of tumors prevent
recognition by the immune system [21, 22]. Various immunosup-
pressive cells and cytokines impede antitumor immune responses
through different signaling pathways [23]. The extracellular matrix
and chemokines of tumors block the penetration of antitumor
immune cells [24, 25]. Both the physicochemical properties of the
tumor, such as hypoxia [26] and weak acidity [27], and abnormal
metabolic activities, such as the accumulation of adenosine [28]
and increased metabolism of L-arginine [29], facilitate the immune
escape of tumors.

Traditional immunomodulatory methods

A range of approaches have been developed based on the same
goal: to enhance antitumor immunity. Since ITME is an outcome of
the parallel occurrence of multiplex protumor mechanisms,
combination therapies have the potential to harvest clinical
benefits [30]. Immunogenetic cell death (ICD), induced by
radiotherapy, phototherapy, and certain chemotherapeutic drugs,
such as oxaliplatin, is a type of cell death accompanied by the
release of damage-associated molecular patterns (DAMPs) [31].
Tumor cells undergoing ICD will mature dendritic cells (DCs) to
cross-present tumor-associated antigens (TAAs) to CD4" and
CD8™" T cells and thus activate an adaptive immune response. In
addition, released DAMPs promote phagocytosis and boost the
innate immune response. Tumor vaccines or immune adjuvants
can also transform cold tumors into hot tumors [32]. Targeted
therapies to increase tumor immunogenicity [33], cytokine
therapies to activate T cells [34], and oncolytic viruses to release
TAAs [35] are potential strategies to propel immunotherapy
as well.

However, traditional combination therapies also face the
problem of undesired side effects and unsatisfactory efficiency.
The nonspecific distribution of therapeutic agents after systemic
administration causes damage to healthy organs and reduces the
concentration and effects of the drug at the tumor sites. In
addition, other therapies in combination with immunotherapy
may affect the immune system, which limits the synergetic effects
[36]. For instance, lymphodepletion and impact on tertiary
lymphoid structures by chemotherapy may hinder the outcome
of immunotherapy. The clinical responses of radioimmunotherapy
combinations are contradictory since radiation kills tumor cells as
well as immune effector cells. Therefore, strategies for targeted
drug delivery are necessary to amplify the effects and reduce the
toxicity of each component utilized in combination therapy.

NDDSS REVERSING ITME FOR ENHANCING CANCER
IMMUNOTHERAPY

NDDSs, with higher efficiency and safety than traditional treat-
ments, can deliver immunomodulatory drugs specifically to tumor
sites through passive or/and active targeting [37]. They can also be
endowed with TME sensitivity to release payloads specifically at
tumor sites, which further lessens adverse toxicities [38]. Moreover,
multidrug-loaded nanoplatforms provide options for exerting the
synergistic effects of combined treatments [39]. In this section, we
will mainly introduce the relevant works with the categorization of
the strategies to reverse ITME (Fig. 1 and Table 1).

Combining ICD-inducing therapy with immunotherapy

ICD-inducing treatments provide an immune-activation environ-
ment for immunotherapy. Additionally, immunotherapy, including
ICB and indoleamine 2,3-dioxygenase (IDO) inhibition, compen-
sates for the upregulation of PD-L1 and IDO caused by IFN-y,
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which is secreted by ICD-activated CTLs [40]. NDDSs can deliver
targeted toxic ICD-inducing agents, including chemotherapeutic
agents, radiotherapy sensitizers, and photosensitizers, to tumor
sites, thus minimizing adverse effects and improving therapeutic
outcomes [41, 42].

