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Abstract

In the last years, cancer immunotherapy started to attract a lot of attention, becoming one of the
alternatives in clinical treatment of cancer. Indeed, one of the advantages of immunotherapy is that
both primary and distant tumors can be efficiently eradicated through a triggered immune response.
Due to their large specific surface area and unique physicochemical properties, two-dimensional
(2D) materials have become popular in cancer immunotherapy, especially as efficient drug carriers.
They have been also exploited as photothermal platforms, chemodynamic agents and
photosensitizers to further enhance the efficacy of the therapy. In this review, we will focus on the
recent development of 2D materials as new tools to combine immunotherapy with chemotherapy,
photothermal therapy, photodynamic therapy, chemodynamic therapy, radiotherapy, and
radiodynamic therapy. These innovative synergistic approaches intend to go beyond the classical
strategies based on a simple delivery function of immune modulators by nanomaterials.
Furthermore, the effects of the 2D materials themselves and their surface properties (e.g., chemical
modification and protein corona formation) on the induction of an immune response will be also

discussed.
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1. Introduction

Due to their unique physicochemical properties, various two-dimensional (2D) materials have
been widely applied in the biomedical field, for applications in cancer therapy, tissue engineering,
biosensing and others.™ 2 Especially for cancer treatment, 2D materials have attracted a lot of
attention. The currently popular 2D materials include graphene materials, 2D Xenes, 2D MXenes,
transition metal dichalcogenides, transition metal oxides, 2D metal-organic frameworks, and 2D
metal carbides or nitrides.®® Based on their different properties, such 2D materials could be used
as efficient means for drug delivery, photothermal therapy (PTT, which utilizes photothermal agents
to convert light energy into hyperthermia, leading to the thermal ablation of cancer cells),
photodynamic therapy (PDT, which uses photosensitisers to transfer photon energy into reactive
oxygen species, provoking cancer cell death), chemodynamic therapy (CDT, which is based on
Fenton or Fenton-like reactions to convert H>O; into hydroxyl radicals triggering apoptosis and
inhibiting tumor growth), radiotherapy (RT, which uses high-dose radiation to kill cancer cells and
eliminate tumors), radiodynamic therapy (RDT, which utilizes ionizing radiation to excite
photosensitizers to generate O, against cancer) and specific combination thereof.[&17

In the years, cancer immunotherapy gets an exceptional growing progress, especially after
ipilimumab obtained the approval from FDA.*Y Ipilimumab is a monoclonal antibody directed
towards cytotoxic T-lymphocyte-associated protein 4 (CTLA4) showing a significant increase in the
survival of patients with metastatic melanoma. It is well known that cancer immunotherapy is based
on immune system activation to target and eradicate cancer cells with durable antitumor responses
and less metastasis and recurrence than other therapeutic strategies.? *3! Immune biochemical
factors, vaccines, checkpoint inhibitors, monoclonal antibodies and other molecules have been
widely utilized as efficient modulators to activate the immune system. Checkpoint blockade
immunotherapy is a recently developed strategy based on the use of checkpoint inhibitors to arrest
the immunosuppressive pathways promoting antitumor T cell activation and maintaining the
antitumor T cell effector function.* 15 However, the cancer immunotherapy efficiency is still not
satisfactory. Indeed, the overall patient response rates are usually below 40% by checkpoint
inhibitor therapy.® Meanwhile, immunotherapy can trigger mild to serious side effects, such as
nausea, vomiting, lung/skin/gastrointestinal/renal toxicities, hypothyroidism, arthralgia, vasculitis,
autoimmune hepatitis and other dysfunctions.®" 18

To reduce or to overcome the side effects caused by immunotherapy, and further enhance its
efficiency, 2D materials provide incomparable advantages, including high specific surface area,
biocompatibility, chemical surface modification, targeting possibility, tumor accumulation and
unigue physicochemical functions.I” & 1% 20 These advantages not only endow 2D materials with
efficient delivery capacity and high safety profile but also provide the basis for a variety of immuno-
combined cancer therapies. Although the carrier function of 2D materials can improve anticancer
efficiency and reduce the drug side effects to a certain degree, an immune cancer therapy
depending solely on delivery still scarcely meets patients' expectations and needs. Therefore, the

combination of immune therapy with other therapeutic modalities has been put forward as a new
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strategy to cure cancer. At present, the combination modes between immunotherapy and other 2D
material-based cancer therapeutic methods mainly includes immunotherapy/chemotherapy,
immunotherapy/CDT, immunotherapy/PTT, immunotherapy/PDT, immunotherapy/PDT/PTT,
immunotherapy/PDT/CDT, immunotherapy/RT, immunotherapy/RDT, immunotherapy/RT/RDT,
immunotherapy/chemotherapy/PDT, and immunotherapy/chemotherapy/PDT/PTT. The different
combination modes basically depend on the functions of corresponding 2D materials. More cancer
cells are destroyed by 2D material-mediated therapies, triggering the release of a large number of
antigens and inducing a strong immune response. For example, through antigen presenting
dendritic cells (DCs), more CD8" and CD4* T cells are generated, leading to a stronger
immunotherapy.?!

This review is aimed to cover the design of 2D material-mediated immune combined cancer
therapy and to understand the synergistic effect and the interactions between the immune
response and the other therapeutic strategies, unlikely other available reviews that focus mainly
on the delivery aspects of nanoparticles and nanomaterials.???2%! Furthermore, the intrinsic effects
of 2D materials and surface properties (such as surface modification and protein corona) on
immune response are also described as evaluation criterion to choose the most suitable 2D

materials for immune cancer therapy.

2. 2D Materials and Combined Therapies

This section is divided into the different 2D material-mediated immune combined cancer
therapies, underlining the combination modes, the therapeutic efficiency, and the interactions
between different therapies. The description of the physicochemical characteristics, the essential
functions of each material will be presented. Further, the intrinsic immune response of the materials

and the effects of protein corona will be also addressed.

