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Abstract: Although tumor immunotherapy has emerged as a promising therapeutic method for
oncology, it encounters several limitations, especially concerning low response rates and potential
off-targets that elicit side effects. Furthermore, tumor immunogenicity is the critical factor that
predicts the success rate of immunotherapy, which can be boosted by the application of nanotech-
nology. Herein, we introduce the current approach of cancer immunotherapy and its challenges
and the general methods to enhance tumor immunogenicity. Importantly, this review highlights
the integration of anticancer chemo/immuno-based drugs with multifunctional nanomedicines that
possess imaging modality to determine tumor location and can respond to stimuli, such as light,
pH, magnetic field, or metabolic changes, to trigger chemotherapy, phototherapy, radiotherapy,
or catalytic therapy to upregulate tumor immunogenicity. This promotion rouses immunological
memory, such as enhanced immunogenic cell death, promoted maturation of dendritic cells, and
activation of tumor-specific T cells against cancer. Finally, we express the related challenges and
personal perspectives of bioengineered nanomaterials for future cancer immunotherapy.

Keywords: cancer immunotherapy; smart responsive materials; controlled release; synergistic therapy

1. Introduction
1.1. Emerging Immunogenic Boosters for Cancer and Their Limitations

Since the discovery of Coley’s toxins derived from streptococcus pyogenes or serratia
marcescens for the reduced death rate in patients with tissue and bone sarcoma, cancer
immunotherapy (CIT) has emerged as a promising alternative for modern cancer treat-
ments [1]. Importantly, Janes Allison and Tasuku Honjo were awarded the Nobel Prize
in Physiology or Medicine 2018 for their discovery of CIT by inhibiting negative immune
regulation, known as the immune checkpoint [2,3]. Although a single application of CIT
may not be enough to tackle cancer, especially solid tumors, combining CIT with conven-
tional cancer treatment modalities becomes a powerful strategy to protect patients against
recurrence and metastasis.

Numerous approaches have been developed to limit tumor growth, such as cancer
vaccines, immune checkpoint blockade (ICB), and chimeric antigen receptor (CAR) T cells.
Cancer vaccines can be categorized as cell-based, peptide-based, nucleic acid-based, and
viral-based vaccines that can stimulate antitumor immunity with the associated tumor
antigens that overcome the immune suppression in tumors and induce both humoral
immunity and cellular immunity [4]. However, the soluble formulation of cancer vaccines
may not be well distributed in lymph nodes for immunogenicity activation without the
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assistance of a polymer carrier [5]. Furthermore, a single-type antigen vaccine is not enough
to eradicate tumors due to diverse tumor subpopulations that require extra time for antigen
extraction. Additionally, tumors can gradually develop immunosuppression to limit the
treatment efficacy of the vaccine [6,7]. Hence, ICB drugs, such as cytotoxic T lymphocyte
antigen 4 (CLTA4), programmed cell death 1 (PD1), and its ligand, PDL1, were invented
to inhibit T cell exhaustion, a dysfunction of the T cell state that can also be induced by
immunosuppression [8,9]. ICB is based on the concept of immune tolerance suppression of
cancer cells with minimal influence on cancer-reactive lymphocytes.

Nevertheless, the therapeutic outcomes of ICB can be challenged by several issues.
For instance, the nonspecific distribution of ICB elevates immune-related side effects in
other organs [10]. Moreover, tumors can also develop ICB resistance that suppresses
the response rate [11]. The low response rate in patients is a great challenge in clinical
application [12]. Lastly, CAR T cells were recently approved by the Food and Drug Admin-
istration (FDA) for treating leukemia and lymphoma [13]. CAR T cells possess genetically
engineered receptors that can recognize and kill specific tumor cells with augmented T
cell functions. Unfortunately, CAR T cell therapy is costly and inadequate to eradicate
solid tumors [14]. Moreover, manufacturing CAR T cells by viral transduction can pose
patients with risks of undesirable effects [15]. These challenges significantly impede the
application of immunotherapy against cancers despite the tremendous efforts in this field.
In order to overcome these issues, recent advances in smart-designed nanotechnology
and nanotherapeutics are the key strategies to improve the overall performance of the im-
munotherapeutic effect through their functionalities, such as selective accumulation, long
circulation time, remote control of drug release, biosensing, and synergistic therapy [16–19].
The combination of nanotechnology and immunotherapy can create novel approaches and
new opportunities for future treatment.

1.2. Reprogramming Tumor Immunogenicity for Enhanced Immunotherapy

Before applying nanomaterials to enhance CIT, it is crucial to understand tumor im-
munogenicity to design a nanoplatform for various purposes. Tumor immunogenicity
describes the immune cell infiltration profile in the tumor microenvironment: low tumor
immunogenicity (cold tumor) features low tumor antigen presentation and low T cell infil-
tration, while high tumor immunogenicity (hot tumor) features extensive T cell infiltration
and T cell-mediated tumor killing in the tumor microenvironment (Figure 1) [20]. The
exclusion of T cells from the tumor microenvironment without infiltration is also defined
as low immunogenicity [21]. The efficiency of ICB immunotherapy relies on tumor im-
munogenicity [20]. Reasonably, the outcome of ICB is limited when tumor-reactive T cells
barely infiltrate the tumor microenvironment [20]. Therefore, shifting the cold tumor into a
hot tumor is critical to improve the host immune response and potentiate immunotherapy
against tumors.

Several noninvasive methods, such as chemotherapy and radiotherapy, and emerging
nanoparticle (NP-enhanced therapies, including photothermal therapy (PTT) and pho-
todynamic therapy (PDT), can trigger immunogenic cell death (ICD) that turns the cold
tumor into a hot tumor (Figure 2a) [22,23]. For example, Prussian blue NP-mediated
PTT triggered ICD features on neuro2a cells with (1) release of adenosine triphosphate
(ATP), (2) high-motility group box 1 (HMGB-1), and (3) surface expression of calreticulin
(CRT) [23]. Administration of the PTT-treated neuro2a cells provided the vaccination effect
in vivo, protecting the animal from re-challenging neuro2a cancer cell inoculation [23]. This
implies that host immunity becomes active by the in situ formation of cancer vaccines
through ICD.
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inhibit tumor growth. However, a “cold” tumor is deficient in these features. The image was created 
by bioRender.com. 
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Figure 1. Proposed characteristics of “cold” tumors with low immunogenicity and “hot” tumors with
high immunogenicity. “Hot” tumors are often triggered by therapeutic stimulations (e.g., chemo- or
radiotherapy) to induce immunogenic cell death (ICD) that releases tumor antigens. The antigens
can be uptaken by surrounding dendritic cells (DCs) that undergo maturation and migrate to lymph
nodes to activate unprimed T cells. This process enriches the infiltration of tumor-specific T cells
and other potential immune cells, such as natural killer (NK) cells and macrophages, to inhibit
tumor growth. However, a “cold” tumor is deficient in these features. The image was created by
bioRender.com.

Antigen-presenting cells (APCs), such as dendritic cells (DCs), can uptake the released
tumor antigen from dead tumor cells that initiate the maturation/activation of cytotoxic
T cells [22]. Tumor antigen-specific T cells thereafter search and eradicate tumor cells,
the immunity cycle repeats, and the host immune system is turned on [24]. Moreover,
ICB can be combined with this process to further maintain the therapeutic capacity of T
cells [25]. Importantly, the treatment of cold tumors by ICB is a great challenge because
it does not have an adaptive immune response [26]. Apart from T cell biology, the tumor
microenvironment may involve other types of immune cells such as macrophages, natural
killer (NK) cells, and B cells that can also affect the growth of tumors [27–29]. Hence, it is
ideal to adopt pharmaceutical treatment such as ICB after the induction of ICD to produce
a synergistic effect that maximizes therapeutic efficiency and efficacy. This sequential event
may require external interferences that first trigger ICD to build up active tumor immunity
and subsequently release immuno-booster to enhance cytotoxic or antitumor immune
activities. Rationally designed nanoplatforms based on the requirement of the local tumor
immunogenicity and combined therapy are a highly sound footing to achieve effective CIT
and suppression of recurrence. In this review, we introduce the unique properties of NPs,
highlight representative nanoplatforms for different advanced approaches, and express our
perspective on nanotechnology and regulations of adaptive immune systems for CIT.
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Figure 2. Strategies to enhance tumor immunogenicity. (a) Choices of physical, chemical, or phar-
maceutical/physiological approaches to alter the whole tumor immunogenicity to boost cancer
immunotherapy (CIT). (b) The therapeutic outcome of these methods can be further promoted by the
applications of multifunctional nanomaterials. The image was created by bioRender.com.

1.3. Mechanism of Combined Therapy with ICB

In vitro experiments lack a complete immunity system, circulation, and extracellular
cues, where the triggered immunity cycle in an animal has been neglected in the past.
Currently, the in vivo synergistic cross-talk between non-immunotherapy and the immune
system has been explored. ICB releases the immune inhibitory brake against the tumor,
yet the efficiency of ICB alone remains limited in cold tumors [20]. Tumor immunogenicity
seems to be an essential requirement to potentiate ICB. As discussed, non-immunotherapy
can generate ICD through the indirect activation of the immunity cycle. Combined therapy
with ICB has been a popular research topic. We speculate that the immunity cycle would
be involved in tumor killing in vivo; the therapeutic treatment and ICB coordinate with the
host immunity to generate a positive feedback system to both improve immunogenicity
and kill cancer. This speculation leads us to consider the therapeutic sequence involving
non-immunotherapy and ICB immunotherapy. Non-immunotherapy, such as photothermal
therapy, as a neo-adjuvant first promotes the immunogenicity of cold tumors. After that,
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the T cell infiltration in the tumor microenvironment enables the intervention of subsequent
ICB treatment.

2. Smart-Designed Nanobooster for Immunotherapy
2.1. Unique Properties of Nanomaterials for Cancer Therapy

Nanomaterials have been widely employed to treat cancer because of their distinctive
characteristics, including nanoscale size, massive surface area, advanced physical/optical
properties, and modifiable surfaces for various biomedical applications [30–32]. These
attractive features offer the following aspects to improve antitumor efficiency: (1) large
capacity to encapsulate FDA-approved hydrophobic drugs; (2) long retention time in blood
by nonfouling polymer passivation [e.g., poly(ethylene) glycol, PEG] [33]; (3) reduction
of renal elimination by controlled sizes [34]; (4) modifiable surface by specific moiety to
target cancer cells via receptor/ligand interaction [35]; (5) remote control functionality to
mediate drug release and manipulation of local biochemical/immune microenvironment
of tumors, such as the concentration of reactive oxygen species (ROS), glutathione (GSH),
matrix metalloproteinase (MMP) and pH, and immunogenicity (cold to hot tumor) [36,37].
These nanomaterials can be metal-, polymer-, in/organic-, and semiconductor-based for
constructing various nanostructures (Figure 2b) [38–40]. Two-dimensional nanomaterials
also possess attractive properties for various research types, including large surface areas
and useful optical/physiochemical properties. Several reviews have comprehensively
discussed the latest progress in developing 2D nanomaterials for cancer theranostic ap-
plications [41,42]. Hence, we mainly focus on nanoparticle-based therapy in this review.
Thus far, the ideal journey of specially constructed NPs for cancer can enter the following
sequence: (1) intravenous (i.v.) injection of NPs; (2) passive and active accumulation of NPs
in tumors; (3) imaging technique mediated by NPs to identify tumor location at the optimal
time point; (4) internal stimuli such as pH and biomolecules or external stimuli such as
light and magnetic field to trigger drug release, PTT/PDT, or other possible routes to kill
tumor cells and elicit immunogenicity [39,43–45]. Hence, a stimuli-responsive all-in-one or
multifunctional nanosystem is highly promising for achieving efficient combined therapy
for tumor eradication. We have highlighted the representative patents and clinical trials that
relate to nanomaterials for boosting cancer immunotherapy in Tables 1 and 2, respectively.
In this session, we review several representative types of multifunctional nanoplatforms
for remote control and noninvasive tumor therapy.