ICD induced by chemotherapy. The combination of chemother-
apy and immunotherapy is an encouraging strategy because of
the ICD-inducing ability of some chemotherapeutics. To improve
the targeting and accessibility of ICD inducers to tumor cells, Li
et al. fabricated a bioinspired lipoprotein system containing the
legumain-sensitive melittin prodrug, the pH-sensitive phospholi-
pid, and the nitroreductase-sensitive oxaliplatin [43]. After
administration, the release of melittin by high-level legumain in
tumors promoted the intratumoral permeation of the nanoplat-
form, and then, the size-enlargement of the nanoplatform after
internalization as a response to acidity released oxaliplatin
prodrug. Finally, the stimulation of oxaliplatin by nitroreductase
and reductive environments induced ICD and elicited antitumor
responses (Fig. 2a). Treatment with the nanoplatform increased
the proportion of intratumoural CTLs and mature DCs by 1.76-fold
and 3.57-fold, respectively, compared with free oxaliplatin
treatment, indicating the importance of the delivery strategy.
The combination of immune-activating treatment and ICB
prolonged the survival of tumor-bearing mice compared with
single therapy, demonstrating that preregulating the TME
facilitated the effects of immunotherapy. A nanovesicle con-
structed by fusing artificial liposomes with tumor-derived
nanovesicles was utilized for the targeted delivery of doxorubicin,
which improved the immunogenicity of tumors and improved the
therapeutic efficacy of ICB [44].

In addition to sequential delivery, codelivery of ICD inducers
and immunotherapeutic agents by NDDSs is also a potential
strategy. The tryptophan catabolic enzyme IDO inhibits immune
effector cells and promotes immunosuppressive cells [45]. A
nanoparticle containing oxaliplatin prodrugs and the IDO inhibitor
NLG919 [46] and a biomimetic micelle/monocyte delivery system
containing docetaxel, NLG919 and a PD-1/PD-L1 inhibitor [47]
were constructed to enhance the efficiency of the drugs and
amplify the synergetic effects. These NDDSs provide robust
platforms for chemoimmunotherapy to mature DCs and power-
fully activate CTLs.

ICD induced by phototherapy. Phototherapy, including photo-
dynamic therapy (PDT) and photothermal therapy (PTT), is capable
of inducing ICD by generating reactive oxygen species (ROS) or
local hyperthermia, respectively [41]. Given the high expression of
matrix metalloproteinase 2 (MMP-2) in the TME, Wang and
coworkers encapsulated an anti-PD-L1 antibody and a photo-
sensitizer into MMP-2-responsive nanoparticles to precisely
release drugs at the tumor site. Photosensitizer-mediated PDT
under a near-infrared (NIR) laser sensitized the tumors to ICB [48].
Consequently, the tumor inhibition rate of mice treated with the
nanoplatform and irradiation was 73.2%, which was only 39.8% of
the free antibody-treated group. Similarly, a pH-sensitive nano-
platform loaded with a photosensitizer and a PD-L1 siRNA was
constructed to overcome the immunological tolerance of tumors
[49]. TME-activated nanoplatforms codelivering photosensitizers
and IDO inhibitors [50, 51] or Toll-like receptor 3 (TLR3) agonists
[52] also amplify antitumor immunity. These works based on
NDDSs exemplify the flexibility of the combination of PDT and
immunotherapy, providing valuable cases for subsequent combi-
nation therapies. Furthermore, oxygen supplementation should be
implemented to improve treatment outcomes, as the hypoxia of
tumors limits the efficacy of PDT [53].

PTT allows photothermal imaging and enhances drug penetra-
tion while ablating tumors. Wang et al. demonstrated a nanoplat-
form based on synthetic high-density lipoprotein (sHDL) containing
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Fig. 1

Nanosized drug delivery systems (NDDSs) modulating the immunosuppressive tumor microenvironment (ITME). Modulating the

ITME based on NDDSs through promoting antigen release of tumor cells, maturation of dendritic cells (DCs), activation of cytotoxic
T lymphocytes (CTLs), and tumor-killing effects of CTLs. DAMP damage-associated molecular pattern, TAA tumor-associated antigen, ICD
immunogenetic cell death, TME tumor microenvironment, TAM tumor-associated macrophage, ROS reactive oxygen species, PD-1/PD-L1
programmed death 1/PD-1 ligand, IDO indoleamine 2,3-dioxygenase.

