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Over the past two decades, unique and comprehensive cancer treatment has ushered
new hope in the holistic management of the disease. Cancer immunotherapy, which
harnesses the immune system of the patient to attack the cancer cells in a targeted
manner, scores over others by being less debilitating compared to the existing treatment
strategies. Significant advancements in the knowledge of immune surveillance in the last
few decades have led to the development of several types of immune therapy like
monoclonal antibodies, cancer vaccines, immune checkpoint inhibitors, T-cell transfer
therapy or adoptive cell therapy (ACT) and immune system modulators. Intensive research
has established cancer immunotherapy to be a safe and effective method for improving
survival and the quality of a patient’s life. However, numerous issues with respect to site-
specific delivery, resistance to immunotherapy, and escape of cancer cells from immune
responses, need to be addressed for expanding and utilizing this therapy as a regular
mode in the clinical treatment. Development in the field of nanotechnology has augmented
the therapeutic efficiency of treatment modalities of immunotherapy. Nanocarriers could
be used as vehicles because of their advantages such as increased surface areas, targeted
delivery, controlled surface and release chemistry, enhanced permeation and retention
effect, etc. They could enhance the function of immune cells by incorporating
immunomodulatory agents that influence the tumor microenvironment, thus enabling
antitumor immunity. Robust validation of the combined effect of nanotechnology and
immunotherapy techniques in the clinics has paved the way for a better treatment option
for cancer than the already existing procedures such as chemotherapy and radiotherapy.
In this review, we discuss the current applications of nanoparticles in the development of
‘smart’ cancer immunotherapeutic agents like ACT, cancer vaccines, monoclonal
antibodies, their site-specific delivery, and modulation of other endogenous immune
cells. We also highlight the immense possibilities of using nanotechnology to
accomplish leveraging the coordinated and adaptive immune system of a patient to
tackle the complexity of treating unique disease conditions and provide future prospects in
the field of cancer immunotherapy.
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1 INTRODUCTION

The very idea of harnessing the immune system to develop
efficacious treatment and prevention strategies has long been
adopted. Although chemotherapeutic and radiation-based
therapies have significant tumoricidal properties, the fact that
they end up disturbing the healthy cells makes these techniques
widely unacceptable. Considered to be a medical breakthrough,
immunotherapy technique of exploiting immune cells to fight
and even kill cancer cells, known as cancer immunotherapy, has
completely transformed the field of oncology. Compared to
traditional therapies, immunotherapy in combination with other
targeted therapies could bring about a more specific response that
lasts longer in targeted cancer cells. While active immunotherapy
depends on the production of a tumor-specific immune response by
the host’s immune system, passive immunotherapy is basically
dependent on the administration of large quantities of cancer
antigen-specific antibodies. Different approaches in cancer
immunotherapies like cancer vaccines, oncolytic viral therapy
(OVT), chimeric antigen receptor (CAR) T-cell therapy, and
immune checkpoint blockade (ICB) therapy have been developed
that have demonstrated encouraging clinical responses. ICBs
developed using antibodies against cytotoxic T-lymphocyte
antigen 4 (CTLA-4), programmed cell death-1 (PD-1), and
programmed cell death ligand-1 (PD-L1) have been approved for
various cancers like melanoma, non–small cell lung cancer, renal
cancer, bladder cancer, head and neck cancer, and Hodgkin’s
lymphoma (Tsai et al., 2014; Rotte, 2019). CAR T-cell therapy,
on the other hand, combined with co-stimulatory molecules and
signaling chains of the T-cell receptor (TCR) after modification of its
antigen-targeting regions has achieved significant progress in clinics,
particularly in the treatment of non-Hodgkin lymphoma and B-cell
acute lymphoblastic leukemia (Vitale and Strati, 2020; Sheykhhasan
et al., 2022). Another promising method involves regulating
dendritic cells (DCs) using cancer vaccines. DCs are loaded with
tumor-associated antigens (TAAs) and presented to cytotoxic CD8+

T lymphocytes in situ, leading to their proliferation. These cells then
differentiate into specific T cell subsets that have the capability to kill
cancer cells (Timmerman and Levy, 1999).

Usually, it is the therapeutic index that compares the amount of a
drug that produces the therapeutic effect with that of the amount
that causes toxicity, which in turn determines the response rate of
any therapeutic technique. Oncologists usually assess the tumor
regression with respect to its size or volume and that these might
occur quite early with respect to chemotherapy and radiotherapy.
However, that does not reflect on the overall survival rate of the
cancer patients due to acquired resistance, etc. On the contrary,
immunotherapy effects may not be perceived as a reduction in the
tumor volume, but exhibit prolonged tumor control leading to a
better survival rate in the long run. The fact that most of the tumors
exhibit adaptive and acquired mechanisms of resistance, keeps these
objective responses to therapies reasonably low. Also,
immunotherapy is not well pronounced in the case of solid
tumors when compared to lymphomas due to the interference of
the immunosuppressive tumor microenvironment (TME) as well as
the presence of abnormal extracellular matrix (ECM) surrounding
cancer cells (Marvel and Gabrilovich, 2015; Munn and Bronte,

2016). Like any other cancer treatment technique, cancer
immunotherapy also creates outright changes to the patient’s
body in the form of side effects. Sometimes these side effects can
induce destructive autoimmunity (Phan et al., 2003). It is predicted
that the patient outcomes can be changed by focusing on breaking
local immune tolerance without disturbing systemic immune
tolerance, making it imperative to improve the chances of cancer
antigens reaching the immune cells rather than other cells. The use
of combination therapies has traditionally been in use in the field of
oncology. In this era of molecular targeted therapies, the
development of combinatorial therapies (Kourani et al., 2022;
Kumar et al., 2022) is proving to be beneficial with respect to
both responses to therapy and combating the drug resistance.
Under such circumstances, where immunodrugs are combined
with molecular or chemo drugs, it is important to assess the
possible interactions between them. Combinatorial therapies
along with molecular targeting are the ideal way to ensure that
responses are converted towards translational benefits.