Table 1. Selected patents related to the application of nanotechnology for enhanced tumor immunotherapy.

Compounds Claims Cancer Types Patent No. and
Published Year

Nanoparticles core consisting of
metal/semiconductor atoms such
as Au, Ag, Cu, Pd, Pt, Gd, and/or
Fe and bear specific peptide
sequence,
FKLQTMVKLFNRIKNNVA and
other antigens

At least one adjuvant can
stimulate the immune system (T
helper cells) response for the
prevention and treatment of
cancer.

Colon, pancreas, gut, lung,
liver, ovary, or bladder
cancer

JP2008514686A, 2008

A nanoparticle consists of a
polypeptide,
FAEKFKEAVKDYFAKFWDGS-
GLTVSFWYLTVSPWY, with a
cholesterol lipid-modified
fluorescent dye molecule
(DiR-BOA or Fluo-B0A)

The nanoparticle shows
synergistic targeting, diagnosis,
and treatment of nasopharyngeal
cancer by the specific peptide
sequence, LTVSPWYLTVSPWY,
and fluorescent imaging with
enhanced NK cell activity in the
tumor environment.

Nasopharyngeal
carcinoma WO2013181934A1, 2013
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Table 1. Cont.

Compounds Claims Cancer Types Patent No. and
Published Year

Zinc phthalocyanine (ZnPcs) and
polymers poly(lactic-co-glycolic
acid) (PLGA), polyethyleneglycol
(PEG), and a lipophilic
triphenylphosphonium (TPP)
cation nanoparticles loaded with
mitochondrial-targeted moiety

This nanoparticle can target TPP
moiety in cancer and induce PDT
for the production of reactive
oxygen species (ROS) under laser
stimulation to activate dendritic
cells.

Breast cancer US20150374714A1, 2015

Nanoparticles based on human
serum albumin that encapsulates
chlorin and catalase and bond
with pegylated anti-HER2
nano antibody

The nanoparticle can improve
tumor hypoxia and promote
immunogenic PDT to treat and
inhibit ovarian tumor cells
through enhanced immunogenic
signals such as damage-associated
molecules (DAMPs).

Ovarian cancer CN113855788A, 2021

Gold nanostars (AuNS) with the
anti-PDL1 antibodies

Primary tumors and metastatic
cancer sites can be targeted by
plasmonics-active (plasmon peak
at 600 to 1000 nm) AuNS with a
mean tip-to-tip diameter from
10–200 nm and treated with
laser-mediated PTT. The
co-administration of anti-PDL1
targets the costimulatory
molecules (e.g., PD-1 and PD-L1).

Metastatic breast cancer
and/or bladder cancer WO2016209936A1, 2022

Table 2. Recent clinical trials employing nanomaterials for enhanced tumor immunotherapy.

Compounds Type of Disease Number, Age and
Sex of Participants Purpose Primary/Secondary

Outcome Measures
Clinicaltrials.gov

Identifier and Last
Update Year

Ethylcellulose
polymer

encapsulating
Cetuximab and
decorated with

somatostatin analog

Colorectal
Cancer (CRC)

30 adults from
20 years to 60 years

with all sexes

To present a novel
formulation for

targeting and treating
CRC safely in

patients in a high
dose with reduction

of side effects to
noncancer cells

Establishing
pharmacokinetics

parameters of Cetuximab in
the target cells; determining

the bioavailability of
Cetuximab after oral and i.v.

administration;
determining the optimized
formulation of Cetuximab

NCT03774680, 2019
(Recruiting)

Nano-scintillator
fiber-optic dosimeter

Cancer of the
Gastrointestinal,
Genitourinary, or

Gynecologic
Systems

13 adults and older
adults of all sexes

To examine the
real-time dosimetric

monitoring of
external beam
radiotherapy

Dosimetric accuracy of the
device with reference to a

commercially available
dosimeter; feasibility of

clinical application of the
nanomaterials for

dosimetric monitoring of
external beam radiotherapy

NCT02407977, 2018
(Completed)

Quercetin-
encapsulated
PLGA-PEG

nanoparticles

Tongue
Squamous Cell

Carcinoma
(TSCC)

1,000,000 children,
adults, and older
adults of all sexes

To investigate the
anticancer effects of

Quercetin, either free
or encapsulated by

nanoparticles in
TSCC cell line

Cytotoxicity, apoptosis, and
the gene expression of
BCL-2, Bax, and PI3K

NCT05456022, 2022
(Not yet recruiting)



Pharmaceutics 2023, 15, 1427 7 of 22

Table 2. Cont.

Compounds Type of Disease Number, Age and
Sex of Participants Purpose Primary/Secondary

Outcome Measures
Clinicaltrials.gov

Identifier and Last
Update Year

Platinum
Acetylacetonate with

titania (NPt-Ca)

High-grade,
recurrent brain

tumor (brainstem
glioma) in the

central nervous
system

8 children (5–14 years
old years) of all sexes

To study the
enhanced therapeutic

effect of NPt-Ca on
carriers of the

diagnosis of glioma
brain stem that

shows no response to
conventional therapy,

including surgery,
radiation and
chemotherapy

Change in the quality of
life; Change in tumor size

measured by brain
magnetic resonance

NCT03250520, 2023
(Completed)

2.2. Light-Responsive Nanomaterials for Antitumor Therapy

Most optically responsive nanomaterials are sensitive to ultraviolet (UV, 100–400 nm) [46],
visible light (400–900 nm) [47–49], and the near-infrared (NIR) first (I, 650–950 nm) to second
(II, 1000–1700 nm) window [50], of which the tissue penetration depth increases with the
increased wavelength and decreased scattering and absorption of light by tissues. NIR-
I and II have shown promise as treatment systems. One important advantage is that the
intensity and illumination area of NIR lasers can be easily adjusted without affecting biological
reactions. This helps to minimize any unwanted side effects [51]. Additionally, NIR has shown
negligible tissue autofluorescence and high spatiotemporal resolution compared to visible
light fluorescent imaging [52]. Hence, the NIR window is the ideal option to guide combined
therapy. Xu et al. developed a semiconducting polymer nanoengager that highly absorbed
NIR-II for PTT and its core was coated with the fused membranes of 4T1 tumor and DCs
as the damage-associated molecules (DAMPs) and T cell-stimulating factors, respectively
(Figure 3a) [53]. The nanosystem achieved several objectives. Firstly, it targeted 4T1 cells using
homotypic fusion. Secondly, it induced localized PTT through NIR-II. Thirdly, it promoted DC
maturation through DAMPs and TLR. Finally, it primed T cells via CD80/86 and pMHC. This
platform was cleverly designed to achieve nanovaccine effects, systemic immune responses,
and ICD-induced immune activation all at once. Consequently, the nanoplatform efficiently
suppressed primary and distant tumors and prevented metastasis in the lung and liver by
creating immunological memory in 4T1-bearing Balb/c mice.

It is challenging to monitor the drug release profile and immune cell activity in
combined chemo- and immunotherapy. However, Hao et al. developed a nanosystem that
uses NIR-II to enable multiplexed intravital imaging (Figure 3b) [54]. This approach allows
for the visualization of the pharmacokinetics and pharmacodynamics of chemodrugs and
transplanted immune cells in vivo. This is an improvement over traditional methods,
which have been unable to achieve such results. In this study, the authors utilized two
types of nanomaterials: Ag2Se quantum dots (QDs) and Ag2S QDs. These materials
emitted wavelengths of 1350 nm and 1050 nm, respectively, when excited with an 808 nm
laser. The Ag2Se QDs were passivated with methoxy PEG (mPEG) 2-distearoyl-sn-glycero-
3-phosphoethanolamine (DSPE) and loaded with stromal-cell-derived factor-1α (SDF-
1α) and the chemodrug doxorubicin (DOX). After being taken up by the MDA-MB-231
tumor model in nude mice, DOX was released from the Ag2Se QDs in the low pH of the
endosome/lysosome to kill the tumor cells. NK cells were then inoculated, pretreated
with Tat-Ag2S and released SDF-1α from Ag2Se QDs, which induced a tropism effect that
attracted the NK cells to the tumor microenvironment for immunotherapy to eradicate any
remaining tumor cells. This sequential treatment effectively suppressed tumor volumes
compared to control groups. The authors used NIR-II fluorescence imaging in vivo to track
the pharmacokinetics of chemodrugs (at 1350 nm) and the pharmacodynamics of injected
immune cells (at 1050 nm), providing a clear picture of the nanomedicine for enhanced
imaging and combined therapy in cancer treatment.
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Engineering artificial nanoenzymes to emulate real-enzyme activities for antitumor
therapy has been a hot research topic, especially for the immunomodulation of tumor-
associated immune cells [55]. Wen and colleagues demonstrated Cu2–xTe-based NPs that
showed catalytic activity toward GSH depletion (mimicking glutathione oxidase) and
ROS generation (mimicking peroxidase) (Figure 3c) [56]. In addition, the semiconductor
nanostructure of the Cu2-xTe NPs efficiently absorbed NIR-II for a photothermal effect
(with a photothermal conversion efficiency of PCE = 39.4%). This enhanced the enzymatic
activity of the NPs, aiding in the clearance of primary tumors. The smart nanosystem
successfully reversed the immunosuppressive tumor microenvironment and improved
the ICD effect (e.g., through elevated levels of ATP, CRT, and HMGB-1 to attract DCs)
to activate the immune system (e.g., through increased M1 macrophage polarization by
elevated levels of proinflammatory cytokines) for the purpose of killing primary and distant
metastatic tumors. This study highlights the potential of light-responsive nanoenzymes in
cancer immunotherapy.
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Figure 3. Illustration of light-responsive nanomaterials for tumor therapy. (a) Tumor cell- and
DC-derived membrane-coated semiconducting polymer-based nanoparticle for tumor cell targeting,
NIR-II triggered PTT, DC activation, and T cell priming. The figure was reprinted with permission
from ref. [53], copyright of ©2021 Wiley VCH. (b) Ag2Se and Ag2S quantum dots (QDs) for NIR-II
multiplexed tumor imaging and chemotherapy, and DC recruitment and tracking for immunotherapy,
respectively. The figure was reprinted with permission from ref. [54], copyright of ©2019 American
Chemical Society. (c) Cu2−xTe nanoparticle as an artificial nanoenzyme for catalyzing the generation
of reactive oxygen species (ROS) and consumption of glutathione (GSH), together with NIR-II
mediated PTT, to kill tumor cells and boost ICD. The figure was reprinted with permission from
ref. [56], copyright of ©2019 Wiley VCH.