2.1. Graphene Family Materials

Graphene family materials (GFMs, such as graphene, graphene oxide/GO, reduced graphene
oxide/rGO, and graphene quantum dots/GQDs) are the widest applied 2D materials in
nanomedicine due to their unique physicochemical properties and high biocompatibility.® 2729 GO
and GQDs are frequently explored in combined therapies because of their high water dispersibility.
Chemically modified rGO is instead mainly used for PTT due to the higher photothermal efficiency
than GO and the easier preparation than graphene. Generally, GFMs can be considered ideal
carriers for drugs and immune regulators. For instance, GO and rGO have been used as potential
vaccine adjuvants to improve the antigen immunogenicity for better cancer treatment.2%32 |n
addition, GO-templated antibody nanoclusters could activate human natural killer cells for
immunotherapy. To further enhance the therapeutic efficiency, GFMs have been transformed
into multifunctional platforms for combined cancer therapy. Polyethylene glycol (PEG) and
polyethylenimine (PEI) dual-functionalized GO (GO-PEG-PEI) was designed as a carrier for light-

controllable CpG oligodeoxynucleotide (ODN) delivery. The photothermally induced local heating
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under NIR light irradiation accelerated the intracellular trafficking of the system by increasing cell
membrane permeability, resulting in a remarkable enhanced immunostimulation. By a synergistic
photothermal and immunological effect, GO-PEG-PEI/CpG complex allowed to cure cancer in a
mouse model.B®¥ Inversely, CpG ODN treatment alone almost had no tumor suppression and the
simple delivery effect of GO-PEG-PEI could only improve the therapy efficacy of CpG ODN to a
certain not satisfactory extent. It is well known that the pro-inflammatory macrophage M1
phenotype polarization rather than anti-inflammatory M2 phenotype can be beneficial to cancer
therapy. Interestingly, PEG-GO-mediated photothermal effect inhibited interleukin-4-induced M2
polarization of macrophages and modulated their antitumor capability.® After NIR irradiation, the
invasion and migration ability of tumor cells were efficiently supressed by regulating macrophage
polarization, leading to a high anti-tumor effect. To increase tumor accumulation, GFMs can be
functionalized with targeting ligands. For instance, rGO was modified with PEG and folic acid (FA)
(PEG-rGO-FA). Through the synergistic effects of PTT, together with the epacadostat-induced
inhibition of indoleamine-2,3-dioxygenase (IDO) and the programmed cell death-ligand 1 (PD-L1)
blockade by anti-PD-L1 antibody, PEG-rGO-FA conjugate could effectively eliminate the irradiated
tumor and inhibit the growth of a second distant untreated tumor (Figure 1).%7
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Figure 1. a) Schematic illustration of synthesis of PEG-rGO-FA-IDOi NSs (IDOi, IDO inhibitor). b)
PEG-rGO-FA-IDOi mediated PTT/immune (IDO inhibition/PD-L1 blockade) combined therapy for
efficient elimination of primary and distant tumors. Reproduced with permission from ref.7

Copyright 2019, American Chemical Society.

Alternatively, GQDs can be engineered for cancer photo-immunotherapy. In this regard, a
multifaceted system made of polydopamine-stabilized GQD/Ce6 nanocomplexes,
immunostimulatory polycationic polymer/CpG ODN nanoparticles, and Gd**/Cy3 imaging probes
was designed for dual magnetic resonance/fluorescence imaging-guided
photothermal/photodynamic/immune combined therapy.E8 Another alternative system consisting
on PEG-GQDs was demonstrated to generate high ROS levels under laser irradiation. In addition,
antitumor immune-related cytotoxic T lymphocytes (CTLs) and pro-inflammatory cytokines (e.g.,
IFN-y and TNF-a) could be significantly increased after laser irradiation, without the assistance of
specific immune regulators, following a strong tumor ablation in the case of oral squamous cell

carcinoma.¥ These examples illustrate how photoimmune-combined cancer therapy based on
5



graphene materials is widening its potential in nanomedicine.

Beside these promising applications, it is worth noting that some GFMs can cause themselves
an immune response. After internalization, GO was found to induce a high production of pro-
inflammatory cytokines and chemokines (such as IL-6, IFN-y, TNF-a and MCP-1), while no
significant changes were measured for the immunosuppressive cytokines (e.g., IL-10). After
PEGylation, PEG-GO (GOP) could further promote the production of these cytokines though the
interaction between GO and the macrophage membrane. The study evidenced that this conjugate
preferentially adsorbed onto the cell membrane and partially inserted into cell membrane triggering
mechanotransduction.® 4t Importantly, a single injection in vivo enhanced the immune response,
indicating that a PEGylated GO could be chosen as an ideal adjuvant for immunotherapy.
However, several researchers reported that GO could also significantly inhibit pro-inflammatory
cytokine production and reduce intracellular ROS."2 43 For example, Han et al. demonstrated that
GO can behave as natural antioxidants, attenuating inflammatory M1 macrophage polarization by
reducing intracellular ROS, and further polarizing M1 macrophages into anti-inflammatory M2
phenotypes by delivering interleukin-4 plasmid DNA in the treatment of myocardial infarction.®!
The inconsistency of the effects of GO on immune response can be attributed to the surface
oxidation state of GO.*¥ Indeed, GO with a high oxidation degree can easily trigger inflammatory
response, meaning that this kind of GO is a suitable candidate for immune cancer therapy. To
further assess the intrinsic immune response of GFMs, it will be important to guarantee the actual
efficiency in vivo when applied to immune cancer therapy. Finally, in term safe use of this type of
materials in vivo, several articles have demonstrated that highly dispersed GO and GQDs can be
rapidly biodegraded by endogenous peroxidases.“># In this context, GO and GQDs possess high
potential in future clinical applications for cancer therapy and regulation of inflammation, mainly
based on the possibility of surface modification capability and good biodegradability. However, the
long-term safety in vivo still needs more attention, particularly on the investigation of the impact of
GO and GQDs accumulation on the different tissues and organs. Furthermore, the stability of the
dispersion is also an issue of concern when GO, GQDs and other types of 2D materials are
intravenously injected, and it determines the blood circulation time. Indeed, the nanomaterials
should have a long circulation period to let them accumulating more and more into the tumor site,

thus enhancing the efficiency of the treatment.

2.2. Xenes Materials

2D Xenes are made of mono-elements, which belong mainly to the periodic table group IV and
V (e.g., black phosphorus, antimonene, borophene, and bismuthene). Due to their distinctive
properties, such as ultrahigh surface area-to-volume ratio, excellent optical/electronic features and
sensitive pH-response, Xenes have attracted the attention also in nanomedicine, for cancer
diagnosis and therapy, drug delivery and imaging, and are currently considered as the next
generation biocompatible materials,*® and possess great potential in immune-combined cancer

therapy.