The advancements in the area of nanotechnology and
bioengineering have proffered new approaches that can
drastically enhance the targeting and efficacy of cancer
immunotherapy. Nanoparticles (NPs) are basically materials in
nanoscale sizes that are usually polymeric, liposomal, or metallic
in nature (Min et al., 2015). An ideal NP for therapeutic
application should be less toxic, biodegradable, highly specific,
cost-effective, and can deliver the cancer antigens to target sites
through either passive, active, or physical targeting. Passive
targeting enables selective targeting of cancer cells through the
enhanced permeation and retention (EPR) effect, while active
targeting couples the NPs with ligands that can get attached to
overexpressed entities on the tumor cells. On the other hand,
physical targeting employs optical, thermal, and magnetic
properties of NPs to guide them in targeting specific cells
(Bertrand et al., 2014; Selvaraja and Gudipudi, 2020). The use
of NPs in cancer immunotherapy has widened the therapeutic
window and has led to effective drug delivery. The abnormality of
the cancer vasculature and ineffective clearance of lymphatic
vessels enable the accumulation of NPs within the tumor
tissues helping the drug accumulate to the desired
pharmaceutical levels; at the same time, the size of the NP
enables the needed renal clearance. Moreover, the delivery of
sensitive antigens or proteins using NPs protects their enzymatic
degradation or inactivation in a complex physiological
environment. The ability to modify its own surface is another
prominent characteristic feature of NPs that are taken into
consideration while targeting cancer cells. This review narrates
the current trends in the field of nanotechnology-based cancer
immunotherapy and comprehensively evaluates the need to
improve the existing methods for the betterment of patient
outcomes.

2 IMMUNOTHERAPY: THE NEED OF THE
HOUR IN CANCER TREATMENT

The ineludible role of the immune system in the control of
neoplastic growth and development has been known to
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humankind for centuries. Multiple accounts have been
documented from ancient Egypt to the early 18th century
about the regression of tumors after an infection or high
febrile episode. However, researchers started attempting to
modulate the immune system to treat cancer only in the
second half of the 18th century after the histological validation
of malignancies (Oiseth and Aziz, 2017). The first successful
attempt to harness the power of the immune system was carried
out by an orthopedic surgeon named William B Coley. His
observation that some patients with major post-operative
wound infections underwent spontaneous regression of their
unresected tumors compelled him to inject them with
mixtures of live and inactivated bacteria such as Streptococcus
pyogenes and Serratia marcescens intending to create sepsis and
thus antitumor responses. This is considered the first
documented active cancer immunotherapy intervention, and
the bacterial suspension was termed Coley’s toxins (McCarthy,
2006). Nevertheless, how this sepsis was mediated remained a
mystery until the discovery of the cytokine family of proteins like
Interleukins (ILs), interferons (IFNs), and chemokines that were
utilized to induce clinical remission. Injection of IL-2 in renal cell
carcinoma models induced remission of cancer, but the same
done for stages III and IV of melanoma depicted debatable
responses (Di Trolio et al., 2015). Most of the time, adverse
effects due to unpredictable immune responses were observed in
patients who underwent these therapies, suggesting that only a
few of them could benefit from them.

The fact that cancer cells are particularly efficient in
suppressing immune surveillance was first put forward as a
hypothesis by Burnet and Thomas (Thomas, 1959; Burnet,
1970). This theory is now the basis of a technique known as
cancer immunoediting, wherein the body’s surveillance system
detects the immunogenicity of tumor cells that escaped the initial
elimination. The cells that elude elimination usually express fewer
antigens on their surfaces or lose their MHC class I expression
(Tsukahara et al., 2006). The T-cell escape occurs by expressing
immune checkpoint molecules like CTLA-4 and PD-1 on their
surfaces like normal cells. Studies that gave a better
understanding of this immune surveillance system created a
revolutionary wave in the developing era of cancer
immunotherapy. This has even led to a Nobel prize in
physiology and medicine for Drs. Allison and Honjo in 2018.
Blocking the T- cell receptors was found to enhance
autoimmunity and thus immune responses against tumor cells.
Similarly, various biological modifiers were used to develop
numerous treatment techniques like OVT, adoptive therapy,
cancer vaccines, and ICB-based drugs to target the immune
system in cancer patients. Several combinations of these
therapies have been experimented with and underwent clinical
trials both pre-clinically and clinically, which we will be
discussing further in this review.

2.1 Cancer Vaccines
The successful use of preventative vaccines against viruses like
hepatitis B and human papillomavirus, which can lead to cancer-
causing infectious diseases, prompted the development of cancer
vaccination as a key approach to stimulate host T cells. This was

further underpinned by the knowledge that CD8+ and CD4+

T-cells, capable of identifying tumor-expressed antigens, may be
present in cancer patients (Pardoll and Topalian, 1998; Mellman
et al., 2011). Basically, cancer vaccination involves exogenous
administration of selected tumor antigens combined with
adjuvants that has the ability to activate DCs (dendritic cells)
or even DCs themselves. DCs being the most effective antigen-
presenting cell (APC) and its important role in coordinating
innate and adaptive immune cells make them a reliable target
(Palucka and Banchereau, 2012). Thus, a successful
administration of cancer vaccine involves delivering large
amounts of a high-quality antigen to DCs, leading to its
activation. This further leads to the induction of sustained
cytotoxic T lymphocyte (CTL) and CD4+ T helper cell
responses, thus maintaining the robustness of the obtained
responses (Saxena et al., 2021). Some DC-based vaccines are
created by isolating DCs from the patient’s peripheral blood
mononuclear cells (PBMC) and loading it with tumor antigens
ex vivo, and then by reinfusing them into the patient after
activation. Patients with advanced cancers presented
encouraging responses after administration of the same.
Another vaccine that has caught attention recently was the in-
situ vaccines (ISV). Traditional vaccines are generated by
choosing particular antigens and administering them to
patients; however, in situ approaches utilize antigens obtained
from dead tumor cells present within the TME. These vaccines
are currently increasing the scope of techniques that modulate
immune responses to destroy tumors and are now evolving as
approaches to improve survival and response rates (Saxena et al.,
2021).

However, there are numerous obstacles on the path of
developing cancer vaccines as a single agent against cancer.
One of the major hurdles is the lack of specificity in the
tumor antigen chosen to be used as a vaccine. An ideal tumor
antigen is the one that is overexpressed in tumor cells and not in
healthy cells. Not many antigens fulfill this criterion and thus do
not ensure the activation of protective T cell response (Fenoglio
et al., 2013). Moreover, the heterogeneous nature of most of the
tumors suggests that they have varied mutational status and
antigen expression. Though this problem was addressed by
using bioinformatics along with mass spectroscopy of peptides
eluted from MHC-I molecules, the therapeutic technique was
unable to elicit required T-cell responses (Abelin et al., 2017).