Pharmaceutics 2023, 15, 1427 9 of 22

Plasmonic nanoparticles show unique optical properties that make them exciting tools
in nanomedicine [57]. These nanoparticles have emerged as one of the most promising
ways to achieve multiple tasks, such as optical imaging, targeted chemotherapy, and
localized photothermal therapy (PTT) [58,59]. They can be efficient in tumor theranostics
and preventing tumor recurrence [60]. Our team has recently reported a NIR-responsive
multilayered gold nanoarchitecture with large mesoporosity (436 m2g−1 and 0.8 cm3g−1)
to load DOX (loading efficiency = 34.1%) and high PCE (85.5%), and ultrasensitive surface-
enhanced Raman spectroscopy (SERS) detection for tumor theranostics (Figure 4) [16]. SERS
imaging has several advantages over fluorescence imaging, including its low cost, high
photobleaching resistance, unique vibrational spectrum, and low background. With the
αvβ3 integrin-binding moiety Arg-Gly-Asp (RGD), this nanoplatform effectively targeted
HeLa cell tumor models both in vitro and in vivo. The optimal therapeutic time was
determined by the highest SERS signal during receptor-mediated endocytosis. A single
5 min NIR laser illumination (at 0.5 W/cm2) at the SERS-identified tumor site induced
robust ablation of the tumor through effective photothermal therapy (PTT) and high
apoptosis rates of tumor cells due to efficient doxorubicin (DOX) release. There was no
cancer recurrence observed after one month of observation, and minimal side effects were
observed. Although the immune response was not studied in this treatment, significant
tumor cell death may have caused sufficient ICD-related biomolecules to activate immune
memory and suppress recurrence. In summary, NIR-based cancer nanotheranostics is a hot
trend that combines deep-tissue imaging and synergistic therapy to achieve an effective
therapeutic window for cancer.
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Figure 4. Schematic illustration of surface-enhanced Raman spectroscopy (SERS)-based nanoplatform
for tumor theranostics. This nanosystem consists of a multilayered gold nanostructure: gold nanos-
tar/mesoporous silica shell/gold nanocluster that possesses multiple intragap electromagnetic field
hot spots for ultraeffective SERS detection and PTT, as well as high mesoporosity for chemodrug load-
ing/unloading under NIR control to achieve robust Raman imaging guided chemo-/photothermal
therapy for cancer. The figure was reprinted with permission from ref. [16], copyright of ©2019
Wiley VCH.

2.3. pH-Responsive Nanomaterial for Antitumor Therapy

The tumor microenvironment features acidity due to the accumulated metabolites
without efficient perfusion [61,62]. The pH of the tumor microenvironment is shown in the
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range of 6.5–6.9, compared to 7.2–7.4 in normal tissue [63,64]. Therefore, this characteristic
has become a target for antitumor therapy. For example, Li et al. reported a size-switchable,
self-assembled nanoparticle for platinum prodrug delivery to tumors [65]. Briefly, the
80 nm nanoparticle dissociated to 10 nm dendrimers when pH was below 6.8. The small-
size dendrimers favored tumor penetration for inhibiting tumor growth in vivo (Figure 5a).
To achieve a pH-sensitive release ICB agent, Wang et al. attempted to conjugate antiPD-1 in
a methacrylated PEG-based nanoparticle via 3-(bromomethyl)-4-methyl-2,5-furandione,
which was a pH-sensitive linker (Figure 5b) [66]. The system also presented choline
analog 2-methacryloyloxyethyl phosphorylcholine (MPC) to enhance accessibility across
the blood–brain barrier in a glioma-bearing animal model.
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Figure 5. Demonstration of pH-responsive nanomaterials for tumor immunotherapy. (a) An am-
phiphilic polymer-based nanoparticle composed of a polyamidoamine dendrimer shell that can
switch its size from ~80 nm to <10 nm in an acidic environment (pH 6.5–7.0) of the tumor to facilitate
cellular uptake and deliver platinum-prodrugs. The figure was reprinted with permission from
ref. [65], copyright of ©2016 American Chemical Society. (b) A blood–brain barrier (BBB)-crossing
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and pH-responsive nanoplatform based on choline analog 2-methacryloyloxyethyl phosphorylcholine
(MPC) that polymerizes with short-chained poly(ethylene glycol) methacrylate (PEGMA) and con-
jugates with antiPDL1 for ICB therapy. The figure was reprinted with permission from ref. [66],
copyright of ©2016 American Chemical Society.

Antitumor drugs, such as gemcitabine, paclitaxel, and CBDCA, can induce the ex-
pression of PD-L1, which leads to T cell exhaustion via the NF-kB signaling pathway [67].
ICB-mediated immuno-modulation can overcome this critical drawback in combined
chemo/immunotherapy [68]. Su et al. reported a nano-micelle with a pH-responsive and
MMP-sensitive PEG shell to deliver anti-PD-1 and paclitaxel. MMP-2 and acidity in the
tumor microenvironment triggered the degradation of nano-micelle for drug release [68].

Direct activation of T cells through stimulatory receptor binding is an alternative
immunotherapeutic strategy besides ICB. APCs prime T cell activation through (1) peptide
major histocompatibility complex (pMHC)–T cell receptor binding, (2) CD80/CD86–CD28
binding, and (3) immunostimulatory cytokines such as interleukin-2 (IL-2) [19]. APC-
mimetic can be engineered through the surface decoration of CD3 and CD28 under the
presence of cytokines for T cell immunomodulation [69]. Importantly, the parameters
and the material features of such APC-mimicking materials are easily controlled and
characterized, respectively [70]. Additionally, proximal presentation of CD3/CD28 is
required to switch on the T cell activation signal [71,72]. To achieve local T cell activation
in an acidic tumor microenvironment, Zhang et al. developed an anti-CD3/anti-CD28
modified interlock DNA nanospring, which was featured by pH-responsive, reversible
change of the length between 70 nm and 240 nm [73]. The DNA nanospring exhibited a
shrunk conformation at pH 6.5, which shortened the spacing of the stimulatory antibodies
for T cell activation [73].

Immune cells, such as natural killer cells and lymphocytes, search for the tumor
via chemokine-mediated attraction [74]. Therefore, immune cells serve as excellent drug
carriers through circulation. For example, Huang et al. developed a potent topoisomerase I
poison SN38 nanocapsule to be delivered by T cells [75]. The T cell-delivered nanocapsule
achieved prolonged survival in tumor-bearing mice compared to that of the delivery of the
free nanocapsule [75]. Meanwhile, the migration of magnetic nanoparticle-labeled cells can
be directed by a magnetic field [76,77]. Nie et al. designed an anti-PD-1 conjugated magnetic
nanocluster through a pH-responsive benzoic–imine bond to select PD-1+ T cells [78].
Thus, PD-1+ T cells were magnetically attracted to the tumor, while the pH-responsive
linker was cleaved in an acidic tumor microenvironment for anti-PD-1 release as an ICB
immunotherapy [78]. For chemo/photothermal therapy, Zhang et al. reported the delivery
of photothermal agent IR-820 and polydopamine@chitosan-doxorubicin nanoparticles by
platelets [79]. DOX was released through laser irradiation and the acidity in the tumor
microenvironment [79]. In the context of the stimuli-responsive system, immune cells
can be bioengineered into a biocompatible and tumor-sensitive therapeutic carrier for
multimodal antitumor therapy, besides its immunological function.

2.4. Nanocatalytic Activities for Tumor Therapy

Acidity confers tumor microenvironment immuno-suppressive and drug-resistant
properties, which hurdle the immune response and chemotherapy, respectively [80–82].
The reverse of the acidic microenvironment through metabolic modulation could reduce
the immunosuppressive effect, subsequently enabling tumor killing by the immune system.

Lactic acid (LA) is the product of aerobic glycolysis [83]. Accumulation of LA in the
tumor microenvironment due to extensive metabolism contributes to immunosuppres-
sive properties, such as impairing effector T cell proliferation and promoting the PD-1
expression of regulatory T cells [84–86]. Therefore, inhibiting lactic acid production can
rescue immunogenicity. For example, the delivery of siRNA against lactate dehydrogenase
A (LDHA) via vesicular lipid nanoparticles neutralized the tumor acidity through the
reduction of lactate production that promoted the functionality of tumor-infiltrating CD8+
T cells and NK cells [87]. This neutralization also benefited the efficacy of ICB treatment
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by anti-PD-1 [87]. In a separate study, the inhibition of tumor metabolism through the
nanoparticle-delivered dichloroacetate (DCA) prodrug, a pyruvate dehydrogenase kinase 1
inhibitor, also enhanced the anti-PD-1 ICB treatment [88]. Furthermore, the NP-delivered
lonidamine and syrosingopine reduced lactate production and efflux, reduced Treg cells and
increased NK cell infiltration in the tumor microenvironment [89]. Taken together, the inhi-
bition of tumor metabolism would relieve immunosuppression and enable tumor-reactive
immune cell infiltration. Furthermore, these support the concept that tumor immunogenic-
ity correlates with ICB efficiency in the presence of respective inhibitory ligands.

Glucose is a fuel for metabolism. Starvation therapy aims to control tumor growth
through the deprivation of nutrients, such as glucose. Glucose oxidase (GOx) has been a
focused enzyme in this field. GOx can convert glucose to gluconic acid and generate H2O2
for starvation therapy and ROS-mediated killing [90,91]. Since regular metabolism should
be maintained in normal tissue, accurate delivery of GOx to the tumor microenvironment
is important to prevent systemic toxicity. Zhao et al. demonstrated that GOx-conjugated
nano-gel achieved enhanced intratumoral retention and therapeutic outcome compared to
free GOx in vivo (Figure 5a) [92]. Moreover, Zhang et al. attempted to deliver a hypoxia-
activated prodrug, banoxantrone dihydrochloride (AQ4N), with GOx through separate
liposome carriers [93]. The hypoxia condition generated by GOx converted AQ4N from
a non-cytotoxic form to a cytotoxic form, synergized with the starvation effect to boost
the anti-tumor outcome [93]. As lactate is a source of the tricarboxylic acid (TCA) cycle
for energy production [94], Yu et al. reported the co-delivery of GOx and α-cyano-4-
hydroxycinnamate (CHC) through zeolitic imidazolate framework-8 [95]. CHC could
inhibit monocarboxylate transporter 1 for lactate influx, blocking both lactate and glucose
supply enhanced starvation therapeutic efficiency in vivo (Figure 6b).

2.5. Magnetic-Responsive Nanomaterials for Remote Control Antitumor Therapy

FDA-approved magnetic materials such as maghemite (γ-Fe2O3) and magnetite
(Fe3O4) with superparamagnetic properties (typically named superparamagnetic iron
oxide nanoparticles (SPIONs)) have been employed for diagnosis (e.g., magnetic resonance
imaging and MRI) and therapeutic (e.g., magnetic hyperthermia (MH) by alternating mag-
netic field (AMF)) purposes [96]. Modern manifestations leverage SPIONs to target tumors
by the magnetic field and generate MH for several treatments, including its emerging use
in immunotherapy [97]. For instance, Guo and colleagues fabricated a magnetic-responsive
nanoagent consisting of SPIONs caged by cationic copolymers, poly(lactic-co-glycolic
acid), and mPEG that electrostatically attached cytosine–phosphate–guanine oligodeoxynu-
cleotides (CpG ODNs), an immunoadjuvant, to promote the maturation of DCs via activat-
ing TLR9 (Figure 6a) [98]. The complex had high absorption peaks in the NIR wavelength
range, making it suitable for NIR-mediated PTT. Additionally, the complex acted as a
contrast agent for bimodal imaging using photoacoustic (PA) and magnetic resonance
imaging (MRI) to localize the tumor location after the tumor had taken up the complex. The
authors used a magnetic field to guide the complex towards the tumor and laser excitation
at 663 nm to initiate PTT, inducing ICD as an autologous cancer vaccine. This promoted
the activation of DCs/T cells for subsequent immunotherapy, which effectively suppressed
the growth and recurrence of metastatic tumors in 4T1-bearing Balb/c mice.