Black phosphorus (BP) is widely studied due to its high biocompatibility and good
biodegradability. Branched PEI-PEG modified BP loaded with CpG (BPCP) via electrostatic
attraction could serve as an effective modulator of hecroptosis (a programmed form of necrosis) to
mediate PTT, and antitumor immunotherapy by triggering the immunogenic cell death effect and
initiating immune response (Figure 2a).® Through BP mediated PTT, cancer cells showed
necrotic morphologies with certain nuclear swelling and structural change of calcium binding
protein calreticulin (CRT) (Figure 2b). Meanwhile, the intracellular expression and the extracellular
secretion of HMGB1 (high-mobility group box 1) protein increased (Figure 2c and d). In addition,
BP mediated PTT could significantly stimulate adenosine triphosphate (ATP) secretion from cancer
cells (Figure 2e). These results evidence the necroptosis process of cancer cells induced by BP-
mediated PTT. In vivo results have confirmed that this therapeutic modality could activate immune
responses and alleviate immunosuppressive tumor microenvironment by the action of T
lymphocytes and various cytokines. Indeed, after NIR laser irradiation, the temperature of tumor
tissues in BPCP and BP groups rapidly increased to ~45.6 °C, leading to necroptosis (Figure 2f
and g). The combined treatment of CpG and BP-mediated PTT achieved efficient photothermal
ablation of large solid tumors and immunomodulation leading to eliminate discrete tumorlets
(Figure 2h and i). No evident body weight loss was measured during treatment, meaning a low
systemic toxicity. The control treatment only based on CpG or BP-mediated PTT showed instead
a low efficacy on both primary and distant tumors. Alternatively, BP-based core-shell composites
containing a mutated B-raf inhibitor (e.g. dabrafenib), the immune checkpoint inhibitor PD-L1, and
the cancer-targeting antibody CXCR4 were designed for photoimmunotherapy with high efficacy,

and exhibited cancer targeting and regulation of PD-L1 expression both in vitro and in vivo.5?
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Figure 2. a) Schematic illustration showing the synthetic process to prepare BPCP, the necroptosis
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mechanism induced by BP-based PTT, and BPCP-mediated antitumor immune responses for
combined cancer therapy. b) Fluorescence staining of CRT. ¢ and d) Measurements of the
extracellular secretion and the intracellular expression of HMGBL, respectively. e) Extracellular
ATP secretion content after the different treatments. f) Infrared thermal images after exposure to
808 nm laser irradiation. g) H&E staining of the primary and distance tumor tissues after photo-
immunotherapy. h) Relative volume change of primary and distance tumors in the different groups.
i) Photographs of tumors collected from the different groups after 16-day treatment. j) Body weight

change during the treatments. Reproduced with permission from ref. “9.Copyright 2020, Elsevier.

Besides BP, other 2D Xenes have been also exploited in immunotherapy. For instance,
palladium nanosheets (Pd NSs) were exploited as carriers of immunoadjuvant CpG ODN and for
PTT to enhance their immunotherapeutic effects.®™ Many new Xenes materials, such as
borophene,® tellurenet® and bismuthene,“ just started to be applied in the biomedical field, but
not in immune cancer therapy yet.

After entering the physiological environment, nanomaterials are immediately surrounded by a
complex and tightly bound protein corona layer, which forms the interface with cells and controls
the nanomaterial fate in vivo.® 5 For example, it has been reported that the protein corona exerts
a clear effect on the interaction between BP and immune cells. After the adsorption of plasma
proteins (mainly immune relevant proteins) onto BP, the BP-corona complexes showed a pro-
inflammatory effect and enhanced ROS production, beneficial to induce cancer cell death.® The
BP-corona complexes could also interact with calmodulin (an ubiquitously expressed Ca?* binding
protein) to activate stromal interaction molecule 2 and facilitate Ca?* influx in macrophages,
promoting the polarization of MO macrophages into M1 phenotype by inducing the activation of p38
and NF-kB pathways.” This immune perturbation could promote cancer therapy. Similarly, bare
borophene NSs did not provoke immune responses mediated by macrophages, while the protein
corona endowed this material with pro-inflammatory and immunoregulatory activity.®
Interestingly, BP NSs showed a strong immunoregulation either in the presence or not of protein
corona. This behavior indicates that the immune response of different 2D Xenes has different
degrees of dependence on protein corona. For instance, by proteomics analysis, 46.5% of the
proteins in the corona surrounding borophene NSs was composed of immune relevant proteins.
This percentage increased to 75.6% in the corona around BP NSs, endowing BP NS-corona
complexes with the stronger proinflammatory effect. Overall protein corona seems to have
significant effects in tuning the immune responses of 2D Xenes, and corona modification can be
used as a promising strategy to improve immune response to further promote cancer therapy.
Besides, BP can be easily oxidized by H.O. and gradually degraded by O dissolved in water.®%
These conditions are easy encountered in vivo. Therefore, BP can be considered as an ideal
candidate in future clinical applications for cancer therapy and inflammation regulation due to its
good biodegradability and safety. However, how to efficiently avoid the oxidization of BP during
preparation and therapy and how to store BP conjugates for long term before use still need a lot of
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attention and efforts.