2.2 Oncolytic Viral Therapy
Oncolytic viral therapy (OVT), which is active at the intermediate
level of biological treatment and immunotherapy, has recently
emerged as a novel approach to cure cancer. This cancer therapy
makes use of native and engineered viruses which will replicate
only within the tumor cells and kill them (Kaufman et al., 2015).
Major features required by these viruses to be considered for OVT
are that they must be non-pathogenic and should have the
capacity to be transformed to express tumor-killing factors
through genetic engineering methods (Maroun et al., 2017).
RIGVIR, Oncorine, and Talimogene laherparepvec (T-VEC)
are three of the oncolytic viruses currently approved for use in
a clinical setting and have shown satisfactory therapeutic
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potential. Other than these, herpesvirus, adenovirus, and vaccinia
virus are currently under preclinical studies and are showing
promising results. In spite of the approval all around the world for
OVT, there are only a few publications on the use of RIGVIR for
cancer therapy. It is usually more sensitive while treating low-
grade melanomas that have undergone surgical resection rather
than high grade (Babiker et al., 2017). Oncorine, on the other
hand, is the only adenovirus that has been approved for use as a
cancer treatment option. These adenoviral vectors, though in
clinical trials, often are accustomed to seroprevalence, limiting
the ability of the same to be delivered intravenously to treat highly
metastatic diseases (Nwanegbo et al., 2004). T-VEC has shown
efficacy as a single agent and is hence approved for the treatment
of cutaneous high-grade melanoma lesions by intratumoral
injection. Single-agent efficacy was also being applied for
evaluating patients with liver, pancreatic, and advanced
nervous system solid tumors, as well as checking the safety
and efficacy of T-VEC alone or in combination with
checkpoint inhibitors, chemotherapy, or radiation therapy in
melanoma. This was approved by US FDA in 2015 for the
treatment of non-resectable metastatic melanoma and in
Europe for locally advanced or metastatic cutaneous
melanomas (Cao et al., 2020). Although promising, several
limitations associated with OVT exist. Immuno-compromised
patients are not usually good candidates for oncolytic virus-based
treatments, since antitumor immunity could be compromised in
these patients. There are limitations regarding the levels of
efficiency observed in patients with more advanced stages of
the disease while undergoing OVT. Also, OVT is observed to be
more effective if combined with other cancer immune-
therapeutics.

2.3 Adoptive Cell Therapy
Adoptive cell therapy (ACT) is a type of immunotherapy where
the endogenous T cells from the patients are extracted and made
to undergo expansion in vitro after which it is reinfused into the
body. It basically exploits the antitumor properties of
lymphocytes to eradicate primary and metastatic tumor cells
(Shi et al., 2015). This strategy has the power to enable the
body to tolerate tumor antigens and produce high avidity effector
T cells. This ability of ACT has thus made it a viable therapeutic
option with a high potential to induce dramatic clinical responses.
Currently, ACT can be classified into three different types with
each of their ownmechanism of action, namely ACT with tumor-
infiltrating lymphocytes (TILs), ACT using TCR (T-cell receptor)
gene therapy, and ACT with chimeric antigen receptor (CAR)
modified T cells (June et al., 2015). ACT with TILs is done by
harvesting and multiplying CD8+ and CD4+ T cells grown from
resected metastatic tumor deposits ex vivo prior to transfer. In
TCR gene therapy, tumor antigen recognition is achieved by
introducing a novel TCR into T cells leading to easy detection of
the antigens (Sterner and Sterner, 2021). On the other hand,
CARs used mainly to fight against hematological malignancies
are engineered synthetic receptors which are introduced to T cells
to recognize and eliminate cells expressing a specific target
antigen. These receptors are usually independent of being
recognized by the MHC molecules thereby causing significant

antitumor responses due to high T cell activation (Rohaan et al.,
2019).

Clinical trials done on 93 patients with metastatic melanoma
showed that infusion of autologous TILs in conjunction with IL-2
administration resulted in an increase in the objective response
rate to 72% and a complete regression of the tumor in 22% of the
subjects (Rosenberg et al., 2011). High response rates and long-
lasting tumor regression were also observed during large-scale
experiments done at MD Anderson Cancer Centre and the Sheba
Medical Centre (Yee, 2013). Advances in T cell culturing methods
and genetic T cell engineering techniques ensure the production
and timely delivery of antigen-specific T cells, further ensuring
the development of these therapies to battle malignancies. Still,
there exist numerous challenges that prevent ACT from
becoming the ultimate personalized cellular product solely
reactive to the tumor. In TCR therapy, it is mandatory that
the targetable antigens are present only on the tumor, and not on
the healthy tissues. This can decrease the off-tumor toxicity and
enables the effectiveness of the therapy. Targeted cell trafficking is
another hurdle in the path of these therapies, especially for CAR
T-cell therapy where the major challenges include new target
discovery, reduction of toxicity, and improvement of cell
trafficking. However, significant improvements have already
been seen with the use of TIL treatment in melanoma and
CAR T-cell therapy in hematologic malignancies. Further,
optimization of this promising therapeutic modality will
ensure a fair fight against cancer with the requisite antitumor
effect and reduced toxicity (Rohaan et al., 2019).

2.4 Immune Checkpoint Blockade
Significant success in the treatment of a wide variety of
malignancies has been demonstrated with the therapies
directed against negative immunologic regulators
(checkpoints). This method, termed immune checkpoint
blockade therapy targets the immune inhibitory pathway
activated by the cancer cells and has now become a well-
known approach to ensure an antitumor response. Cytotoxic
T-lymphocyte antigen 4 (CTLA-4) was the first immune
checkpoint receptor to be targeted. CTLA-4 is upregulated in
activated T cells and acts via a negative feedback mechanism to
control T cell function (Linsley et al., 1991). Two antibodies
targeting CTLA-4 were used, namely, ipilimumab and
tremelimumab that entered clinical trials and showed durable
clinical responses in patients. Advanced melanoma patients
undergoing phase III clinical trials have also responded to
ipilimumab through enhanced survival rate. Another receptor,
PD-1 (programmed cell death-1) interacts with its ligand (PD-L1
and PD-L2) and negatively regulates T cell function. Antibody-
based drugs such as Nivolumab, Pembrolizumab, and
Pidilizumab can target PD-1 whereas Atezolizumab,
Durvalumab, BMS-936559, and Avelumab target PD-L1. Since
PD-1 is expressed on various other immunological cells like
B-cells and natural killer (NK) cells, the usage of drugs that
target PD-1 can have an unwanted effect on the function of these
cells (Postow et al., 2015).