Magnetic manipulation of DC maturation and tracking during the journey of the
immune response has become an active area of research as the DC homing rate to lym-
phoid tissue is poor [99]. Jin and colleagues employed a magnetic-responsive platform
that glows to effectively transport a combination of indocyanine green (ICG), iron oxide,
and ovalbumin antigen (OVA) to dendritic cells (DCs), thereby improving DCs’ activation
and migration to lymph nodes through magnetic guidance (Figure 7b) [100]. Following
intravenous injection of nanoplatform-treated DCs into C57B/L6 mice, the magnetic field at-
traction significantly detained the DCs in lymph nodes and their distribution was observed
through both MRI and NIR imaging. This augmented migration dramatically amplified the
count of dividing T cells and the secretion of proinflammatory cytokines, such as interferon-
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gamma (IFN-γ). Consequently, this group exhibited almost no tumor regrowth compared
to other control groups. This research indicates that magnetic-responsive nanomaterials
have enormous potential to overcome the challenge of low DC homing rate for effective
antitumor therapy.
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Figure 6. Artificial nanoenzymes manipulate the metabolism of tumor cells to achieve synergistic
therapy. (a) Glucose oxidase (GOx) incorporated in mesoporous organosilica NPs containing L-
arginine for synergistic cancer-starving and nitric oxide therapy. The figure was reprinted with
permission from ref. [92], copyright of ©2017 American Chemical Society. (b) Zeolitic imidazolate
framework-8 (ZIF-8) nanoplatforms for the co-delivery of α-cyano-4-hydroxycinnamate (CHC) and
GOx that results in depletion of lactate and glucose, respectively, to strengthen starvation therapy.
The figure was reprinted with permission from ref. [95], copyright of ©2021 Wiley VCH.

Although iron-based nanomaterials can improve tumor specificity and mediate ferrop-
tosis by Fenton reaction (ROS generation by ferrous (Fe2+)/ferric (Fe3+)), several limitations,
such as potential toxicity, high dosage requirements, and low ROS conversion efficiency,
cannot be ignored [101,102]. To resolve these issues, Yu et al. formulated a hybrid core–
shell vesicle (HCSV) to enhance localized ferroptosis and the associated ICD triggered by
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a circularly polarized magnetic field (cpMF) under MRI guidance (Figure 7c) [103]. The
vesicle center was made up of ascorbic acids (AA), while the outer layer was composed of
a PLGA layer that contained iron oxide nanocubes (IONCs). Consequently, the collapse of
the NPs due to the cpMF led to the release of AA and IONCs, which underwent a reduction
from ferric to ferrous to adjust the Fe2+/Fe3+ ratio, thereby causing ferroptosis for ICD
and responding to magnetic resonance imaging. The excitation of cpMF led to an increase
in the number of mature DCs, tumor-infiltrating CD8+ and CD4+ cells. Additionally, the
authors demonstrated that the MRI R2* signal could be used to monitor the cpMR-boosted
Fenton reaction in real-time in the TRAMP-C1 tumor model in C57B/L6 mice. This research
highlights the potential of noncontact tumor theranostics using magnetic fields for imaging
and ferroptosis-based cancer immunotherapy.
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Figure 7. Magnetic responsive nanomaterials for CIT. (a) Magnetic/NIR-responsive immunostimu-
latory nanomaterials in cationic copolymers, poly(lactic-co-glycolic acid), and mPEG that attached
cytosine–phosphate–guanine oligodeoxynucleotides (CpG ODNs) to further activate DC after PTT.
The figure was reprinted with permission from ref. [98], copyright of ©2019 Elsevier. (b) Magnetic
labeling of DCs for enhanced lymph node homing rate to promote CIT. The figure was reprinted with
permission from ref. [100], copyright of ©2016 Ivyspring. (c) Hybrid core–shell vesicle composed
of PLGA polymer and ascorbic acids as the shell and iron nanocubes as the cores that can be stim-
ulated by a circularly polarized magnetic field to mediate ferroptosis. Red circles in lower panels
indicate tumor sites. The figure was reprinted with permission from ref. [103], copyright of ©2020
Springer Nature.
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In short, the above studies showcase the importance of stimuli-responsive nanoplat-
forms for future simulations of cancer immunotherapy. We summarize the representations
of different types of smart design nanoplatforms to simultaneously induce robust ICD and
enhance CIT in Table 3.

Table 3. Summary of representative multifunctional/stimuli-responsive nanoplatforms for tumor
immunotherapy.

Components Functions Therapeutic Outcomes Dosage Ref.

Light-controlled materials

poly(benzobisthiadiazole-alt-
thiophene), silicon
2,3-naphthalocyanine
bis(trihexylsilyloxide),
poly(ethylene
glycol)-block-poly(propylene
glycol)-block-poly(ethylene
glycol), and 4T1 cell- and
DC-derived membranes

NIR-II fluorescent imaging;
Fused membrane to target
4T1 tumors and activate
DCs and T cells; NIR-II
photoirradiation to trigger
PTT

SPNE directly accumulated
in lymph nodes and
tumors to exert dual
vaccination effects;
populations of mature DCs
and activated T cells were
higher; no recurrence in
both primary and distant
tumors 30 days
post-treatment in
4T1-bearing Balb/c mice

200 µg mL−1; 200 µL
per mouse

[53]

Ag2Se and Ag2S QDs, heparin,
DOX, mPEG-DSPE and
SDF-1α

NIR-II fluorescent imaging;
chemo- and
immunotherapy; long-term
tracking of NK-92 cells;
attraction of NK-92 to
tumors by chemotaxis

Significantly slowed down
the regrowth of
MDA-MB-231 tumors in
nude mice

1 mg mL−1; 200 µL per
mouse

[54]

Cu2–xTe and DSPE-PEG

NIR-II induced PTT;
enzyme-like activities to
emulate glutathione
oxidase for GSH depletion
and peroxidase for ROS
generation to kill tumor
cells and boost
immunomodulation of
tumor-associated immune
cells

18.6% maturation ratio of
DCs; the populations of
tumor-infiltrating T helper
cells and cytotoxic T
lymphocytes were 10- and
11-fold higher than the
control group; the growth
of distant the tumor was
delayed by 64%; the
survival rate of mice was
over 80% of 4T1-bearing
Balb/c mice

2.5 mg kg−1 [56]

pH-responsive materials

poly(ethylene
glycol)-b-poly(2-azepane ethyl
methacrylate)-modified
polyamidoamine dendrimer
with platinum prodrug
conjugation

pH-dependent dissociation
for enhanced NP
penetration and drug
delivery in an acidic
environment

Enhanced platinum drug
accumulation in BxPC-3
bearing Balb/c nude mice
after intravenous injection

40 µg of platinum per
mouse bearing a
BxPC-3 xenograft

tumor

[65]

Choline analogue
2-methacryloyloxyethyl
phosphorylcholine presenting
poly(ethylene glycol) with
conjugation of anti-PD-1 via
3-(bromomethyl)-4-methyl-
2,5-furandione

Crossing blood–brain
barrier;
pH-dependent release of
anti-PD-1 for ICB
immunotherapy

Promoted antibody
accumulation in tumor and
survival; enhanced tumor
infiltrated CD8+ and CD4+

T cell proliferation (Ki67+);
increased sera cytokine
level (TNF-α and IFN-γ) in
LCPN glioma bearing
C57BL/6 mice after
intravenous injection

0.8 mg anti-PD-L1 per
kg of mice [66]
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Table 3. Cont.

Components Functions Therapeutic Outcomes Dosage Ref.

Interlocked DNA nanospring,
conjugated with anti-CD3 and
anti-CD28

Activating T cells in an
acidic environment for
immunotherapy

Inhibited tumor growth;
increased
tumor-infiltrating CD8+ T
cell population in
B16F10-bearing C57BL/6
mice after intratumoral
injection

0.2 nmol DNA
nanospring per mice;

50 µg BMS-1 (a
PD-1/PD-L1 ICB drug)

per mice

[73]

Metabolically modulating
materials

Liposome for delivery of
lonidamine and syrosingopine

Inhibition of lactate
production in tumors for
tumor control and
immunomodulation

Inhibited tumor growth;
prolonged survival;
increased infiltrated
M1-type macrophage and
NK cell; reduced infiltrated
M2-type macrophage and
Treg cell in 4T1
tumor-bearing Balb/c mice
after intravenous injection

2.5 mg lonidamine and
1 mg syrosingopore per

kg body weight
[89]

Separate liposomes for
delivery of glucose oxidase
and banoxantrone
dihydrochloride

Glucose starvation, H2O2
generation and
hypoxia-activated
prodrug-mediated therapy

Inhibited tumor growth in
4T1 tumor bear balb/c
nude mice after
intravenous injection

2 mg glucose oxidase
and 5 mg banoxantrone
dihydrochloride per kg

body weight

[93]

Magnetic-responsive materials

cytosine-phosphate-guanine
oligodeoxynucleotides (CpG
ODN), superparamagnetic iron
oxide nanoparticles, and
monomethoxypoly (ethylene
glycol)-poly(lactic-co-glycolic
acid)-poly-l-lysine
(mPEG-PLGA-PLL) triblock
copolymers

NIR-I (660 nm) mediated
photoacoustic imaging and
PTT to guide tumor
therapy; contrast agents for
MRI; load adjuvant to
activate DCs via Toll-like
receptor 9

The size of primary and
distant tumors decreased
with a survival period over
60 days post-treatment; DC
maturation level and

5 mg per mouse [98]

1,2-Dimyristoyl-sn-Glycero-3-
Phosphocholine,
1-myristoyl-2-hydroxy-sn-
glycero-3-phosphocholine,
ICG, OVA peptide, α-APgp100
peptide and
superparamagnetic oxide NPs

efficient delivery of
indocyanine green/iron
oxide/ovalbumin antigen
to DCs and enhance the
activation and migration
efficiency of DCs to lymph
nodes under magnetic
control

13.2% of the injected DC
successfully migrated to
lymph nodes by magnetic
field compared to 2.6% of
the control group; death
rates of tumor cells reached
69%; inhibition efficiency
of tumor growth was 96%

i.v. injection of 1.2 ×
106 DCs treated with
the nanoplatforms (16
µg/mL) in 50 µL PBS

[100]

3. Conclusions

In summary, we revisited tumor biology and confirmed that cold tumors should be
switched to hot tumors for the immune system to perform “self-governing”. The ther-
apeutic outcomes of conventional therapies and advanced therapies can be reinforced
by employing nanomaterials because of their unique properties. In particular, we in-
troduced various state-of-the-art approaches, including light-controlled, pH-responsive,
metabolically-modulating, and magnetic-responsive materials to kill tumors and boost
adaptive immune responses to fight against recurrence. Specifically, we described the de-
sign of nanostructures and the treatment mechanism of each selected example as references
for readers who work in this field. Although most nanoplatforms developed by colleagues
are still in the fundamental research stage, we believe that more novel and biocompatible
nanomaterials will be approved by related authorities, such as the FDA, for future cancer
therapy or clinical trials to increase the survival rates of patients with cancer.
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4. Future Perspectives

In addition to the effectiveness of tumor cell eradication, the biosafety concern of
NP-boosted tumor therapy is a hot topic. NP-enhanced tumor immunogenicity generally
originates from the dendritic cell uptaking tumor antigens [22,23]. In other words, the
tumor antigen from dead cancer cells serves as an in situ cancer vaccine, which activates
a highly selective immune response. This mechanism of boosted tumor immunogenicity
is similar to the cancer lysate-pulsed dendritic cell vaccination process. Briefly, cancer
cell lysate can be generated from ultraviolet B (UVB)irradiation, heating, and freeze–thaw
of cancer cells [104]. In a clinical study reported by Tanyi et al., autologous dendritic
cells were cultured in vitro and pulsed with cancer cell lysate from the patient to obtain
personalized tumor-specific immunity [105]. Most vaccinations (5 to 10 × 106 DCs injected
intranodally, 5 doses every 3 weeks) were not associated with grade 3 or higher adverse
events, according to National Cancer Institute Common Terminology Criteria for Adverse
Events version 4.0 [105]. Although the safety of in vitro cultured autologous dendritic cell-
based cancer vaccine has been demonstrated, we believe that standardized and comparative
experiments are necessary to search for any potential in vivo immunity impairment or
physiological hazards due to different NP-enhanced therapies. The impacts of different
therapies, biomaterial designs, and targeted cancer types on immunity might vary. The
safety regarding boosted immunogenicity requires further attention in the future.
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Abbreviations