2.3. MXenes Materials

Since their discovery in 2011, MXenes have attracted a lot of attention as new types of 2D
materials.’®¥ The typical formula of MXenes is Mn:1Xn, Where M is an early d-transition metal, and
Xis a carbon and/or a nitrogen. The applications of MXenes in combined immune cancer therapy
are flourishing. However, only two typical MXenes have been exploited until now. A drug delivery
system made of titanium carbide was designed for photothermal/photodynamic/chemo/immune
combined cancer therapy (Figure 3a). Ti:C.@Met@CP NSs were obtained by layer-by-layer
adsorption of metformin [Met, a mechanistic target of rapamycin (mTOR)
signalling pathway inhibitor] and compound polysaccharide (CP) (a mixture of lentinan,
pachymaran, and tremella polysaccharides) on the surface of TisC, NSs (Figure 3b).6Y After
hydrogen fluoride delamination and tetramethylammonium hydroxide (TMAOH) intercalation,
TizCz2 NSs results in an ultrathin single-layer and highly crystalline microstructure (Figure 3c).
This complex possessed several advantages, including a high photothermal conversion
efficiency, an effective singlet oxygen generation, a high drug loading capacity (up to 96.2%), a
pH-responsive and NIR laser triggered on-demand drug release, an enhanced biocompatibility,
and an immune activation. After NIR laser irradiation, the temperature increased in tumor site
to 46.3 °C, leading to an efficient photothermal effect and to an on-demand drug release (Figure
3d). Further, CP onto TizC2 NSs augmented the use proportion of Ti;:C.@Met@CP at the tumor
site (Figure 3e and f). This combined therapy had almost no effect on body weight during the
treatment period, indicating little adverse effects on the general health of the mice (Figure 3g).
Through the combination of PTT/PDT/chemotherapy/immunotherapy, TisC.@Met@CP
nanocomposite could guarantee a complete tumor eradication and an effective inhibition of
tumor recurrence and metastasis (Figure 3h and i). Furthermore, the main organs of the mice
after Ti;:C.@Met@CP treatment (5 days) showed no significant pathological toxicity, adverse
effects or histological changes. By measuring Ti content in urine and feces, we could deduce
that this nanocomposite system can be easily excreted from the body. Therefore,
TizC.@Met@CP is highly biocompatible and safe to ensure future clinical applications.

However, the long-term biosecurity in vivo has still to be carefully assessed.
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Figure 3. a) Schematic illustration of photothermal/photodynamic/chemo/immune combined
therapy mediated by TisC.@Met@CP NSs. b) Synthetic process of Ti:C.@Met@CP NSs by a
two-step exfoliation method. ¢) SEM image of the TizAlIC, ceramics, and TEM/HRTEM images of
the ultrathin TisC, NSs after two-step exfoliation. d) Temperature changes of the tumors after the
different treatments. e and f) Utilization proportion of TisC.@Met at the tumor site after PEG and
CP modification. g) Body weight change during treatment. h) Tumor volume change during the
treatments. i) Tumor weight change after the treatments. Reproduced with permission from ref.
611 Copyright 2020, Royal Society of Chemistry.

Another interesting Mxene is niobium carbide (Nb2C). A Nb,C biodegradable bioglass scaffold
loaded with the adjuvant imiquimod (IMD) was developed to treat bone metastasis derived from
breast cancer.®? The biodegradability of Nb,C accounts for a good degree of biosecurity for future
applications. In vivo results have demonstrated that this engineered scaffold could eradicate
primary tumors, activate the immune response, suppress metastases, and prevent tumor relapses
by combination of PTT and checkpoint blockade immunotherapy. Further, this scaffold also
enhanced the bone regeneration process thanks to the Nb and Si-based degradation products. It
is worth noting that the effects of Nb-based degradation products on other organs and tissues
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should be analyzed carefully to ensure safely future clinical developments to treat for example

cancer and bone tissue defects.

2.4. Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are widely explored in biomedicine.®® The most
popular TMD is MoS; that displays a fast biodegradability in phosphate buffers, being oxidized into
water-soluble molybdenum oxide ions, which are rapidly eliminated, thus guaranteeing a high
safety use in vivo and promising future clinical applications.® In this context, a MoS,-PEG-CpG
nanocomposite with a small and uniform size was prepared and used for photothermally enhanced
immunotherapy.® After modification with CpG and PEG, MoS; resulted an efficient adjuvant
carrier promoting CpG intracellular accumulation, which could be further improved by photothermal
effect. The enhanced uptake stimulated a high production of pro-inflammatory cytokines leading to
an efficientimmune response. Through PTT and photothermally enhanced immunotherapy, MoS.-
PEG-CpG showed a satisfactory elimination of cancer cells. To further enhance the efficiency of
the therapy, MoS;-based heterostructures can be developed. By the synergetic effects of
PTT/CDT/immunotherapy, MoS,-CuO complexes with multimodal imaging capacity could enhance
antitumor efficacy.®® In this case, CuO provided Cu?* ions for the Haber-Weiss and Fenton-like
reactions. Similarly, tumor microenvironment responsive and targeted FePt/MoS,-FA NSs loaded
with CpG ODN (FPMF@CpG ODN) showed a high therapeutic efficiency based on a synergistic
PTT/CDT/immunotherapy, and possessed a strong long-term immune memory function to protect
the treated mice against tumor recurrence (Figure 4a).”1 FePt nanoparticles anchored onto the
surface of MoS; catalyzed the Fenton reaction to produce ROS. After 808 nm NIR laser irradiation,
FPMF NSs showed the best photothermal performance in vivo due to the higher photothermal
conversion efficiency, which was sufficient to ablate tumors and limit their proliferation (Figure 4b).
With the assistance of an anti-CTLA4 antibody, both primary and distant tumors could be efficiently
eliminated by the combination of PTT and immunotherapy (Figure 4c and d). In addition, according
to the results of the H&E staining, the major organs presented typical structural phenotypes and
did not exhibit histopathological abnormalities or lesions after the different treatments, confirming
the high safety and future clinical potential of FPMF@CpG ODN. Similar to BP, attention should
be put in the development of protocols to avoid undesired oxidization during therapy and to

preserve the functional conjugates (e.g. MoS; composites) during long term storage.
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Figure 4. a) Preparation process of FPMF@CpG ODN by chemical exfoliation method and
mechanism of FPMF@CpG ODN mediated synergistic PTT/CDT/immunotherapy to eliminate
primary and distant tumors. b) Infrared thermal images of 4T1 tumor-bearing mice after
intratumoral injection of FePt/MoS,; NSs under laser irradiation. ¢ and d) Growth curves of
primary tumors and distant tumors of bilateral 4T1 tumor-bearing mice after the different

treatments. Reproduced with permission from ref. ©71 Copyright 2019, Royal Society of
Chemistry.