In spite of the significant antitumor benefits induced by the use
of ICB, the fact that it does not just enhance tumor-specific
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immune responses leads to various nonspecific immunologic
activation and ultimately, adverse effects. To overcome these,
various combination therapies have been proposed that combine
CTLA-4 and PD-1 blockers with anticancer agents such as
chemotherapy, targeted therapy, radiotherapy, and other
immunotherapy. With proper dosage and schedule of drug
delivery, the combination of chemotherapy with ipilimumab
was generally safe during clinical studies on non–small-cell
lung cancer and melanoma patients (Lynch et al., 2012; Weber
et al., 2013). Preclinical studies that depict the possibility of
enhancing the CTLA-4 and PD-1 blockade efficacy by
combining it with radiotherapy have led to prospective trials
(Demaria et al., 2005). Other than these, the combination of
CTLA-4 along with PD-1 has shown promising results. A
particular phase I study of ipilimumab and nivolumab in
patients with melanoma resulted in a high durable response
rate and impressive overall survival compared to already
existing data (Wolchok et al., 2013). Despite the promise of
this approach of using ICB, many hindrances such as the
immune-related adverse events and the problem of arriving at
the best combination approach to determine whether they
increase the efficacy of the technique, need to be considered to
convert this into a propitious immunotherapy model.

3 WIDENING THE WINDOW OF CANCER
IMMUNOTHERAPY USING
NANOPARTICLES
Nanomedicine, where nanoparticles (NPs) are used as drug
delivery vehicles, is a decade-old concept that has gained
immense interest and has been developing rapidly in recent
years. Due to their wide range of biological properties and
composition, NPs have been extensively studied in the use of
drug delivery, where the substances in the nanoscale range were
employed to transport bioactive drug or therapeutic agents
towards a major intracellular target site in a regulated way
(Swaminathan et al., 2021). Being sub-micron in size, NPs have
the advantage that they can penetrate into the targeted epithelial
lining or tissue, subsequently penetrating the cell in order to
achieve desired therapeutic effects. Understanding the interplay
between the nanobody and surface receptors of target cells,
therapeutic agent’s stability and release, cell environment, etc.
are some of the key factors involved in the development of an
efficient drug delivery mechanism (Vinogradov et al., 2002; Suri
et al., 2007). Chemotherapy, the mainstream treatment regime
for cancer, has many disadvantages including its non-specificity.
Even though many biological drugs have been discovered,
targeted delivery is a major issue scientist are facing globally.
Therefore, as a consequence of these shortcomings in the
current cancer treatments, researchers have devised
techniques with more precise tumor site targeting with fewer
side effects. Different chemotherapeutic, immunotherapeutic
and biological agents were conjugated with different nano-
vehicular coatings to treat diseases, especially cancer (Patra
et al., 2018). Several studies have shown that chronic human
diseases could be treated by nanotechnology-mediated therapy

due to their multiple actions, including target-specific delivery
of therapeutic drugs.

On the other hand, immunotherapy is considered one of the
most successful cancer treatment options, providing a precise
target to both the immune system and the tumor environment
(Farkona et al., 2016; Kokate, 2017). Multiple studies on active
biomaterials have been conducted that specifically target immune
reactions and immune cells (Sun, 2017; McCune, 2018). The use
of nanotechnology as a combination of biomaterials and drugs
has yielded many intriguing performances in terms of effective
therapies (Chen and Mellman, 2013; Martin-Liberal et al., 2017;
Oiseth and Aziz, 2017; Yu and Cui, 2018). Currently, PLGA
(polylactic-co-glycolic acid) NPs, liposomes, dendrimers, and
gold NPs (AuNPs) are broadly studied and used in cancer
immunotherapy. According to the substrate component, NP-
based platforms for cancer immunotherapy may be split into two
groups—naturally derived NPs and synthetic NPs. Exosomes and
lipid-based NPs are examples of naturally derived NPs that
include biological components or cell-derived vesicles, while
inorganic NPs and polymeric NPs come under synthetic NPs.
In this section, we will deal with each of these classes of NPs with
examples and the advancements witnessed in recent times
(Figure 1).

3.1 Naturally Derived Nanoparticles for
Cancer Immunotherapy
3.1.1 Lipid-Based Nanoparticles
Lipids are micro-biomolecules that are known to be the basic
building blocks of biological membranes, made up of fatty acids
(Ibarguren et al., 2014). Lipid-based NPs (LNPs), particularly
liposomal NPs and solid lipid NPs, have been widely employed in
FDA-approved clinical applications such as cancer biomarker
diagnostics and relevant therapeutics. LNPs are being studied
widely as immunoadjuvants and transporters for nucleic acids,
antigenic peptides/proteins, and other immunostimulating
compounds used in cancer immunotherapeutics. LNP systems
are considered to have low toxicity, specific cellular uptakes, and
high loading capacity as immuno-modulating agents. Due to their
versatile component, biomimetic multilayer structure (mainly
liposomes), and flexible functionalization, they act as excellent
immunoadjuvants and carriers for immuno-modulating drugs.
The use of pH-sensitive liposomes to transport a co-delivery
system consisting of ovalbumin (OVA) and IFN-γ -encoding
pDNA (plasmid-DNA) to dendritic cells of cancer-bearing mice
boosted CTL infiltration and led to substantial anticancer activity
(Yuba et al., 2015).

Since nucleic acids and most immuno-stimulating molecules
have an intrinsic molecular charge, integrating cationic/ionizable
lipids into LNP formulations is thought to be an effective strategy
for promoting stable and efficient encapsulation as well as
neutralization of negatively charged payloads of interest. These
cationic groups have been studied extensively in preclinical and
clinical studies of human gene and drug deliveries (Simberg et al.,
2004). Yuba et al. reported that pH-sensitive dextran liposomes
modified with TGF-β 1 receptors (transforming growth factor) as
well as PEG (polyethylene glycol) showed strong
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immunotherapeutic responses due to CD8+ T-cells arriving at the
tumor sites (Yuba et al., 2017a). They also reported that
modification of liposomes with pH-sensitive bioactive
polysaccharides such as mannan and curdlan, releases their
payloads in mildly acidic pH thus delivering the drug into the
cytosol of DCs. These liposomes, when compared to liposomes
modified with dextran derivatives, elicited higher antigen-specific
immune responses and antitumor effects when injected
subcutaneously (Yuba et al., 2017b). To overcome the
immunosuppressive tumor microenvironment (TME), the
efficacy of cancer immunotherapy needs to be boosted. A
cytosolic immunological adaptor protein (STING), when
administered into TME, was found to show substantial
anticancer action. Since STING agonists like cGAMP penetrate
the cell membrane poorly due to their anionic properties, cationic
liposomes with varied surface polyethylene glycol (PEG) levels
could be utilized to encapsulate and promote delivery at the
cytosol. Administration of liposomes boosts STING agonist
action and creates immunological memory, allowing tumor
cells to be challenged again (Koshy et al., 2017).