CIT Cancer immunotherapy
ICB Immune checkpoint blockade
CAR Chimeric antigen receptor
CLTA4 Cytotoxic T lymphocyte antigen 4
PD1 Programmed cell death 1
PDL1 Programmed cell death ligand 1
FDA Food and Drug Administration
PTT Photothermal therapy
PDT Photodynamic therapy
ATP Adenosine triphosphate
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HMGB-1 High-motility group box 1
CRT Calreticulin
APC Antigen-presenting cell
DC Dendritic cell
NK natural killer
ICD Immunogenic cell death
PEG polyethylene) glycol
ROS Reactive oxygen species
GSH) Glutathione
MMP Matrix metalloproteinase
ZnPcs Zinc phthalocyanine
PLGA polymers polylactic-co-glycolic acid)
TPP Lipophilic triphenylphosphonium
DAMPs Damage-associated molecules
AuNS Gold nanostars
CRC Colorectal Cancer
TSCC Tongue Squamous Cell Carcinoma
NPt-Ca Platinum Acetylacetonate with titania
NIR Near-infrared
TLR Toll-like receptor
pMHC Peptide major histocompatibility complex
IL Interleukin
PEGMA Polyethylene glycol) methacrylate
MPC 2-methacryloyloxyethyl phosphorylcholine
DOX Doxorubicin
LA Lactic acid
LDHA Lactate dehydrogenase A
DCA Dichloroacetate
GOx Glucose oxidase
AQ4N Banoxantrone dihydrochloride
TCA Tricarboxylic acid
CHC α-cyano-4-hydroxycinnamate
γ-Fe2O3 Maghemite
Fe3O4 Magnetite
SPIONs Superparamagnetic iron oxide nanoparticles
MRI Magnetic resonance imaging
MH Magnetic hyperthermia
AMF Alternating magnetic field
MINP Magnetic-responsive immunostimulatory nanoagent
CpG ODNs Cytosine-phosphate-guanine oligodeoxynucleotides
PA Photoacoustic
ZIF-8 Zeolitic imidazolate framework-8
ICG Indocyanine green
OVA Ovalbumin
cpMF Circularly polarized magnetic field
HCSV Hybrid core–shell vesicle
AA Ascorbic acids
IONCs Iron oxide nanocubes
UVB Ultra-violet B
mPEG Methoxy PEG
DSPE 2-distearoyl-sn-glycero-3-phosphoethanolamine

References
1. Carlson, R.D.; Flickinger, J.C., Jr.; Snook, A.E. Talkin’ Toxins: From Coley’s to Modern Cancer Immunotherapy. Toxins 2020, 12, 241.

[CrossRef] [PubMed]
2. Ni, Q.; Zhang, F.; Liu, Y.; Wang, Z.; Yu, G.; Liang, B.; Niu, G.; Su, T.; Zhu, G.; Lu, G.; et al. A Bi-adjuvant Nanovaccine that

Potentiates Immunogenicity of Neoantigen for Combination Immunotherapy of Colorectal Cancer. Sci. Adv. 2020, 6, eaaw6071.
[CrossRef] [PubMed]

https://doi.org/10.3390/toxins12040241
https://www.ncbi.nlm.nih.gov/pubmed/32283684
https://doi.org/10.1126/sciadv.aaw6071
https://www.ncbi.nlm.nih.gov/pubmed/32206706


Pharmaceutics 2023, 15, 1427 19 of 22

3. Finck, A.; Gill, S.I.; June, C.H. Cancer Immunotherapy Comes of Age and Looks for Maturity. Nat. Commun. 2020, 11, 3325.
[CrossRef] [PubMed]

4. Adamik, J.; Butterfield, L.H. What’s Next for Cancer Vaccines. Sci. Transl. Med. 2022, 14, eabo4632. [CrossRef]
5. Lynn, G.M.; Laga, R.; Darrah, P.A.; Ishizuka, A.S.; Balaci, A.J.; Dulcey, A.E.; Pechar, M.; Pola, R.; Gerner, M.Y.; Yamamoto,

A.; et al. In Vivo Characterization of the Physicochemical Properties of Polymer-Linked TLR Agonists that Enhance Vaccine
Immunogenicity. Nat. Biotechnol. 2015, 33, 1201–1210. [CrossRef]

6. Van der Meel, R.; Sulheim, E.; Shi, Y.; Kiessling, F.; Mulder, W.J.M.; Lammers, T. Smart Cancer Nanomedicine. Nat. Nanotechnol.
2019, 14, 1007–1017. [CrossRef]

7. The Two Directions of Cancer Nanomedicine. Nat. Nanotechnol. 2019, 14, 1083. [CrossRef]
8. Korman, A.J.; Garrett-Thomson, S.C.; Lonberg, N. The Foundations of Immune Checkpoint Blockade and the Ipilimumab

Approval Decennial. Nat. Rev. Drug Discov. 2022, 21, 509–528. [CrossRef]
9. Wong, W.K.; Yin, B.; Lam, C.Y.K.; Huang, Y.; Yan, J.; Tan, Z.; Wong, S.H.D. The Interplay between Epigenetic Regulation and

CD8+ T Cell Differentiation/Exhaustion for T Cell Immunotherapy. Front. Cell Dev. Biol. 2022, 9, 3839. [CrossRef]
10. June, C.H.; Warshauer, J.T.; Bluestone, J.A. Is Autoimmunity the Achilles’ Heel of Cancer Immunotherapy? Nat. Med. 2017, 23,

540–547. [CrossRef]
11. Chen, L.; Han, X. Anti–PD-1/PD-L1 Therapy of Human Cancer: Past, Present, and Future. J. Clin. Investig. 2015, 125, 3384–3391.

[CrossRef] [PubMed]
12. Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Immune Checkpoint Blockade: A Common Denominator Approach to Cancer Therapy.

Cancer Cell 2015, 27, 450–461. [CrossRef]
13. June, C.H.; Sadelain, M. Chimeric Antigen Receptor Therapy. N. Engl. J. Med. 2018, 379, 64–73. [CrossRef] [PubMed]
14. June, C.H.; Maus, M.V.; Plesa, G.; Johnson, L.A.; Zhao, Y.; Levine, B.L.; Grupp, S.A.; Porter, D.L. Engineered T Cells for Cancer

Therapy. Cancer Immunol. Immunother. 2014, 63, 969–975. [CrossRef] [PubMed]
15. Fesnak, A.D.; June, C.H.; Levine, B.L. Engineered T Cells: The Promise and Challenges of Cancer Immunotherapy. Nat. Rev.

Cancer 2016, 16, 566–581. [CrossRef]
16. Yin, B.; Ho, W.K.H.; Xia, X.; Chan, C.K.W.; Zhang, Q.; Ng, Y.M.; Lam, C.Y.K.; Cheung, J.C.W.; Wang, J.; Yang, M.; et al.

A Multilayered Mesoporous Gold Nanoarchitecture for Ultraeffective Near-Infrared Light-Controlled Chemo/Photothermal
Therapy for Cancer Guided by SERS Imaging. Small 2023, 19, e2206762. [CrossRef]

17. Huang, J.; Yang, B.; Peng, Y.; Huang, J.; Wong, S.H.D.; Bian, L.; Zhu, K.; Shuai, X.; Han, S. Nanomedicine-Boosting Tumor
Immunogenicity for Enhanced Immunotherapy. Adv. Funct. Mater. 2021, 31, 2011171. [CrossRef]

18. Lam, C.Y.K.; Zhang, Q.; Yin, B.H.; Huang, Y.Y.; Wang, H.; Yang, M.; Wong, S.H.D. Recent Advances in Two-Dimensional Transition
Metal Dichalcogenide Nanocomposites Biosensors for Virus Detection before and during COVID-19 Outbreak. J. Comp. Sci. 2021,
5, 190. [CrossRef]

19. Wong, W.K.; Yin, B.; Rakhmatullina, A.; Zhou, J.; Wong, S.H.D. Engineering Advanced Dynamic Biomaterials to Optimize
Adoptive T-Cell Immunotherapy. Eng. Regen. 2021, 2, 70–81. [CrossRef]

20. Zhang, J.; Huang, D.; Saw, P.E.; Song, E. Turning Cold Tumors Hot: From Molecular Mechanisms to Clinical Applications. Trends
Immunol. 2022, 43, 523–545. [CrossRef]

21. Liu, Y.T.; Sun, Z.J. Turning Cold Tumors into Hot Tumors by Improving T-Cell Infiltration. Theranostics 2021, 11, 5365–5386.
[CrossRef] [PubMed]

22. Galluzzi, L.; Buque, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunogenic Cell Death in Cancer and Infectious Disease. Nat. Rev.
Immunol. 2017, 17, 97–111. [CrossRef] [PubMed]

23. Sweeney, E.E.; Cano-Mejia, J.; Fernandes, R. Photothermal Therapy Generates a Thermal Window of Immunogenic Cell Death in
Neuroblastoma. Small 2018, 14, e1800678. [CrossRef] [PubMed]

24. Chen, D.S.; Mellman, I. Oncology Meets Immunology: The Cancer-Immunity Cycle. Immunity 2013, 39, 1–10. [CrossRef]
25. Jin, L.; Shen, S.; Huang, Y.; Li, D.; Yang, X. Corn-Like Au/Ag Nanorod-Mediated NIR-II Photothermal/Photodynamic Therapy

Potentiates Immune Checkpoint Antibody Efficacy by Reprogramming the Cold Tumor Microenvironment. Biomaterials 2021,
268, 120582. [CrossRef]

26. Bonaventura, P.; Shekarian, T.; Alcazer, V.; Valladeau-Guilemond, J.; Valsesia-Wittmann, S.; Amigorena, S.; Caux, C.; Depil, S.
Cold Tumors: A Therapeutic Challenge for Immunotherapy. Front. Immunol. 2019, 10, 168. [CrossRef]

27. Wu, S.-Y.; Fu, T.; Jiang, Y.-Z.; Shao, Z.-M. Natural Killer Cells in Cancer Biology and Therapy. Mol. Cancer 2020, 19, 120. [CrossRef]
28. Schwartz, M.; Zhang, Y.; Rosenblatt, J.D. B Cell Regulation of the Anti-Tumor Response and Role in Carcinogenesis. J. Immunother.

Cancer 2016, 4, 40.
29. Bruno, A.; Ferlazzo, G.; Albini, A.; Noonan, D.M. A think Tank of TINK/TANKs: Tumor-Infiltrating/Tumor-Associated Natural

Killer Cells in Tumor Progression and Angiogenesis. J. Natl. Cancer Inst. 2014, 106, dju200. [CrossRef]
30. Yin, B.; Chan, C.K.W.; Liu, S.; Hong, H.; Wong, S.H.D.; Lee, L.K.C.; Ho, L.W.C.; Zhang, L.; Leung, K.C.; Choi, P.C.; et al.