Besides MoS;, other TMDs also showed great potential in immune cancer therapy. For instance,
MoSe: layers with a high photothermal conversion efficiency were prepared through liquid
exfoliation.l®® After coating with red blood cell (RBC) membranes, this material resulted highly
hemocompatible and remained in circulation for long time, preventing phagocytosis by
macrophages (Figure 5a, left). By combination with anti-PD-1 checkpoint-blockade therapy, the
therapeutic efficiency was further improved by blocking the activation of PD-1/PD-L1 pathway
(Figure 5a, right). This allowed to avoid the immune failure of CTLs, stopping the transmission of

an antiapoptotic signal to tumor cells. After the treatment with RBC-MoSe, NSs and 808 nm NIR
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laser irradiation, the primary tumors almost disappeared, and the distant tumors scarcely grew due
to the checkpoint-blockade of anti-PD-1 (Figure 5b). Meanwhile, the survival rate of mice remained
100% within 21 days (Figure 5c). To confirm that the highly synergistic antitumor effects were
related to the activation of immunological responses by RBC-MoSe,, the percentage of CTLs
(mainly CD3+CD8+ T cells) was analyzed by flow cytometry. It was obvious that PTT enhanced
the activation and infiltration of CD3+CD8+ T cells in the tumor tissue (Figure 5d). Moreover,
hematological analysis and H&E staining of the main organs demonstrated that RBC-MoSe; can
be considered safe. Therefore, the combination of RBC-MoSe- with anti-PD-1 checkpoint blockade
therapy provides promising advances in personalized PTT-triggered immunotherapy towards
clinical translation to treat cancer. In another example, a WO, s-WSe»-PEG hybrid was designed to
obtain a synergistic RT/PTT/checkpoint blockade immunotherapy (anti-PD-L1) for enhanced
antitumor and antimetastatic effect.®® WO, o NPs were first generated via a hydrothermal treatment,
and WO, ¢-WSe, heterostructures were then obtained by selenizing WO.9 NPs. It is worth noting
that, through a radiosensitizing mechanism that effectively produced hydroxyl radicals (HO) and
PTT, RT could display a high efficiency under low radiation dose and thus decreased the side

effects.
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macrophage phagocytosis during circulation and schematic illustration of RBC-MoSe, NSs for
efficient photothermal-triggered cancer immunotherapy. b) Volume change of primary and
distant tumors after the different treatments. c) Survival percentage of BALB/c mice. d)
Percentage of infiltrated CD8+ T cells in primary tumor analyzed by flow cytometry. Reproduced

with permission from ref. 8 Copyright 2019, Wiley-VCH.

In a different study, MoS, NSs could intrinsically enhance DCs maturation, migration and T cell
proliferation.l’” Interestingly, in vitro results demonstrated that different immunological responses
happened when different blood protein corona (made of human serum albumin/HSA, transferrin/Tf,
fibrinogen/Fg, or immunoglobulin G/IgG) were formed around MoS, NSs."™ After adsorption, the
protein corona could reduce the surface charges of MoS, NSs accompanied by changes in
secondary structures of the proteins. Although all MoS, NS-protein complexes could trigger an
inflammation process, it was evidenced that IgG-coated MoS; NSs showed the highest cellular
uptake and caused the strongest inflammatory response. Similarly, Fg-coated MoS, NSs could
also efficiently stimulate the immune response. MoS,; NSs adsorbed a large amount of IgG but
caused a minor change in the B-sheet structure of the antibody, likely due to the structural
similarities between MoS; NSs and 3-sheets in IgG. The loaded IgG was beneficial for the binding
to the macrophage receptors (Fc gamma receptors, FcyRs), subsequently promoting the uptake
of MoS; NSs, inducing macrophages to produce more inflammatory cytokines than the other three
MoS; NSs-protein complexes. Therefore, the immune-related proteins (such as IgG and Fg) can
be used as a coating on 2D materials to increase cellular uptake by macrophages and
consequently trigger a higher production and release of cytokines. Furthermore, the molecular
mechanism of macrophage-based immune responses induced by PEGylated MoS, was
analyzed.? Due to the enhanced membrane penetration, MoS,-PEG triggered a longer
stimulation and higher cytokine secretion in macrophages than pristine MoS;.

Similar to GO, the surface conjugation of TMDs can influence the immune responses. Protein
corona components, chemical modifications and oxidation degree have obvious effects on the
immune response, which gives a clue to design more efficient TMDs for immune cancer therapy.
However, not all TMDs are suitable for immune cancer therapy. Indeed, niobium diselenide was
demonstrated to effectively eliminate reactive oxygen and nitrogen species via hydrogen atom
transfer and redox reaction, following inhibition of inflammation, likely reducing the efficacy of

cancer treatment.[’?!

2.5. Transition Metal Oxides

Another class of 2D materials explored in the biomedical field is transition metal oxides (TMOS).
In particular, they are applied in cancer therapy because they are able to oxidize intracellular
reducing substances and promote Fenton reactions by converting H>O- into HO". MnO;is among
the most commonly used 2D TMOs, with great potential in immune cancer therapy. For example,

PLGA-Ce6-MnO; coated with 4T1 cancer cell membrane fragments (PCM@M) was designed as
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a biomimetic nanoplatform for enhanced PDT and immune activation.'4 PCM@M showed an
efficient homologous targeting of 4T1 tumor. Under laser irradiation, PCM@M alleviated tumor
hypoxia, promoted macrophage M1 polarization in the tumor microenvironment (TME), and also
activated T cells and maturated DCs in vivo. To enhance the stability of CDT, another TME-
responsive and biodegradable MnO,/CaCOs; nanoplatform loaded with indocyanine green (ICG)
and PD-L1 siRNA was prepared to achieve an enhanced photodynamic/immune combined cancer
therapy.” CaCO; layer could enhance ICG stability due to the formation of aggregates, following
stronger and longer photodynamic reaction.