3.1.2 Extracellular Vesicles
Extracellular vesicles (EVs) are bilayer phospholipid vesicles,
secreted from various living cells that differ in size
(50–1,000 nm), origin, and content (György et al., 2011).
These vesicles can be found in many body fluids (e.g., saliva,
urine, serum etc.) and have been extensively researched for their

ability to stop the initiation and progression of various diseases
(Zhang et al., 2019). EVs are long-distance transportation vehicles
that contain specific proteins, peptides and transmembrane
markers apart from DNA and RNA (Zhang et al., 2018). EVs
of immune cells include distinct proteins and endosome-
associated peptides, while those of tumor cells contain specific
tumor antigens. EVs have recently been identified as interesting
immunotherapeutic platforms due to their endogenous
capabilities. EV-based cancer immunotherapy can be classified
into two subtypes on the basis of excreting cells. The subtypes
include Immune cell-derived EVs (ICEVs) and Tumor-derived
EVs (TEVs). In ICEVs, DC-derived exosomes (DEXs) have been
shown to express MHC complexes (MHC- I and II), adhesion
molecules (integrin and ICAM-1) and T cell co-stimulatory
molecules (eg. CD86, CD80). This suppresses tumor cells
through T cell activation by stimulating antigen-specific CD4+

and CD8+ immune responses (Wolfers et al., 2001; Li et al., 2015).
TEVs are significantly more productive than ICEVs during
therapy due to the extrinsic factors (thermal stress and
hypoxic conditions) as well as their specific TME (tumor
microenvironment) (Eng et al., 2015; Patel and Sant, 2016).
Furthermore, the incorporation of cytokines and nucleic acids
into EVs resulted in the development of TEV-based vaccines with
improved immunogenic activation and efficacy (Koyama et al.,
2016). Hadla et al. (2016) employed exosome-laden doxorubicin
(exo-DOX) to treat human breast cancer cells in a study to assess
cardio-toxicity. Compared to free DOX, they found that exo-

FIGURE 1 | Different nanocarriers used in cancer immunotherapy such as Lipid-based NPs, Extracellular Vesicles, Polymeric NPs, Gold NPs, Iron oxide NPs, Silica
NPs and Carbon Nanotubes for cancer immunotherapy are depicted here. Created with Biorender.com.
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DOX exhibited better doxorubicin cytotoxicity and reduced drug
build-up inside the heart. Although many studies have been done,
more extensive investigations involving biological characteristics
and safety analysis are required to determine the therapeutic
effect of EVs in cancer immunotherapy.

3.2 Synthetic Nanoparticles for Cancer
Immunotherapy
3.2.1 Polymeric Nanoparticles
Polymeric NPs (PNPs) are colloidal macromolecules that act as
drug carriers, transporting chemical drugs to malignant areas and
ensuring their continuous release (Masood, 2016). A nanosphere
or a nanocapsule is formulated where the drug or chemicals of
interest are linked to the surface of NPs or encapsulated inside it.
The evolution of NPs from non-biodegradable polymers like
polyacrylates, polystyrene, polymethyl methacrylate (PMMA),
etc. (Shastri, 2003; Vijayan et al., 2013) to biodegradable forms
solved the major issues of toxicities, at the same time enhancing
the biocompatibility, biodistribution and pharmacokinetic
properties of the drug. Biodegradable polymers such as poly
(ε- caprolactone) (PCL), polylactic acid (PLA), poly (D,
L-lactide-co-glycolic acid) (PLGA) (Elsabahy and Wooley,
2012), and some of the naturally occurring polymers like
gelatin, chitosan, albumin and alginate are being widely used
now for cancer immunotherapy. Further advancements have
brought in modifications in their structures and properties,
wherein PNPs could provide a variety of administration
modalities, like oral and intravenous routes with different
loading capacities (Tangudu et al., 2015). They also
contributed to the stability of the drug by reducing the
volatilization properties and preventing its degradation. These
properties of PNPs were observed byMartín- Saldaña et al. (2017)
when they coupled PNPs with cisplatin (e.g., α-tocopheryl
succinate or dexamethasone) in chemotherapy and opined that
they reduced cisplatin-induced ototoxicity. These PNPs can also
serve as adjuvants and delivery vehicles for immunostimulating
drugs during the activation of an immune response to suppress
tumor development. PNPs are widely acknowledged as adjuvants
in cancer immunotherapy due to their exceptionally strong
payload capacity, high solubility in water as well as
biocompatibility for immune-associated components. However,
several PNPs have shown a remarkable trigger of the immune
system against tumor cells. Kumar et al. (2017) devised a
pathogen-mimicking vaccine delivery system (PMVDS) using
PLGA conjugated with the bioactive polymer- inulin acetate
(InAc). In these PMVDS systems, enhanced and consistent
antigen delivery was found, along with toll-like receptor (TLR)
4 activation in APCs (antigen-presenting cells), resulting in the
generation of cell-mediated immunity in vaccinated mice, leading
to the prevention of tumorigenesis and delayed tumor growth.
PLGA is a class of biodegradable NPs that has low systemic
toxicity and great biodegradability compared to other PNPs and
is known to be one of the effective immunotherapy components.
In cancer immunotherapy-based studies, it was shown that the
majority of PLGA NPs were targeted to the dendritic cells (DCs),
where DCs take up the PLGA NPs without recognizing the

specific character of NPs (Ghotbi, 2011; Colzani et al., 2018).
So, for the delivery of therapeutic moieties to DCs, PLGA is
preferred over other PNPs and is employed extensively for
immunotherapy.

In a comparative in vitro study done with PLGA
microparticles v/s nanoparticles to check the efficacy of
targeting humanized antibody (hD1) to DCs, NPs showed 10
to 100-fold greater efficacy compared to microparticles (Cruz
et al., 2010). Also, the surface of PLGA NPs was modified to
enhance the delivery of antigens to DCs. DC immunizations with
stronger IL-10 production were achieved by modifying the
surface of the NPs with maximal concentrations of
monoclonal antibody (mAb) (Bandyopadhyay et al., 2011). In
addition to PLGA NP’s mode of delivery and actions, cancer
immunotherapy reportedly also utilizes polymeric micelles
composed mainly of amphiphilic polymers. Here, the
hydrophobic moieties of the amphiphilic polymers created the
inner core, and the hydrophilic residues formed the outer shell
that could be engineered for functionalities like pH-sensitive
responses or cell targeting (Jones and Leroux, 1999). The
polymeric micelles were designed exclusively for enveloping
hydrophobic adjuvants and antigens, which is a key drawback
for this class of molecules as well as PLGA NPs. Since a majority
of effective immune-stimulating drugs are protein-based, the
development of new nanocarrier formulations is needed for
effective and targeted immunotherapy.