a photothermal agent and an immune adjuvant [54]. The nanoplat-
form triggered a more than fivefold higher release of adenosine-5'-
triphosphate (ATP) and high mobility group Box 1 (HMGB1)
(two DAMPs) than phosphate buffered saline (PBS) (Fig. 2b, c).
Additionally, an all-in-one nanoparticle containing sorafenib,
Prussian blue as an oxygen-generating catalyst and cyanine 5.5 as
a photothermal agent was developed to mediate PTT and relieve
hypoxia [55]. The PTT-mediated nanoplatforms demonstrated the
ability to synergize with anti-PD-1/PD-L1 therapies to inhibit primary
and metastatic tumors.

ICD induced by radiotherapy. Radiotherapy, as a local therapy,
can exert an abscopal effect by ionizing ROS and thus triggering
ICD [56]. A series of NDDSs designed to targeted deliver
radiosensitizers and immunotherapeutic agents have been
reported by a number of research groups, eliminating tumors by
boosting immune responses effectively [57]. For instance, Wang
et al. reported a nanosheet constructed with a radiosensitizer and
an inhibitor of the pentose phosphate pathway to amplify the
oxidative stress and DNA damage induced by radiotherapy [58].
Effective radiotherapy induced ICD and primed CD8"-T-cell-
dependent antitumor immune responses, providing a hot tumor
immune environment for anti-PD-L1 therapy.

ICD induced by combinational therapies. Combining chemother-
apy with phototherapy is capable of complementing each other to
induce a stronger ICD. A light-activatable nanoplatform containing a
photosensitizer, oxaliplatin and NLG919 was fabricated to achieve
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spatiotemporally controlled drug accumulation and deep tumor
penetration [59]. The first laser irradiation shed the polyethylene
glycol block of the prodrug, enhancing the distribution of the drug
in the tumor to 3.5-fold that of irradiation-free treatment. The
second irradiation performed PDT, inducing ICD of tumor cells
along with oxaliplatin (Fig. 2d). Additionally, NLG919 attenuated
immunosuppression of the TME. The synergetic therapy eradicated
67% of the 4T1 tumors, while the growth of the tumors treated with
monotherapy lost control (Fig. 2e). Moreover, an enzyme- and ROS-
activatable nanovesicle, able to trigger ICD by chemotherapy
and PDT, was constructed to augment antitumor immune
responses with the assistance of anti-CD47 therapy promoting
phagocytosis of tumor cells by DCs and macrophages [60]. The
works mentioned above provide a paradigm for exploiting the
synergistic effects of polytherapy, demonstrating the advantages of
multidrug-loaded NDDSs.

Applying tumor vaccines
Tumor vaccines, classified as proteins or peptides of cancer
antigens, nucleic acids, and cell-based tumor antigens, initiate
specific antitumor immune responses [61]. However, the clinical
translation of tumor vaccines has been difficult [62]. Optimizing the
delivery strategy may benefit tumor vaccines. Various nanovaccines
have been developed because of their improved antigen stability,
bioavailability, and lymphatic drainage [63].

Autologous tumor cell-based vaccines (ATVs) enable persona-
lized immunotherapy. To amplify the activation of CTLs by ATVs,
Wang et al. encapsulated tumor cells loaded with the PD-L1

SPRINGER NATURE
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represent the mean £ SD (n = 3). f Tumor-free percentages of BALB/c mice rechallenged with distant tumors. Reproduced from Wang et al.

[64]. Copyright (2018) Springer Nature.

inhibitor JQ1 and the photothermal agent indocyanine green
(ICG) into a hydrogel, which promoted tumor penetration and
retention of the vaccines (Fig. 3a) [64]. Laser irradiation triggered
the release of JQ1 and vaccines. The levels of IFN-y, tumor
necrosis factor a (TNF-a), and interleukin 6 (IL-6) were higher in
mice treated with vaccine-loaded hydrogel and irradiation than
in mice treated with vaccine-free or irradiation-free treatment
(Fig. 3b-d). The combinational treatment achieved a 62%
maturation rate of DCs in the tumor-draining lymph nodes,
which was 3.1-fold that of the treatment without vaccine
loading, contributing to the inhibition of tumor relapse (Fig. 3e, f).
Another ATV-containing hydrogel system triggered by PDT
remodeled the immune compositions as well, providing a viable
strategy for personalized immunotherapy to eradicate post-
operative tumors [65].