In another approach, bimetallic oxide FeWOx-PEG NSs were designed as multifunctional
cascade reactors (Figure 6a).'®! FeWOx-PEG NSs showed an efficient catalytic reactivity to
convert H,O; into HO" for CDT following the redox reactions that involve Fe?*/Fe** and W>"/W¢®*
(Figure 6b). The high-valence metal ions Fe**/W°®" are reduced to Fe?*/W>* by glutathione (GSH),
respectively, both depleting intracellular GSH (Figure 6c¢), and amplifying further the oxidative
stress, which significantly improved the RT efficacy. Meanwhile, ROS-induced inflammation could
activate the immune system to promote tumor infiltration with various types of immune cells.
Compared to single FeWOx-PEG or anti-CTLA-4 treatment, FeEWOx-PEG plus anti-CTLA-4
modalities showed a remarkable inhibition of primary and distant tumors (Figure 6d and e). As
expected, the survival time of mice that underwent FeWOx-PEG plus anti-CTLA-4 combination
was prolonged (Figure 6f). According to the flow cytometry analysis results, the largest percentage
of DC maturation and the consequent decrease of T.eq Cells were found in FeWOx-PEG/anti-CTLA-
4 group, which confirmed that the immune response played a significant role in the efficient cancer
therapy (Figure 6q). Interestingly, this type of 2D materials (e.g., MnO, and FeWO,) are pH
responsive, meaning that they can be easily degraded in acid condition and then expelled from
body. This acid responsive degradation behaviour renders 2D TMOs highly safe for future clinical
translation. However, one disadvantage is that they can be reduced by reducing substances such
as GSH, cysteine or ascorbic acid that are present in our body. Therefore, maintaining the chemical
stability of 2D TMOs during blood circulation is fundamental to achieve high therapeutic efficacy
and promote the future clinical applications. For this purpose, one possible strategy might be to

prepare specific material coating to inhibit redox reactions during blood circulation.
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Figure 6. a) Schematic illustration of FeWOx-PEG NSs with efficient TME-modulation
performance for enhanced RT and immunotherapy. b) ROS content after different treatment. c)
GSH depletion after treatment with FeWOx-PEG. d and e) Relative tumor volume and tumor
volume change. f) Survival curves of mice following the different treatments. g) Representative
flow cytometric analysis of DC maturation (CD80+CD86+) within the lymph and T cells
(CD4+Foxp3+) inside the tumor. Reproduced with permission from ref. 8 Copyright 2020, Wiley-
VCH.

2.6. Metal-Organic Frameworks

Metal-organic frameworks (MOFs), an emerging class of nanocarriers, have become powerful
tools for cancer immunotherapeutics with improved stability, efficacy and safety.’” 8 MOFs can
be also engineered in bidimensional structures. Cationic W-TBP NSs (composed of W¢" ions and
the photosensitizer 5,10,15,20-tetra(p-benzoato)porphyrin, TBP) could mediate PDT to release
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tumor-associated antigens and deliver CpG, loaded onto the sheets, to DCs. The synergy of the
enhanced antigen presentation and checkpoint blockade (a-PD-L1) immunotherapy expanded and
reactivated cytotoxic T cells, achieving satisfactory anticancer efficacy and robust abscopal effects
with >97 % tumor regression combined with W-TBP NSs-mediated PDT.["™ In contrast, while W-
TBP/CpG showed a strong local tumor control, it had almost no effect on distant tumors under light
irradiation. It is worth noting that a-PD-L1 immunotherapy can only supress primary tumors slightly,
and was ineffective against the distant tumors. To further improve the therapeutic efficiency, W¢*
ions were replaced by Cu?* ions, which could exert excellent CDT.%% 81 Due to the biodegradability,
Cu-TBP NSs efficiently released Cu?* and TBP intratumorally. Copper ions catalyzed E2
metabolism to generate different types of ROS, while TBP irradiated at 650 nm triggered PDT,
which suppressed the tumor growth. Combined to a-PD-L1 immunotherapy, the system could
eradicate local tumors and regressed distant tumors through systemic antitumor immunity.

It has been demonstrated that MOF NSs made of heavy-metal secondary building units and
photosensitizing ligands could mediate efficiently RT/RDT by enhancing X-ray energy deposition
and generating multiple ROS.®4 For example, Hf-anthracene MOF was able to absorb X-ray
photons leading to RT (via the production of HO?) and perform RDT (by exciting the
photosensitizers to generate 0,). Based on this, Hf-DBP (5,15-di(p-benzoato)porphyrin) and Hf-
DBP-Fe nanoplates were used for immune combined cancer therapy. Hf-DBP was loaded with
IDOI enabling a synergistic RT/RDT and immunotherapy under very low doses of X-rays.!
Importantly, the combination of IDOi and antigen release from local X-ray-induced immunogenic
cell death triggered the effective expansion and tumor infiltration of CD8* T cells, leading to the
eradication of the untreated tumors. This system could be further engineered by loading IMD and
anti-CD47 antibody on the Hf-DBP nanoplates (IMD@Hf-DBP/aCD47) to repolarize
immunosuppressive M2 macrophages into immunostimulatory M1 macrophages and block CD47
tumor cell surface marker to promote phagocytosis (Figure 7).4 Under X-ray irradiation, IMD@Hf-
DBP/aCD47 could regulate the immunosuppressive microenvironment and activate innate
immunity to orchestrate adaptive immunity when synergized with a-PD-L1, leading to complete
eradication of both primary and distant tumors. Moreover, to overcome hypoxia and perform CDT,
the Hf-DBP nanoplates can be modified with iron.®s Endowed with a catalase-like activity, Hf-DBP-
Fe could decompose H.O- into hypoxic tumors to generate O, and HO'. The generated O-
enhanced radiodynamic therapy. Through the synergistic combination with anti-PD-L1, Hf-DBP-Fe
eradicated primary tumors and distant tumors through systemic antitumor immunity. Although the
safety aspects of 2D MOF described above have been demonstrated by the results during cancer
therapy (no changes on body weight and organ pathology), the long-term impact needs further
assessment. In addition, the biodegradability in vivo and excretion from body of 2D MOFs has also

to be investigated before clinical translation.
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Figure 7. Schematic mechanism of IMD@Hf-DBP/aCD47 nanoplates-based RT and RDT activity,
modulating the immunosuppressive tumor microenvironment (M2 to M1 repolarization of
macrophages) and activating innate immunity when synergized with an anti-PD-L1. Reproduced

with permission from ref. 84 Copyright 2020, American Chemical Society.