3.2.2 Inorganic Nanoparticles
Metallic NPs (MNPs) have fascinated scientists in cancer
immunotherapy because of their enormous potential as
nanocarriers. MNPs have precise controlled and delivery
action, which can be achieved by modifying the charge, size,
and surface (Sperling and Parak, 2010; Evans et al., 2018). Various
functional groups were synthesized with the NPs, enabling them
to be linked with numerous drugs, different ligands and
antibodies, thus creating a wide range of applications in
cancer diagnosis. MNPs, such as magnetic NPs (Iron oxides),
silver and AuNPs (gold NPs), nanocages and nanoshells have
been developed and utilized for the past several years for various
applications in cancer diagnosis and therapeutics. Various metal
NPs have been studied for several decades for their improved
therapeutic impact, although few noble metal NPs (Au, Hg, Cu,
Ag, and Pt) have attracted researchers’ interest (Ramalingam
et al., 2014).

AuNPs are considered to be one of the most stable, non-
reactive and efficient NPs among others due to their multiple
medical applications, unique functional properties and ease of
synthesis. They can be synthesized into a variety of structures and
forms like nanowires, nanocages, nanocubes, nanorods,
nanobranches, nanopyramids, nanoflowers, nanoshells, etc.
The efficacy of these NPs for specific targeting and
accumulation in different immune cells can be enhanced by
modifying their shape, charge, size, and functional groups.
Different molecules such as enzymes, nucleic acids, proteins,
antibodies, fluorescent dyes, etc. can easily be conjugated with
AuNPs, which can be applied to a wide range of medical
applications like PTT (photothermal therapy), PDT
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(photodynamic therapy), RT (Radiation therapy), CT (computer
tomography), X-ray imaging, etc. for efficient diagnosis and
therapy.

Iron oxide NPs (IONPs) like other NPs vary from 1 to 100 nm
and havemainly two forms, Fe2O3 in an oxidized form, also called
maghemite and Fe3O4 is known as magnetite. The
superparamagnetic features of these NPs expanded their
applications in a variety of fields. As an effective carrier for
drug delivery, Zhao et al. (2018) employed superparamagnetic
Fe3O4 alone as well as in conjugation with ovalbumin to check the
immunological effect in colon adenocarcinoma CT26-tumor-
bearing animal model. They reported that the administration
of IONPs alone showed a decent cytokine production along with
good immune cell activation with slight tumor retardation, while
the conjugated form inhibited the tumor significantly. In cancer
immunotherapy another working principle of IONPs is the
polarization of the immune cells, which leads to stronger
immune responses against cancer cells. Zanganeh et al. (2016)
reported an increased caspase-3 activity along with polarization
of macrophages in a mammary cancer-bearing model when
administered with ferumoxytol (FDA- approved) iron
supplements. Branched polyethylenimine–super magnetic
IONPs have been used to study DC polarization by other
groups as well as to check the therapeutic potentials in
treating cancers (Hoang et al., 2015).

Carbon nanotubes (CNTs) are allotropes of carbon, mainly
graphene, which are elongated and hollow cylindrical open or
closed-ended nanostructures with a diameter as low as 1 nm but
with a variable length of several micrometers. Based on their
structures, these nanotubes were categorized into two types:
single-walled nanotubes (SWNTs) and multi-walled nanotubes
(MWNTs). Due to their relaxed surface modification and
adaptability with physicochemical properties, CNTs have been
widely researched as effective drug delivery systems for the
intracellular transfer of genes, proteins, and medicines (Ji
et al., 2012; Li et al., 2014). Several adjuvants or antigens can
be chemically attached to the surface or encapsulated inside the
nanotubes’ inner core. Excitingly, cargo-loading CNTs can
penetrate APCs quickly via a variety of channels, including
energy-dependent or passive paths. This results in increased
internalization of CNTs, leading to a greater effective immune
response than other NPs. Hassan’s group discovered the
combinatorial therapeutic approach by successfully utilizing
MWNTs in co-delivering antigens and different types of
immunoadjuvants to APCs that triggered antigen-specific
T cell response in vitro and thereby tumor regression in vivo
(Hassan et al., 2016). CNTs are known to be non-biodegradable
NPs that may induce harmful consequences such as interstitial
fibrosis, mesothelioma, granuloma and alteration of DNA by
releasing reactive oxygen species and oxidative stress. Despite its
potential as an effective immunotherapy delivery system, CNTs
are limited in clinical use due to safety and biocompatibility
concerns compared to other MNPs (Kostarelos, 2008; Almeida
et al., 2014).

NPs made of silica have been demonstrated to be excellent
drug carriers in cancer immunotherapy due to their
biocompatibility, small size, and simplicity of synthesis, which

allows modification on the surface. In recent years, mesoporous
silica NPs (MSNPs) have been considered to be one of the
attractive classes of drug delivery systems due to their unique
properties, which can be utilized to treat several diseases
including cancer. MSNPs have a large amount of available
open pores, in which a considerable amount of active moiety
can be enclosed. Silica NPs are a suitable option for the regulated
release of medicinal drugs because of their large surface area, pore
capacity, and greater stability. MSNPs-based chemotherapy
showed a high therapeutic effect when combined with other
cancer therapies (Gao et al., 2020). When employed as vaccine
carriers, MSNPs can moderate the APC intracellular
microenvironment with diverse antigens and significantly
enhance immunity and anticancer activity. Kong et al.
synthesized a NP for combinational chemo-immunotherapy
using LNPs-coated MSNPs encapsulating IL-2, DOX
(doxorubicin), and ATRA (all-trans retinoic acid). In vivo
administrations of these accumulated in the liver tissue,
resulting in the increased levels of IL-12 and IFN-γ, which
further increased the activity of NK cells and CD8+ T-cells
that eventually inhibited the tumor development (Kong et al.,
2017).