Tumor neoantigen vaccines are widely used for immunother-
apy. To improve the antigen-presenting ability of DCs, Zhou and
coworkers designed a pH-sensitive nanoplatform to codeliver a
neoantigen and a stimulator of interferon genes (STING) agonist
[66]. The nanovaccine induced DC maturation and antigen
presentation synergized with STING activation, achieving an 80%
tumor inhibition rate in melanoma tumor-bearing mice and
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decreasing the tumor occurrence rate. The combination with an
anti-PD-L1 antibody further restrained tumor immune escape.
Delivery of tumor antigens to lymph nodes, internalization
by DCs, and induction of the costimulatory signaling of DCs
are important steps in the activation of antitumor CTLs by
nanovaccines [67]. To avoid the reduced efficacy during these
steps, Xiao et al. proposed an artificial antigen-presenting
cell (@APC) to directly stimulate T cells [68]. Glycoengineering
and tumor antigen stimulation endowed DC membranes with
anti-CD3 antibody and antigen-major histocompatibility complex
I (MHC I). Imiquimod-containing nanoparticles encapsulated by
the DC membrane targeted and retained in lymph nodes and
stimulated T cells via anti-CD3 antibodies, CD28 naturally
expressed on DCs, and antigen-MHC | complexes. In addition,
imiquimod enabled nanoparticles to reprogram macrophages
toward the pro-inflammatory M1-type after phagocytosis.
Additionally, a synergistic mobilization of CTLs by the combina-
tion of tumor lysate-loaded DCs and nanovaccines containing
neoantigens was demonstrated [69]. A nanovesicle based on a
genetically engineered DC membrane with lymphatic system
homing and antigen self-presentation ability could also stimulate
antitumor immune responses and reverse immune tolerance [70].
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These works present new insights for high-performance immu-
notherapy by optimizing the access and stimulation of T cells by
tumor vaccines.

Regulating immune cells or cytokines directly

High infiltration of immunosuppressive cells, such as myeloid-
derived suppressor cells (MDSCs) and tumor-associated macro-
phages (TAMs), and low expression of antitumor cytokines
are essential causes of ITME. Therefore, we designed NDDS-
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based strategies directly regulating immunosuppressive cells
and cytokines.

Since sHDL could target bone marrow-derived cells (MDCs), a
sHDL nanoparticle was utilized to encapsulate vadimezan prodrug
and gemcitabine [71]. Vadimezan promoted the differentiation of
MDCs to DCs, while gemcitabine significantly upregulated the
intratumoral proportion of M1 macrophages by kiling M2
macrophages and inducing monocyte differentiation. The nano-
particles increased the intratumoral M1/M2 ratio by 20.5-fold
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compared with that in the PBS-treated group, reversing immuno-
suppression and inducing long-term immune memory to combat
tumors. Other nanoplatforms for re-education of TAMs and
suppression of MDSCs were constructed as reported, providing
adequate references for establishing approaches aimed at rousing
intrinsic and adaptive antitumor immune responses [72, 731.