2.7. Layered Double Hydroxides

Layered double hydroxides (LDHs) are a type of anionic clay with the general chemical formula
[M2*1xM3*,(OH)2] [A™ ]wnezH20 (Where M?* is the bivalent metal cations, M3" is the trivalent metal
cations, A" is the interlayer anions, and x usually varies from 0.2 to 0.4).% LDHs possess two
typical advantages in nanomedicine: (a) hydroxyl groups sensitive to an acid environment leading
to the release of therapeutic molecules in a pH-responsive way, and (b) positive charges allowing
the material to effectively interact with negatively charged cell membranes for efficient intracellular
delivery.l®" 88 For example, MgAI-LDHs were able to co-deliver ovalbumin and CpG to obtain a
high antitumor efficacy by Thl polarized immune responses. To further improve the therapeutic

18



action, MgAI-LDHs co-loaded with IDOi and Pt(IV) prodrugs (e.g., disuccinatocisplatin) was
designed.®® Pt(IV)-IDOI/LDHs showed improved cellular accumulation and increased binding of Pt
to DNA causing elevated apoptosis. IDOi could reverse immunosuppressive T cells to recognize
cancer cells, leading to T cell proliferation and activation, cancer cell cycle arrest, ultimately
increasing cancer cell death and suppressing the growth of human cervical tumor. Similar to TMOs,
LDHs are also degraded in acid conditions, guaranteeing a high biocompatibility. Meanwhile, to
keep the chemical stability of LDHs (due to the presence of ions with high valence states) during
blood circulation needs more attention for clinical applications against undesirable redox reaction

before achieving tumor site.

2.8. Other 2D Materials

Other types of 2D materials have been also utilized in immune cancer therapy. Covalent organic
frameworks (COFs) loaded with ICG were exfoliated by ultrasound and coated with polydopamine
(PDA) to construct ICG@COF-1@PDA NSs with photoimmunotherapy activity (Figure 8a).l
Compared with ICG, ICG@COF-1@PDA NSs had a prolonged circulation time and optimized
tumor accumulation (Figure 8b and c), causing higher photothermal effect in tumor (Figure 8d).
The impact of ICG@COF-1@PDA-mediated phototherapy on damage-associated molecular
patterns (DAMPS) in CT26 tumors was analyzed. Both HSP70 and HMGB1 were obviously
upregulated after ICG@COF-1@PDA NSs treatment under NIR laser irradiation (Figure 8e).
Meanwhile, ICG@COF-1@PDA&NIR  treatment can promote DCs maturation
(CD11c+/CD80+/CD86+, Figure 8f). Through PTT and PDT, immunogenic cell death and
antitumor immunity were induced in colorectal cancer. Therefore, both primary and distant cancers
can be inhibited efficiently, whereas free ICG mediated phototherapy had negligible effect on tumor
growth (Figure 8g and h). Additionally, the increased CD8+ T cells infiltrated in distant tumors after
ICG@COF-1@PDA&NIR treatment (Figure 8i), and the level of IFN-y also were obviously elevated
(Figure 8j). Therefore, ICG@COF-1@PDA-based PTT/PDT dual mode phototherapy could
provide abundant DAMPs to initiate a systemic immune response. Further, the dual mode
phototherapy also can effectively ablate invasive tumors and inhibit tumor metastasis. Notably, the
reversible covalent bonds in COF can maintain the structure in normal conditions but will be broken
under acid condition, confirming the biosecurity of COF-based nanosystem in vivo.? Moreover,
white mica sheets were prepared by polyamine intercalation method, and mainly promoted
immunostimulatory M1 polarization of RAW 264.7 macrophages, providing the basis for chemo-

combined immune cancer therapy.®
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Figure 8. a) Scheme showing the preparation process of ICG@COF-1@PDA NSs and the
mechanism of their mediated photoimmunotherapeutic activity. b) Ex vivo fluorescence images of
major organs and tumors 24 h post i.v. injection. ¢) Biodistribution of ICG@COF-1@PDA NSs in
major organs and tumors at 24 h post-injection. d) Temperature changes recorded by tumor-based
on IR thermal imaging. €) HSP70 and HMGBL1 expression in tumors after the different treatments.
f) Flow cytometry analysis of DC maturation (CD80+/CD86+) in tumor-draining lymph nodes. g and
h) Primary and distant tumor volume change during the different treatments. i) Quantitation of mean
fluorescence intensities of CD8+ and CD4+ cells. j) IFN-y levels in distant tumors. Reproduced

with permission from ref. Y Copyright 2019, Wiley-VCH.

3. Summary and Outlook

Taken together, the examples described in this review lead us to conclude that the combination
of immunotherapy and other cancer therapies based on 2D materials is extremely effective and
safe to eradicate cancer. In immunotherapy applied alone, mild to serious side effects (e.g.,
nausea, vomiting, lung/skin/gastrointestinal/renal toxicities, hypothyroidism, arthralgia, vasculitis,
and autoimmune hepatitis) were evidenced. Actually, besides immunotherapy, other single
therapy (such as well-known and clinically approved chemotherapy, PDT, PTT, and RT) also
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causes some side effects (e.g., fatigue, hair loss, infection, anemia, nausea and vomiting) and
shows relatively low efficiency, and only treats local tumors efficiently rather than distant tumors.
Generally, for all types of therapeutic treatments, the way to get better efficiency is to increase the
dose, with the risk to trigger more serious side effects. Through the synergistic effects provided by
the different therapies, their combination is becoming a popular and satisfactory strategy to
overcome these side effects and to enhance the therapy outcome. Therefore, 2D materials
mediated immune-combined therapy was put forward as an advanced solution. The combined
therapeutic approaches are mainly dictated by the multiple properties of 2D materials. Usually, 2D
materials are used as carriers to promote cancer immune therapy due to their large specific surface
area and efficient complexation with other molecules. By utilizing other functions of 2D materials,
immune cancer therapy could be combined with one or more therapeutic strategies, including
chemotherapy, PTT, PDT, CDT, RDT, and RT, leading to higher therapeutic efficiency, minor side
effects and good safety. These different combined modes based on different 2D materials have

been summarized in Table 1.

Table 1. Classification and applications of 2D materials in immuno-combined cancer therapy.

Class of Type of

Materials Materials Combined Modes In vivo Models Ref.