4 APPLICATIONOFNANOTECHNOLOGY IN
CANCER IMMUNOTHERAPY

The use of nanotechnology in cancer immunotherapy can create
the anticipated robust immune response by targeting not only
tumor cells but also lymphocytes and APCs that are under
circulation within the patients’ bodies. Basically, it can be used
in the delivery of neoantigens, for developing vaccines against
cancer, enhancing immunogenicity, modulating TME, improving
immune recognition, inhibiting immune checkpoints, in adoptive
immunotherapy and establishing efficient image-guided
immunotherapy, the details of which are discussed below
(Figure 2).

4.1 Nanotechnology Based Vaccines for
Cancer Immunotherapy
In cancer immunotherapy, one of the approaches is the delivery
of tumor vaccines, which focus on training the immune cells to
recognize and boost their responses towards cancer cells, thereby
preventing their further growth. Cancer vaccines, in general,
target TAAs (tumor- associated antigens), which are expressed
at higher levels on tumor cells compared to normal tissues
(Ahmad et al., 2020). The primary concept behind this
approach is modulation of the immune system for
identification and elimination of tumor cells with some
associated benefits, such as systemic stimulation of antitumor
response. This ensures negligible damage to non-cancerous cells
while inducing specific killing of cancer cells, by generating an
immunological memory, thus protecting against remission
(Krishnamachari et al., 2011). Additionally, DC-based vaccines
have been shown to be potential cell-based modulators for
treating patients suffering from cancer by delivering tumor-
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specific antigens (TSAs) to lymphatic organs and boosting
cytotoxic T lymphocytes (CTL) mediated immune response.
However, there are some drawbacks of tumor vaccines, such
as reduced uptake of soluble materials, intrinsic instability of
soluble macromolecules, and inadequate cross-presentation to
CTLs. Recently vaccine delivery mediated by NPs has addressed
these limitations (Park et al., 2013). Many nano-sized
pharmaceutical carriers have been successfully created to
enhance the efficacy of pharmaceutical drugs (Sakhalkar et al.,
2003; Salem et al., 2003; Pearce et al., 2007; Intra and Salem, 2008;
Pearce et al., 2008). Additional advantages such as
biocompatibility, biodegradability, minimal toxicity and
immunogenicity make NPs a promising clinical option in
cancer immunotherapy. A promising strategy to generate
nano-vaccines is via encapsulating antigens within the NPs.
This prevents the degradation of antigens instantaneously
upon administration and helps to elicit an enhanced
immunological response. Alternatively, the vaccine antigens
can be conjugated on the surface of NPs, thereby facilitating
immunogen manifestation to immune cells similar to induction

of Th1-type immune responses elicited by intracellular pathogens
(Park et al., 2013).

Whole-cell cancer vaccines have been reported to be effective
in treating cancers. Accumulating evidence show their capability
to trigger multivalent immunological reactions in patients
through improving recognition of epitopes and subsequently
aid in the development of customized immunotherapy. There
are two ways to obtain whole-cell antigens, the first being from
entire tumor cells with apoptotic characteristics that have been
inactivated and another from lysates of tumor cells exhibiting
necrotic characteristics (Keenan and Jaffee, 2012). Subunit
vaccines also play a key role in patients developing protective
immunity by administration of virus particles. Based on a
principle similar to the subunit vaccine under a particulate
delivery system using PLGA NPs and liposomes, TLR agonists
and cancer cell lysates can also be encapsulated in the same
(Wang et al., 2012; Gross et al., 2014). Alternatively, a
biodegradable PLGA matrix that mimics an infection has been
employed for delivering a whole-cell cancer vaccine. Here, tumor
lysate acts as a tumor antigen reservoir while granulocyte

FIGURE 2 | A schematic representation of various modules in which cancer immunotherapy plays a role which includes but is not limited to adoptive cell therapy,
monoclonal antibodies, cancer vaccines, ICBs, oncolytic viral therapy and RNA- mediated silencing. Created with Biorender.com.
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macrophage-colony stimulating factor (GM-CSF) promotes in
situ recruitment of DCs, and CpG motifs stimulate them (Ali
et al., 2009). Compared to a traditional whole-cell vaccine GVAX
made up of radiated GM-CSF-secreting tumor cells, the new
PLGA matrix-based whole-cell cancer vaccine significantly
evoked antigen-specific CD8+ T cells as well as enhanced both
preventive and therapeutic antitumor activity (Fan and Moon,
2015).

4.2 Nanotechnology Based Adoptive
Immunotherapy
Adoptive immunotherapy or ACT, a type of cell-based
immunotherapy, aims to destroy cancerous cells by using the
inherent anti-tumoral properties of the immune system. This
approach has opened up new avenues for cancer treatment. ACT
involves the isolation and ex vivo manipulation of autologous or
allogeneic lymphocytes, which are stimulated for the expansion of
these cells ex vivo, and then re-infused into patients to generate a
robust anti-neoplastic response. The application of ACT as a
potential treatment option was initially demonstrated in 1953
through experiments on murine models (Mitchison, 1955). The
first successful ACT performed in a clinical setting with allogeneic
hematopoietic stem cell transplants was in leukemia patients
(Weiden et al., 1979). A key approach is to use TILs (tumor-
infiltrating lymphocytes) derived from patients’ own tumors (Ngo
Trong et al., 2020). Early clinical studies showed that TILs were a
viable treatment option to cure patients suffering from metastatic
melanoma with an objective response (OR) rate of approximately
50% (Rosenberg et al., 2008). Other approach includes genetically-
engineered T cells either with antitumor T-cell receptors (TCRs) or
chimeric antigen receptors (CARs) (Rosenberg and Restifo, 2015).
Recently, the first CART-cell products, Tisagenlecleucel (Kymriah®)
(O’Leary et al., 2019) and axicabtagene ciloleucel (Yescarta®)
(Bouchkouj et al., 2019), were approved by the US FDA to treat
relapsed or refractory large B cell lymphoma. Other than T cells,
ACT using natural killer (NK) cells also has excellent potential to
treat cancer (Oh et al., 2019). Adoptive transfer of NK cells involves
using either allogeneic NK cells activated ex vivo or NK cells
expressing CARs (CAR-NK) (Hu et al., 2019). However, there
are limitations in effective responses to ACT due to inadequacy
in T cell proliferation ex vivo, lack of trafficking of lymphocytes to the
tumor site, and decreased persistence of T cell activation due to
immunosuppressive TME (Wallace et al., 2008; Mardiana et al.,
2019).