Cytokine therapy was the first cancer immunotherapy approved
by the Food and Drug Administration (FDA) [74]. However, the
narrow therapeutic window limits its development, and designing
strategies for safe and effective cytokine regulation is urgent [75].
IFN-y deficiency leads to CTL inactivation and regulatory T-cell
proliferation, but excess IFN-y in turn upregulates PD-L1 expres-
sion. To resolve this paradox, Zhai and coworkers designed an
intelligent NDDS named OPEN covered by PD-L1-overexpressing
T-cell membranes and loaded with the IFN-y inducer ORY-1001
(Fig. 4a) [76]. The biomimetic nanoplatform targeted tumor cells
via the PD-1/PD-L1 interaction and released ORY-1001 after
endocytosis to induce IFN-y expression via epigenetic regulation.
Consequently, PD-L1 on the tumor cells was upregulated, which
improved the uptake of the nanoplatform. In addition, PD-1 on the
nanoplatform blocked the upregulation of PD-L1, thereby
preventing immune escape (Fig. 4b, c). The treatment attenuated
tumor growth with a 73% inhibition rate and prolonged the
median survival time in tumor-bearing mice (Fig. 4d). ITME is a
complex system, and regulating some components inevitably
promotes immunosuppression through negative feedback regula-
tion. This strategy provides new insights to resolve this contra-
diction by turning enemies (upregulation of PD-L1) into friends
(increased uptake of the drug). Direct delivery of cytokines based
on nanoplatforms to tumor sites could reduce systemic toxicity
and reverse the ITME [77, 78].

CONCLUSIONS AND PERSPECTIVES

NDDS-based ITME modulation, including ICD induction, tumor
vaccination, and direct regulation of immune cells or cytokines,
improves immunotherapy by increasing tumor immunogenicity,
maturing DCs and activating CTLs, secreting antitumor cytokines,
and promoting the tumor-killing effects of CTLs and phagocytes.
Since immunotherapeutic drugs target different organs, cells and
even subcellular sites, focusing the drug on the target site can
increase the therapeutic window. Nanoplatforms equip immuno-
modulatory agents with spatiotemporally controllable release
profiles to target specific organs (e.g., tumors or lymph nodes) and
cells. ITME modulators and immunotherapeutic agents can be
coencapsulated into nanocarriers with TME sensitivity and/or
active targeting ability to improve their accessibility to target
organs. They can also be constructed as prodrugs and self-
assemble to form NDDSs with targeting ability. Additionally,
delivery vehicles such as hydrogels are able to extend the
retention time of drugs in the tumor and achieve long-lasting
modulation of the ITME. Nanoplatforms for multidrug delivery can
also facilitate multiple processes in the antitumor immune
response cycle, acting synergistically to further enhance the
effectiveness of immunotherapy [79, 80]. It is preferable to choose
drugs that play roles at different steps of the antitumor immune
cycle or target different immune components for combination to
avoid redundancy of action.

However, a number of preclinical studies have failed in clinical
translation due to the differences between animal tumor models
and humans, difficulties in the production and quality control of
nanosystems, and safety issues arising from the unclear in vivo
behavior of NDDS components. Moreover, the modulation
strength of NDDSs on a highly coordinated immune system is
limited, as tumors are able to develop drug resistance through
negative feedback regulation. The multilayered effects of the
various components of NDDSs on the immune system may cause
potential antagonistic effects and limit efficacy. Therefore, more
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studies are needed for bench-to-bedside translation. First, utilizing
materials approved by the FDA or developing biosafe and
biodegradable carrier materials is necessary, and their interaction
with the immune system should be investigated. Specifically, the
interaction at the molecular level between delivery systems and
their target cells should be focused on since targeting different
cellular receptors may produce different effects. Second, devel-
oping feasible NDDS preparation methods and reducing compo-
nents, such as designing carrier-free NDDSs, are beneficial for
industrial production. Third, multidrug combinations for immu-
notherapy require careful dose adjustment to maximize their
synergistic effects and reduce toxicity. The dosing interval and
drug-release profiles (slow release or immediate release) of NDDSs
also need to be optimized to improve the therapeutic index. In
addition, optimization of animal models, such as in situ tumor
models, also benefits the clinical translation of NDDSs. With the
rapid development of nanotechnology and tumor immunology,
we believe that the use of NDDSs to modulate the ITME will
facilitate the development of cancer immunotherapy and yield
clinical benefits in the future.
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