CT26 colon carcinoma

tumor-bearing BALB/c  [34]
GO Immunotherapy/PTT mice

Osteosarcoma-bearing

BALB/c nude mice [36]
GEMs CT26 colon carcinoma
rGO Immunotherapy/PTT tumor-bearing BALB/c  [37]
mice
Immunotherapy/PDT/PTT EMTS tumor-bearing [38]
BALB/c mice
GQDs SCC VIl tumor-bearing
Immunotherapy/PDT C3H mice [39]
4T1 tumor-bearing
- Immunotherapy/PTT BALB/C mice [49]
B-16 tumor-bearing
Xenes Immunotherapy/PTT C57BL/6 mice [50]
B16F10 tumor-bearing
Pd Immunotherapy/PTT C57BL/6 mice [51]
Immunotherapy/chemothera MDA-MB-231 tumor-
TisC2 Py by bearing BALB/c nude [61]
/PDT/PTT .
MXenes mice
4T1 tumor-bearing
Nb2C Immunotherapy/PTT BALB/C mice (62]
CT26 tumor-bearing
Immunotherapy/PTT/CDT BALB/C mice [66]
MoS:2 4T1 tumor-bearin
Immunotherapy/PTT/CDT -anng [67]
BABL/c mice
TMDs CT26 colorectal tumor-
MoSe:2 Immunotherapy/PTT bearing BABL/C mice [68]
WO2.0- . 4T1 tumor-bearing
WSenPEG immunotherapy/PTT/RT BALB/C mice [69]
MnO: Immunotherapy/PDT 4T1 tumor-bearing [74]
BABL/c mice
TMOs 4T1 tumor-bearing
FeWOx Immunotherapy/CDT BABL/C mice [76]
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TUBO tumor-bearing

W-TBP Immunotherapy/PDT BALB/C mice [79]
B16F10 tumor-bearing

Cu-TBP Immunotherapy/RT/RDT C57BL/6 mice [80]
MOFs CT26 tumour-bearing [83
Hf-DBP Immunotherapy/RT/RDT BALB/C mice 84]

MC38 tumor-bearing
Hf-DBP-Fe Immunotherapy/RT/RDT/CDT C57BL/6 mice [85]

HeLa tumor-bearing
LDHs MgAI-LDHs Immunotherapy/chemotherapy BALB/C nude mice [90]

Other 2D CT26/4T1 tumor-

Materials COF-1 Immunotherapy/PTT/PDT bearing BALB/C mice [91]

Although significant breakthroughs have been achieved for immune-combined cancer therapy,
some issues and challenges still exist. One of them is that most combined therapeutic modes are
lacking of tumor targeting capacity, resulting in high effective doses and potential toxicity. Within
the different existing combinations, immunotherapy/PTT is the main exploited mode, while new
strategies to integrate more functions (such as PDT and CDT) into one nanosystem are still
needed. Meanwhile, the anticancer efficacy is usually assessed in short time, ignoring the risks of
cancer recurrence. Furthermore, the effect of the intrinsic properties and of the degradation
products on the immune response should be assessed before any therapy. Some solutions will be
useful to overcome these challenges. For instance, modification with targeting molecules or coating
with cancer cell membranes could endow 2D materials with efficient therapeutic action. The
combination of different 2D materials provides an alternative basis for multifunction integration.

We would like to evidence that 2D materials can also regulate themselves the immune
responses. During or after cancer therapy, 2D materials or the corresponding degraded products
are capable to stimulate the immune system. As we have discussed above, GO with different
surface modifications can be immunostimulatory or immunosuppressive, meaning that different
types of GO can be used in cancer therapy or in anti-inflammatory processes based on the different
immune response. In the case of TMDs, MoS; can promote the pro-inflammatory action of
macrophages, while NbSe> oppositely showed an anti-inflammatory function. Besides, white mica
sheets were demonstrated to mainly promote immunostimulatory M1 polarization of macrophages,
but silicon-containing ions, liberated as product of degradation, were found to induce macrophages
to M2 polarization.®¥ Therefore, it is essential to carefully choose suitable 2D materials to develop
an efficient immune cancer treatment. Interestingly, during tissue repair, sequential M1/M2
phenotype transition is necessary to enhance vascularization and bone remodelling.l®>
Therefore, white mica sheets may be an ideal candidate to regulate bone repair. Similarly, BP
promoted the polarization of MO macrophages into M1 phenotype. However, the degradation
product phosphate not only induced macrophages to M2 polarization but also promoted osteogenic
differentiation and mineralization, which are beneficial for bone repair. Besides, due to the capacity
of MnO; to convert H>O; into H.O and O,, MnO2 NSs have been used to eliminate inflammation by
decreasing ROS level and promote tissue repair by decreasing oxidative stress level.”

Furthermore, the formation of protein corona should be also considered, as it affects the immune
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responses of 2D materials. Indeed, as for other nanomaterials and nanoparticles, material
coronation can regulate the degree of immune responses, and some of plasma proteins can even
endow 2D materials, which lack of an intrinsic immune response, with pro-inflammatory and
immunoregulatory activity. Importantly, there are still many 2D materials not applied in immune
combined cancer therapies, meaning that a lot of work needs to be done to expand the applications
to all possible 2D materials. Some of 2D materials (such as GO, BP, MnO, and LDHSs) are easily
degraded while others are inversely more persistent (e.g., rGO and TizC,). These biodegraded 2D
materials usually are pH responsive or easily oxidized, forming water soluble products. A good
biodegradability confirms a high biosecurity, and promotes the potential clinical translation.

We would like to evidence that, although some inorganic nanomaterials, including for example
nano-Au, nano-iron oxide, and nano-hafnium oxide, are undergoing clinical trials or have been
approved by FDA or EMA for chemotherapy, PTT and RT, 2D materials are still missing in this list
of trials.l®® The majority of 2D materials are still in preclinical trials, using animal models. Possible
reasons that hinder the translation to clinical processes of 2D materials include the complex
preparation methods, the still relatively high cost, the low stability, the lack of long-term safety
assessment and the low market trust. Gratifyingly, many researchers are paying enormous efforts
to promote the clinical translation of 2D materials, accounting for a bright future.

In summary, the synthesis of more intelligent and multifunctional 2D material-based therapeutic
systems, with low cost and simple preparation processes, is still challenging. We believe that this
review will be useful for better understanding the synergies between immunotherapy and other
therapeutic strategies mediated by 2D materials, and could inspire and guide the community of
chemists and material scientists on the design of more effective multifunctional 2D materials for

the treatment of cancer and other diseases.
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This Review focuses on the recent development of 2D material-mediated immune combined
cancer therapy, and aims to understand the synergistic effect between immune response and other
therapeutic strategies. These synergistic approaches intend to go beyond the classical strategies
based on a simple delivery function of immune modulators by nanomaterials. Further, the effects
of the 2D materials themselves and their surface properties on the induction of an immune
response will be also discussed.
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