Intrapulmonary Cellular-Level Distribution of Inhaled Nanoparticles with Defined Functional Groups and Its Correlations with
Protein Corona and Inflammatory Response. ACS Nano 2019, 13, 14048–14069. [CrossRef]

31. Wang, J.; Gu, Y.; Liu, X.; Fan, Y.; Zhang, Y.; Yi, C.; Cheng, C.; Yang, M. Near-Infrared Photothermally Enhanced Photo-Oxygenation
for Inhibition of Amyloid-β Aggregation Based on RVG-Conjugated Porphyrinic Metal–Organic Framework and Indocyanine
Green Nanoplatform. Int. J. Mol. Sci. 2022, 23, 10885. [CrossRef] [PubMed]

https://doi.org/10.1038/s41467-020-17140-5
https://www.ncbi.nlm.nih.gov/pubmed/32620755
https://doi.org/10.1126/scitranslmed.abo4632
https://doi.org/10.1038/nbt.3371
https://doi.org/10.1038/s41565-019-0567-y
https://doi.org/10.1038/s41565-019-0597-5
https://doi.org/10.1038/s41573-021-00345-8
https://doi.org/10.3389/fcell.2021.783227
https://doi.org/10.1038/nm.4321
https://doi.org/10.1172/JCI80011
https://www.ncbi.nlm.nih.gov/pubmed/26325035
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1056/NEJMra1706169
https://www.ncbi.nlm.nih.gov/pubmed/29972754
https://doi.org/10.1007/s00262-014-1568-1
https://www.ncbi.nlm.nih.gov/pubmed/24943274
https://doi.org/10.1038/nrc.2016.97
https://doi.org/10.1002/smll.202206762
https://doi.org/10.1002/adfm.202011171
https://doi.org/10.3390/jcs5070190
https://doi.org/10.1016/j.engreg.2021.06.001
https://doi.org/10.1016/j.it.2022.04.010
https://doi.org/10.7150/thno.58390
https://www.ncbi.nlm.nih.gov/pubmed/33859752
https://doi.org/10.1038/nri.2016.107
https://www.ncbi.nlm.nih.gov/pubmed/27748397
https://doi.org/10.1002/smll.201800678
https://www.ncbi.nlm.nih.gov/pubmed/29665282
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1016/j.biomaterials.2020.120582
https://doi.org/10.3389/fimmu.2019.00168
https://doi.org/10.1186/s12943-020-01238-x
https://doi.org/10.1093/jnci/dju200
https://doi.org/10.1021/acsnano.9b06424
https://doi.org/10.3390/ijms231810885
https://www.ncbi.nlm.nih.gov/pubmed/36142796


Pharmaceutics 2023, 15, 1427 20 of 22

32. Chen, J.; Oudeng, G.; Feng, H.; Liu, S.; Li, H.W.; Ho, Y.P.; Chen, Y.; Tan, Y.; Yang, M. 2D MOF Nanosensor-Integrated Digital
Droplet Microfluidic Flow Cytometry for In Situ Detection of Multiple miRNAs in Single CTC Cells. Small 2022, 18, 2201779.
[CrossRef] [PubMed]

33. Yin, B.; Ho, L.W.C.; Liu, S.; Hong, H.; Tian, X.Y.; Li, H.; Choi, C.H.J. Sub-10 nm Substrate Roughness Promotes the Cellular Uptake
of Nanoparticles by Upregulating Endocytosis-Related Genes. Nano Lett. 2021, 21, 1839–1847. [CrossRef] [PubMed]

34. Choi, C.H.J.; Zuckerman, J.E.; Webster, P.; Davis, M.E. Targeting Kidney Mesangium by Nanoparticles of Defined Size. Proc. Natl.
Acad. Sci. USA 2011, 108, 6656–6661. [CrossRef]

35. Yin, B.; Yang, H.; Yang, M. Integrating Soft Hydrogel with Nanostructures Reinforces Stem Cell Adhesion and Differentiation. J.
Compos. Sci. 2022, 6, 19. [CrossRef]

36. Wang, X.; Li, C.; Wang, Y.; Chen, H.; Zhang, X.; Luo, C.; Zhou, W.; Li, L.; Teng, L.; Yu, H.; et al. Smart Drug delivery systems for
precise cancer therapy. Acta Pharm. Sin. B 2022, 12, 4098–4121. [CrossRef]

37. Zhang, Q.; Kuang, G.; Li, W.; Wang, J.; Ren, H.; Zhao, Y. Stimuli-Responsive Gene Delivery Nanocarriers for Cancer Therapy.
Nanomicro Lett. 2023, 15, 44. [CrossRef]

38. Yu, Z.; Shen, X.; Yu, H.; Tu, H.; Chittasupho, C.; Zhao, Y. Smart Polymeric Nanoparticles in Cancer Immunotherapy. Pharmaceutics
2023, 15, 775. [CrossRef]

39. Shen, H.; Sun, T.; Hoang, H.H.; Burchfield, J.S.; Hamilton, G.F.; Mittendorf, E.A.; Ferrari, M. In Enhancing Cancer Immunotherapy
Through Nanotechnology-Mediated Tumor Infiltration and Activation of Immune Cells. Semin. Immunol. 2017, 34, 114–122.
[CrossRef]

40. Thakur, N.; Thakur, S.; Chatterjee, S.; Das, J.; Sil, P.C. Nanoparticles as Smart Carriers for Enhanced Cancer Immunotherapy.
Front. Chem. 2020, 8, 597806. [CrossRef]

41. Cheng, L.; Wang, X.; Gong, F.; Liu, T.; Liu, Z. 2D Nanomaterials for Cancer Theranostic Applications. Adv. Mater. 2020, 32,
e1902333. [CrossRef]

42. Wu, M.; Niu, X.; Zhang, R.; Ping Xu, Z. Two-Dimensional Nanomaterials for Tumor Microenvironment Modulation and
Anticancer Therapy. Adv. Drug Deliv. Rev. 2022, 187, 114360. [CrossRef] [PubMed]

43. Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer Nanotechnology: The Impact of Passive and Active Targeting in
the Era of Modern Cancer Biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [CrossRef] [PubMed]

44. Zhang, M.; Gao, S.; Yang, D.; Fang, Y.; Lin, X.; Jin, X.; Liu, Y.; Liu, X.; Su, K.; Shi, K. Influencing Factors and Strategies of Enhancing
Nanoparticles into Tumors In Vivo. Acta Pharm. Sin. B 2021, 11, 2265–2285. [CrossRef] [PubMed]

45. Wong, W.K.; Wong, S.H.D.; Bian, L. Long-Term Detection of Oncogenic MicroRNA in Living Human Cancer Cells by Gold@
Polydopamine-Shell Nanoprobe. ACS Biomater. Sci. Eng. 2020, 6, 3778–3783. [CrossRef] [PubMed]

46. Zhu, Y.Y.; Cao, K.L.; Chen, M.; Wu, L.M. Synthesis of UV-Responsive Self-Healing Microcapsules and Their Potential Application
in Aerospace Coatings. ACS Appl. Mater. Inter. 2019, 11, 33314–33322. [CrossRef]

47. Zhang, J.; Wong, S.H.D.; Wu, X.; Lei, H.; Qin, M.; Shi, P.; Wang, W.; Bian, L.; Cao, Y. Engineering Photoresponsive Ligand Tethers
for Mechanical Regulation of Stem Cells. Adv. Mater. 2021, 33, e2105765. [CrossRef]

48. Jiang, D.; Zhang, Y.; Du, X.; Tan, Y.; Chen, W.; Yang, M. Wavelength-Regulated Switchable Photoelectrochemical System for
Concurrent Detection of Dual Antibiotics. Biosens. Bioelectron. 2022, 202, 113999. [CrossRef]

49. Zhang, Q.; Yin, B.; Hao, J.; Ma, L.; Huang, Y.; Shao, X.; Li, C.; Chu, Z.; Yi, C.; Wong, S.H.D. An AIEgen/Graphene Oxide
Nanocomposite (AIEgen@ GO)-Based Two-Stage “Turn-On” Nucleic Acid Biosensor for Rapid Detection of SARS-CoV-2 Viral
Sequence. Aggregate 2022, 4, e195. [CrossRef]

50. Yin, C.; Wen, G.; Liu, C.; Yang, B.; Lin, S.; Huang, J.; Zhao, P.; Wong, S.H.D.; Zhang, K.; Chen, X.; et al. Organic Semiconducting
Polymer Nanoparticles for Photoacoustic Labeling and Tracking of Stem Cells in the Second Near-Infrared Window. ACS Nano
2018, 12, 12201–12211. [CrossRef]

51. Butler, H.J.; Ashton, L.; Bird, B.; Cinque, G.; Curtis, K.; Dorney, J.; Esmonde-White, K.; Fullwood, N.J.; Gardner, B.; Martin-Hirsch,
P.L.; et al. Using Raman Spectroscopy to Characterize Biological Materials. Nat. Protoc. 2016, 11, 664–687. [CrossRef] [PubMed]

52. Jiang, Y.Y.; Zhao, X.H.; Huang, J.G.; Li, J.C.; Upputuri, P.K.; Sun, H.; Han, X.; Pramanik, M.; Miao, Y.S.; Duan, H.W.; et al.
Transformable Hybrid Semiconducting Polymer Nanozyme for Second Near-Infrared Photothermal Ferrotherapy. Nat. Commun.
2020, 11, 1857. [CrossRef]

53. Xu, C.; Jiang, Y.; Han, Y.; Pu, K.; Zhang, R. A Polymer Multicellular Nanoengager for Synergistic NIR-II Photothermal Im-
munotherapy. Adv. Mater. 2021, 33, e2008061. [CrossRef]

54. Hao, X.; Li, C.; Zhang, Y.; Wang, H.; Chen, G.; Wang, M.; Wang, Q. Programmable Chemotherapy and Immunotherapy against
Breast Cancer Guided by Multiplexed Fluorescence Imaging in the Second Near-Infrared Window. Adv. Mater. 2018, 30, e1804437.
[CrossRef] [PubMed]

55. Huo, M.; Wang, L.; Wang, Y.; Chen, Y.; Shi, J. Nanocatalytic Tumor Therapy by Single-Atom Catalysts. ACS Nano 2019, 13,
2643–2653. [CrossRef] [PubMed]

56. Wen, M.; Ouyang, J.; Wei, C.; Li, H.; Chen, W.; Liu, Y.N. Artificial Enzyme Catalyzed Cascade Reactions: Antitumor Immunother-
apy Reinforced by NIR-II Light. Angew. Chem. Int. Ed. Engl. 2019, 58, 17425–17432. [CrossRef] [PubMed]

57. Wang, Y.; Yan, B.; Chen, L. SERS Tags: Novel Optical Nanoprobes for Bioanalysis. Chem. Rev. 2013, 113, 1391–1428. [CrossRef]
58. Sau, T.K.; Rogach, A.L.; Jackel, F.; Klar, T.A.; Feldmann, J. Properties and Applications of Colloidal Nonspherical Noble Metal

Nanoparticles. Adv. Mater. 2010, 22, 1805–1825. [CrossRef]

https://doi.org/10.1002/smll.202201779
https://www.ncbi.nlm.nih.gov/pubmed/35835723
https://doi.org/10.1021/acs.nanolett.0c04932
https://www.ncbi.nlm.nih.gov/pubmed/33586442
https://doi.org/10.1073/pnas.1103573108
https://doi.org/10.3390/jcs6010019
https://doi.org/10.1016/j.apsb.2022.08.013
https://doi.org/10.1007/s40820-023-01018-4
https://doi.org/10.3390/pharmaceutics15030775
https://doi.org/10.1016/j.smim.2017.09.002
https://doi.org/10.3389/fchem.2020.597806
https://doi.org/10.1002/adma.201902333
https://doi.org/10.1016/j.addr.2022.114360
https://www.ncbi.nlm.nih.gov/pubmed/35636568
https://doi.org/10.1016/j.addr.2013.11.009
https://www.ncbi.nlm.nih.gov/pubmed/24270007
https://doi.org/10.1016/j.apsb.2021.03.033
https://www.ncbi.nlm.nih.gov/pubmed/34522587
https://doi.org/10.1021/acsbiomaterials.0c00633
https://www.ncbi.nlm.nih.gov/pubmed/33463320
https://doi.org/10.1021/acsami.9b10737
https://doi.org/10.1002/adma.202105765
https://doi.org/10.1016/j.bios.2022.113999
https://doi.org/10.1002/agt2.195
https://doi.org/10.1021/acsnano.8b05906
https://doi.org/10.1038/nprot.2016.036
https://www.ncbi.nlm.nih.gov/pubmed/26963630
https://doi.org/10.1038/s41467-020-15730-x
https://doi.org/10.1002/adma.202008061
https://doi.org/10.1002/adma.201804437
https://www.ncbi.nlm.nih.gov/pubmed/30357938
https://doi.org/10.1021/acsnano.9b00457
https://www.ncbi.nlm.nih.gov/pubmed/30753056
https://doi.org/10.1002/anie.201909729
https://www.ncbi.nlm.nih.gov/pubmed/31552695
https://doi.org/10.1021/cr300120g
https://doi.org/10.1002/adma.200902557


Pharmaceutics 2023, 15, 1427 21 of 22

59. Yin, B.; Ho, W.K.H.; Zhang, Q.; Li, C.; Huang, Y.; Yan, J.; Yang, H.; Hao, J.; Wong, S.H.D.; Yang, M. Magnetic-Responsive
Surface-Enhanced Raman Scattering Platform with Tunable Hot Spot for Ultrasensitive Virus Nucleic Acid Detection. ACS Appl.
Mater. Interfaces 2022, 14, 4714–4724. [CrossRef]

60. Chen, S.; Lei, Q.; Qiu, W.-X.; Liu, L.-H.; Zheng, D.-W.; Fan, J.-X.; Rong, L.; Sun, Y.-X.; Zhang, X.-Z. Mitochondria-Targeting
“Nanoheater” for Enhanced Photothermal/Chemo-Therapy. Biomaterials 2017, 117, 92–104. [CrossRef]

61. Kato, Y.; Ozawa, S.; Miyamoto, C.; Maehata, Y.; Suzuki, A.; Maeda, T.; Baba, Y. Acidic Extracellular Microenvironment and Cancer.
Cancer Cell Int. 2013, 13, 89. [CrossRef] [PubMed]

62. Justus, C.R.; Dong, L.; Yang, L.V. Acidic Tumor Microenvironment and pH-Sensing G Protein-Coupled Receptors. Front. Physiol.
2013, 4, 354. [CrossRef] [PubMed]

63. Estrella, V.; Chen, T.; Lloyd, M.; Wojtkowiak, J.; Cornnell, H.H.; Ibrahim-Hashim, A.; Bailey, K.; Balagurunathan, Y.; Rothberg,
J.M.; Sloane, B.F.; et al. Acidity Generated by the Tumor Microenvironment Drives Local Invasion. Cancer Res. 2013, 73, 1524–1535.
[CrossRef]

64. Van Sluis, R.; Bhujwalla, Z.M.; Raghunand, N.; Ballesteros, P.; Alvarez, J.; Cerdan, S.; Galons, J.P.; Gillies, R.J. In Vivo Imaging of
Extracellular pH Using 1H MRSI. Magn. Reson. Med. 1999, 41, 743–750. [CrossRef]

65. Li, H.J.; Du, J.Z.; Liu, J.; Du, X.J.; Shen, S.; Zhu, Y.H.; Wang, X.; Ye, X.; Nie, S.; Wang, J. Smart Superstructures with Ultrahigh
pH-Sensitivity for Targeting Acidic Tumor Microenvironment: Instantaneous Size Switching and Improved Tumor Penetration.
ACS Nano 2016, 10, 6753–6761. [CrossRef] [PubMed]

66. Wang, H.; Chao, Y.; Zhao, H.; Zhou, X.; Zhang, F.; Zhang, Z.; Li, Z.; Pan, J.; Wang, J.; Chen, Q.; et al. Smart Nanomedicine to
Enable Crossing Blood-Brain Barrier Delivery of Checkpoint Blockade Antibody for Immunotherapy of Glioma. ACS Nano 2022,
16, 664–674. [CrossRef] [PubMed]

67. Peng, J.; Hamanishi, J.; Matsumura, N.; Abiko, K.; Murat, K.; Baba, T.; Yamaguchi, K.; Horikawa, N.; Hosoe, Y.; Murphy, S.K.;
et al. Chemotherapy Induces Programmed Cell Death-Ligand 1 Overexpression via the Nuclear Factor-kappaB to Foster an
Immunosuppressive Tumor Microenvironment in Ovarian Cancer. Cancer Res. 2015, 75, 5034–5045. [CrossRef] [PubMed]

68. Su, Z.; Xiao, Z.; Wang, Y.; Huang, J.; An, Y.; Wang, X.; Shuai, X. Codelivery of Anti-PD-1 Antibody and Paclitaxel with Matrix
Metalloproteinase and pH Dual-Sensitive Micelles for Enhanced Tumor Chemoimmunotherapy. Small 2020, 16, e1906832.
[CrossRef]

69. Stephan, S.B.; Taber, A.M.; Jileaeva, I.; Pegues, E.P.; Sentman, C.L.; Stephan, M.T. Biopolymer Implants Enhance the Efficacy of
Adoptive T-cell Therapy. Nat. Biotechnol. 2015, 33, 97–101. [CrossRef]

70. Oh, J.; Xia, X.; Wong, W.K.R.; Wong, S.H.D.; Yuan, W.; Wang, H.; Lai, C.H.N.; Tian, Y.; Ho, Y.P.; Zhang, H.; et al. The Effect of the
Nanoparticle Shape on T Cell Activation. Small 2022, 18, e2107373. [CrossRef]

71. Deeg, J.; Axmann, M.; Matic, J.; Liapis, A.; Depoil, D.; Afrose, J.; Curado, S.; Dustin, M.L.; Spatz, J.P. T Cell Activation is
Determined by the Number of Presented Antigens. Nano Lett. 2013, 13, 5619–5626. [CrossRef] [PubMed]

72. Cai, H.; Muller, J.; Depoil, D.; Mayya, V.; Sheetz, M.P.; Dustin, M.L.; Wind, S.J. Full Control of Ligand Positioning Reveals Spatial
Thresholds for T Cell Receptor Triggering. Nat. Nanotechnol. 2018, 13, 610–617. [CrossRef] [PubMed]

73. Zhang, K.; Ma, Y.; Wang, D.; Liu, J.; An, J.; Li, Y.; Ma, C.; Pei, Y.; Zhang, Z.; Liu, J.; et al. In Vivo Activation of T-Cell Proliferation
by Regulating Cell Surface Receptor Clustering Using a pH-Driven Interlocked DNA Nano-Spring. Nano Lett. 2022, 22, 1937–1945.
[CrossRef] [PubMed]

74. Kohli, K.; Pillarisetty, V.G.; Kim, T.S. Key Chemokines Direct Migration of Immune Cells in Solid Tumors. Cancer Gene Ther. 2022,
29, 10–21. [CrossRef] [PubMed]

75. Huang, B.; Abraham, W.D.; Zheng, Y.; Bustamante Lopez, S.C.; Luo, S.S.; Irvine, D.J. Active Targeting of Chemotherapy to
Disseminated Tumors Using Nanoparticle-Carrying T Cells. Sci. Transl. Med. 2015, 7, 291ra94. [CrossRef] [PubMed]

76. Yun, S.; Shin, T.H.; Lee, J.H.; Cho, M.H.; Kim, I.S.; Kim, J.W.; Jung, K.; Lee, I.S.; Cheon, J.; Park, K.I. Design of Magnetically
Labeled Cells (Mag-Cells) for in Vivo Control of Stem Cell Migration and Differentiation. Nano Lett. 2018, 18, 838–845. [CrossRef]

77. Wong, S.H.D.; Wong, W.K.R.; Lai, C.H.N.; Oh, J.; Li, Z.; Chen, X.; Yuan, W.; Bian, L. Soft Polymeric Matrix as a Macroscopic Cage
for Magnetically Modulating Reversible Nanoscale Ligand Presentation. Nano Lett. 2020, 20, 3207–3216. [CrossRef]

78. Nie, W.; Wei, W.; Zuo, L.; Lv, C.; Zhang, F.; Lu, G.H.; Li, F.; Wu, G.; Huang, L.L.; Xi, X.; et al. Magnetic Nanoclusters Armed with
Responsive PD-1 Antibody Synergistically Improved Adoptive T-Cell Therapy for Solid Tumors. ACS Nano 2019, 13, 1469–1478.
[CrossRef]

79. Zhang, Y.; Sun, Y.; Dong, X.; Wang, Q.S.; Zhu, D.; Mei, L.; Yan, H.; Lv, F. A Platelet Intelligent Vehicle with Navigation for Cancer
Photothermal-Chemotherapy. ACS Nano 2022, 16, 6359–6371. [CrossRef]

80. Wojtkowiak, J.W.; Verduzco, D.; Schramm, K.J.; Gillies, R.J. Drug Resistance and Cellular Adaptation to Tumor Acidic pH
Microenvironment. Mol. Pharm. 2011, 8, 2032–2038. [CrossRef]

81. Choi, S.Y.; Collins, C.C.; Gout, P.W.; Wang, Y. Cancer-Generated Lactic Acid: A Regulatory, Immunosuppressive Metabolite? J.
Pathol. 2013, 230, 350–355. [CrossRef] [PubMed]

82. Huber, V.; Camisaschi, C.; Berzi, A.; Ferro, S.; Lugini, L.; Triulzi, T.; Tuccitto, A.; Tagliabue, E.; Castelli, C.; Rivoltini, L. Cancer
Acidity: An Ultimate Frontier of Tumor Immune Escape and a Novel Target of Immunomodulation. Semin. Cancer Biol. 2017, 43,
74–89. [CrossRef] [PubMed]

83. Apostolova, P.; Pearce, E.L. Lactic Acid and Lactate: Revisiting the Physiological Roles in the Tumor Microenvironment. Trends.
Immunol. 2022, 43, 969–977. [CrossRef]

https://doi.org/10.1021/acsami.1c21173
https://doi.org/10.1016/j.biomaterials.2016.11.056
https://doi.org/10.1186/1475-2867-13-89
https://www.ncbi.nlm.nih.gov/pubmed/24004445
https://doi.org/10.3389/fphys.2013.00354
https://www.ncbi.nlm.nih.gov/pubmed/24367336
https://doi.org/10.1158/0008-5472.CAN-12-2796
https://doi.org/10.1002/(SICI)1522-2594(199904)41:4&lt;743::AID-MRM13&gt;3.0.CO;2-Z
https://doi.org/10.1021/acsnano.6b02326
https://www.ncbi.nlm.nih.gov/pubmed/27244096
https://doi.org/10.1021/acsnano.1c08120
https://www.ncbi.nlm.nih.gov/pubmed/34978418
https://doi.org/10.1158/0008-5472.CAN-14-3098
https://www.ncbi.nlm.nih.gov/pubmed/26573793
https://doi.org/10.1002/smll.201906832
https://doi.org/10.1038/nbt.3104
https://doi.org/10.1002/smll.202107373
https://doi.org/10.1021/nl403266t
https://www.ncbi.nlm.nih.gov/pubmed/24117051
https://doi.org/10.1038/s41565-018-0113-3
https://www.ncbi.nlm.nih.gov/pubmed/29713075
https://doi.org/10.1021/acs.nanolett.1c04562
https://www.ncbi.nlm.nih.gov/pubmed/35225623
https://doi.org/10.1038/s41417-021-00303-x
https://www.ncbi.nlm.nih.gov/pubmed/33603130
https://doi.org/10.1126/scitranslmed.aaa5447
https://www.ncbi.nlm.nih.gov/pubmed/26062846
https://doi.org/10.1021/acs.nanolett.7b04089
https://doi.org/10.1021/acs.nanolett.9b05315
https://doi.org/10.1021/acsnano.8b07141
https://doi.org/10.1021/acsnano.2c00453
https://doi.org/10.1021/mp200292c
https://doi.org/10.1002/path.4218
https://www.ncbi.nlm.nih.gov/pubmed/23729358
https://doi.org/10.1016/j.semcancer.2017.03.001
https://www.ncbi.nlm.nih.gov/pubmed/28267587
https://doi.org/10.1016/j.it.2022.10.005


Pharmaceutics 2023, 15, 1427 22 of 22

84. Angelin, A.; Gil-de-Gomez, L.; Dahiya, S.; Jiao, J.; Guo, L.; Levine, M.H.; Wang, Z.; Quinn, W.J.; Kopinski, P.K.; Wang, L.; et al.
Foxp3 Reprograms T Cell Metabolism to Function in Low-Glucose, High-Lactate Environments. Cell Metab. 2017, 25, 1282–1293.
[CrossRef] [PubMed]

85. Quinn, W.J.; Jiao, J.; TeSlaa, T.; Stadanlick, J.; Wang, Z.; Wang, L.; Akimova, T.; Angelin, A.; Schafer, P.M.; Cully, M.D.; et al. Lactate
Limits T Cell Proliferation via the NAD(H) Redox State. Cell Rep. 2020, 33, 108500. [CrossRef] [PubMed]

86. Kumagai, S.; Koyama, S.; Itahashi, K.; Tanegashima, T.; Lin, Y.T.; Togashi, Y.; Kamada, T.; Irie, T.; Okumura, G.; Kono, H.; et al.
Lactic Acid Promotes PD-1 Expression in Regulatory T Cells in Highly Glycolytic Tumor Microenvironments. Cancer Cell 2022, 40,
201–218. [CrossRef] [PubMed]

87. Zhang, Y.X.; Zhao, Y.Y.; Shen, J.; Sun, X.; Liu, Y.; Liu, H.; Wang, Y.; Wang, J. Nanoenabled Modulation of Acidic Tumor
Microenvironment Reverses Anergy of Infiltrating T Cells and Potentiates Anti-PD-1 Therapy. Nano Lett. 2019, 19, 2774–2783.
[CrossRef]

88. Kolb, D.; Kolishetti, N.; Surnar, B.; Sarkar, S.; Guin, S.; Shah, A.S.; Dhar, S. Metabolic Modulation of the Tumor Microenvironment
Leads to Multiple Checkpoint Inhibition and Immune Cell Infiltration. ACS Nano 2020, 14, 11055–11066. [CrossRef]

89. Tian, L.R.; Lin, M.Z.; Zhong, H.H.; Cai, Y.J.; Li, B.; Xiao, Z.C.; Shuai, X.T. Nanodrug Regulates Lactic Acid Metabolism to
Reprogram the Immunosuppressive Tumor Microenvironment for Enhanced Cancer Immunotherapy. Biomater. Sci. 2022, 10,
3892–3900. [CrossRef]

90. Wang, C.; Yang, J.; Dong, C.; Shi, S. Glucose Oxidase-Related Cancer Therapies. Adv. Ther. 2020, 3, 2000110. [CrossRef]
91. Pelicano, H.; Carney, D.; Huang, P. ROS Stress in Cancer Cells and Therapeutic Implications. Drug Resist. Updat. 2004, 7, 97–110.

[CrossRef] [PubMed]
92. Zhao, W.; Hu, J.; Gao, W. Glucose Oxidase-Polymer Nanogels for Synergistic Cancer-Starving and Oxidation Therapy. ACS Appl.

Mater. Interfaces 2017, 9, 23528–23535. [CrossRef] [PubMed]
93. Zhang, R.; Feng, L.; Dong, Z.; Wang, L.; Liang, C.; Chen, J.; Ma, Q.; Zhang, R.; Chen, Q.; Wang, Y.; et al. Glucose & Oxygen

Exhausting Liposomes for Combined Cancer Starvation and Hypoxia-Activated Therapy. Biomaterials 2018, 162, 123–131.
94. Hui, S.; Ghergurovich, J.M.; Morscher, R.J.; Jang, C.; Teng, X.; Lu, W.; Esparza, L.A.; Reya, T.; Le, Z.; Yanxiang Guo, J.; et al.

Glucose Feeds the TCA Cycle via Circulating Lactate. Nature 2017, 551, 115–118. [CrossRef]
95. Yu, J.; Wei, Z.; Li, Q.; Wan, F.; Chao, Z.; Zhang, X.; Lin, L.; Meng, H.; Tian, L. Advanced Cancer Starvation Therapy by

Simultaneous Deprivation of Lactate and Glucose Using a MOF Nanoplatform. Adv. Sci. 2021, 8, e2101467. [CrossRef] [PubMed]
96. Alphandery, E.; Faure, S.; Seksek, O.; Guyot, F.; Chebbi, I. Chains of Magnetosomes Extracted from AMB-1 Magnetotactic Bacteria

for Application in Alternative Magnetic Field Cancer Therapy. ACS Nano 2011, 5, 6279–6296. [CrossRef] [PubMed]
97. Day, N.B.; Wixson, W.C.; Shields, C.W. Magnetic Systems for Cancer Immunotherapy. Acta Pharm. Sin. B 2021, 11, 2172–2196.

[CrossRef]
98. Guo, Y.; Ran, Y.; Wang, Z.; Cheng, J.; Cao, Y.; Yang, C.; Liu, F.; Ran, H. Magnetic-Responsive and Targeted Cancer Nanotheranostics

by PA/MR Bimodal Imaging-Guided Photothermally Triggered Immunotherapy. Biomaterials 2019, 219, 119370. [CrossRef]
99. Ridolfi, R.; Riccobon, A.; Galassi, R.; Giorgetti, G.; Petrini, M.; Fiammenghi, L.; Stefanelli, M.; Ridolfi, L.; Moretti, A.; Migliori, G.;

et al. Evaluation of In Vivo Labelled Dendritic Cell Migration in Cancer Patients. J. Transl. Med. 2004, 2, 27. [CrossRef]
100. Jin, H.L.; Qian, Y.; Dai, Y.F.; Qiao, S.; Huang, C.; Lu, L.S.; Luo, Q.M.; Chen, J.; Zhang, Z.H. Magnetic Enrichment of Dendritic

Cell Vaccine in Lymph Node with Fluorescent-Magnetic Nanoparticles Enhanced Cancer Immunotherapy. Theranostics 2016, 6,
2000–2014. [CrossRef]

101. Zhang, C.; Bu, W.B.; Ni, D.L.; Zhang, S.J.; Li, Q.; Yao, Z.W.; Zhang, J.W.; Yao, H.L.; Wang, Z.; Shi, J.L. Synthesis of Iron Nanometallic
Glasses and Their Application in Cancer Therapy by a Localized Fenton Reaction. Angew. Chem. Int. Ed. 2016, 55, 2101–2106.
[CrossRef] [PubMed]

102. Shen, Z.Y.; Liu, T.; Li, Y.; Lau, J.; Yang, Z.; Fan, W.P.; Zhou, Z.J.; Shi, C.R.; Ke, C.M.; Bregadze, V.I.; et al. Fenton-Reaction-
Acceleratable Magnetic Nanoparticles for Ferroptosis Therapy of Orthotopic Brain Tumors. ACS Nano 2018, 12, 11355–11365.
[CrossRef] [PubMed]

103. Yu, B.; Choi, B.S.; Li, W.G.; Kim, D.H. Magnetic Field Boosted Ferroptosis-Like Cell Death and Responsive MRI Using Hybrid
Vesicles for Cancer Immunotherapy. Nat. Commun. 2020, 11, 3637. [CrossRef] [PubMed]

104. Chiang, C.L.; Coukos, G.; Kandalaft, L.E. Whole Tumor Antigen Vaccines: Where Are We? Vaccines 2015, 3, 344–372. [CrossRef]
105. Tanyi, J.L.; Bobisse, S.; Ophir, E.; Tuyaerts, S.; Roberti, A.; Genolet, R.; Baumgartner, P.; Stevenson, B.J.; Iseli, C.; Dangaj, D.; et al.

Personalized Cancer Vaccine Effectively Mobilizes Antitumor T Cell Immunity in Ovarian Cancer. Sci. Transl. Med. 2018, 10,
eaao5931. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cmet.2016.12.018
https://www.ncbi.nlm.nih.gov/pubmed/28416194
https://doi.org/10.1016/j.celrep.2020.108500
https://www.ncbi.nlm.nih.gov/pubmed/33326785
https://doi.org/10.1016/j.ccell.2022.01.001
https://www.ncbi.nlm.nih.gov/pubmed/35090594
https://doi.org/10.1021/acs.nanolett.8b04296
https://doi.org/10.1021/acsnano.9b10037
https://doi.org/10.1039/D2BM00650B
https://doi.org/10.1002/adtp.202000110
https://doi.org/10.1016/j.drup.2004.01.004
https://www.ncbi.nlm.nih.gov/pubmed/15158766
https://doi.org/10.1021/acsami.7b06814
https://www.ncbi.nlm.nih.gov/pubmed/28650613
https://doi.org/10.1038/nature24057
https://doi.org/10.1002/advs.202101467
https://www.ncbi.nlm.nih.gov/pubmed/34363341
https://doi.org/10.1021/nn201290k
https://www.ncbi.nlm.nih.gov/pubmed/21732678
https://doi.org/10.1016/j.apsb.2021.03.023
https://doi.org/10.1016/j.biomaterials.2019.119370
https://doi.org/10.1186/1479-5876-2-27
https://doi.org/10.7150/thno.15102
https://doi.org/10.1002/anie.201510031
https://www.ncbi.nlm.nih.gov/pubmed/26836344
https://doi.org/10.1021/acsnano.8b06201
https://www.ncbi.nlm.nih.gov/pubmed/30375848
https://doi.org/10.1038/s41467-020-17380-5
https://www.ncbi.nlm.nih.gov/pubmed/32686685
https://doi.org/10.3390/vaccines3020344
https://doi.org/10.1126/scitranslmed.aao5931
https://www.ncbi.nlm.nih.gov/pubmed/29643231

	Introduction 
	Emerging Immunogenic Boosters for Cancer and Their Limitations 
	Reprogramming Tumor Immunogenicity for Enhanced Immunotherapy 
	Mechanism of Combined Therapy with ICB 

	Smart-Designed Nanobooster for Immunotherapy 
	Unique Properties of Nanomaterials for Cancer Therapy 
	Light-Responsive Nanomaterials for Antitumor Therapy 
	pH-Responsive Nanomaterial for Antitumor Therapy 
	Nanocatalytic Activities for Tumor Therapy 
	Magnetic-Responsive Nanomaterials for Remote Control Antitumor Therapy 

	Conclusions 
	Future Perspectives 
	References