Additionally, CAR T-cell therapy can cause severe toxicities,
leading to organ damage and serious neurological problems
(Brudno and Kochenderfer, 2016). Therefore, the application of
NPs in ACT may be a better treatment option. The conventional
strategy is to improve the efficacy of ACT via transporting
immunosuppression inhibitors using nano-based delivery system
to the surfaces of lymphocytes. The administration of TGF-β
inhibitor conjugated nanoliposomes, before adoptive therapy, to
target T cells has been shown to trigger the proliferation of ACT
T-cell ex vivo and elicited enhanced tumor regression when infused
back into recipients (Zheng et al., 2017). The use of liposomes
conjugated with antibodies and cytokines have also been explored to

target specific surface antigens and trigger T- cell activation signals
respectively to improve T cell expansion. To activate and monitor
adoptively transferred T cells, IL-2-Fc-liposomes and anti-Thy1.1-
liposomes were generated that have consecutively been shown to
target T cells efficiently in vivo. TheseNPs enhanced tumor clearance
by facilitating sustained pseudo-autocrine activation of ACT T-cells
(Stephan et al., 2010; Zheng Y. et al., 2013).

Another strategy to improve in vivo T cell expansion is
conjugating drug-loaded nanomaterials (‘backpacks’) to the
surfaces of T cells instead of delivering both of them
separately. This approach facilitated the contents to be
released in a pseudo-autocrine manner, resulting in increased
delivery specificity and reduced in vivo toxicity (Berger et al.,
2009; Xie et al., 2019). Tang et al. designed the IL-15 Superagonist
(IL-15Sa) nanogels backpacked onto CAR T-cells. In melanoma
mouse model, this backpack system was injected, where it bound
to tumor cells via antigen recognition resulting in the change of
redox activity at the surface of CAR T-cell. This led to the cleavage
of disulfide bonds, thereby resulting in the release of IL-15Sa,
which increased the expansion of T-cells in a TCR activation-
responsive way. This approach has led to an improvement in
therapeutic efficacy, increased survival, and limited systemic
toxicity in vivo compared to systemic administration of free
cytokines (Berger et al., 2009; Robinson and Schluns, 2017;
Tang et al., 2018). Recently, this backpacking strategy entered
a Phase 1 clinical trial (NCT03815682) for patients with selected
solid tumors and lymphomas (US National Library of Medicine,
2019). In the context of immunotherapy-loaded backpacking
nanomaterials, many studies have reported tumor growth
suppression and better mouse survival (Huang et al., 2015;
Jones et al., 2017; Siegler et al., 2017; Siriwon et al., 2018). In
addition to the backpacking strategy, tumor-specific T-cells can
also be enriched and expanded from rare naïve precursors using
nanoscale artificial antigen-presenting cells (aAPCs).
Nanoplatforms such as iron-dextran-derived nano-aAPCs were
utilized for the enrichment of antigen-specific T-cells in a
magnetic column. The interaction between aAPCs and
enriched T cells induced the expansion of tumor-specific
T cells (Perica et al., 2015; Mi et al., 2019).

Genome-editing tools like CRISPR/ Cas9 can be transported
to perform in situ CAR-T therapy via a NP-mediated delivery
system (Liu et al., 2017; Wang et al., 2017a). Safety issues arising
in engineering CAR T-cells can be circumvented with targeted
delivery of leukemia-specific CAR genes into T cells in vivo. Smith
et al. (2017) developed polymer-based NPs conjugated with anti-
CD3e f(ab′)2 fragments-polyglutamic acid (PGA) on the surface.
These polymer NPs facilitate in situ reprogramming of T cells by
delivering plasmid DNA encoding leukemia-specific CAR. This
method has been shown to provide an appropriate way for tumor
regression in B-cell acute lymphoblastic leukemia mouse model.
An alternative strategy involved the use of nanomaterials to
increase T cell penetration and alter the immunosuppressive
TME in solid tumors thus enhancing the efficacy of ACT
(Gong et al., 2021). In melanoma mouse model, PLGA
nanomaterial containing photothermal agent indocyanine
green (ICG) was injected intratumorally in combination with
near-infrared light irradiation, prior to administration of CAR
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T-cell, to promote tumor cells killing and removing the
extracellular matrix (ECM) barrier (Chen et al., 2019). In
contrast to CAR T-cells alone, the use of nanomaterials has
been shown to enhance T cell penetration in solid tumors and
thus improve the antitumor activity of CAR T-cells. Some studies
have reported a nano-mediated delivery of antifibrotic drugs to
disrupt the fibrotic ECM of solid tumors (Chen et al., 2019;
Huang et al., 2020). To improve the efficacy of CAR T-cell
therapy, Coon et al. (2020) locally delivered antigen-specific
T cells using micropatterned nickel-titanium (Nitinol) thin
films (TFN). These micromesh implants, loaded with CAR
T-cells, served as an efficient method to systematically deliver
T cells directly to the tumor and promote the expansion of T cell
populations in an ovarian cancer mouse model. Thin-film-
deployed T cells were able to inhibit tumor growth and
enhance survival in various mouse models. Hence, targeting
adaptive immune cells using CAR T-cells is an effective
anticancer strategy.

The potential of NPs to improve the efficacy of NK cell-based
immunotherapy has been explored. Nanomaterials have been
designed to expand and/or activate NK cells and target NK cells to
the tumor sites (Di Trolio et al., 2015). Plasmamembrane (PM15)
particles enhanced the rate of NK cell expansion from peripheral
blood mononuclear cells (PBMCs) in a PM-particle
concentration-dependent manner. In various leukaemia cell
lines and also against patient AML blasts, cytotoxicity of PM-
NK cells was higher than freshly isolated NK cells (Oyer et al.,
2015). Artificial necroptotic cancer cells were shown to promote
the expansion of IFN-γ-expressing CD8+ T cells and NK cell
subsets. These cells act as flexible platforms for co-delivering
cancer membrane proteins, danger-associated molecular patterns
(DAMPs), signal-augmenting element α-helix HSP70, and CpG
to NK cells and antigen-presenting cells (APCs). In a mouse
model, αHSP70p-CM-CaP nanovaccine resulted in almost
complete tumor regression combined with anti-PD-1 antibody
treatment (Kang et al., 2018). Another approach involved
targeting NK cells to tumor sites using magnetic NPs under
the influence of an external magnetic field. A fluorophore Cy5.5 -
magnetic iron oxide NP coated with silica (Fe3O4/SiO2) was also
used to target NK cells. These NPs were able to control the
movement of NK-92MI cells using an external magnetic field.
This magnetic field-induced strategy enhanced NK-92MI cell
penetration into the target tumor site (Jang et al., 2012). Lipid-
based immuno-NPs coated with polyethylene glycol (PEG)
encapsulated with cyclic diguanylate monophosphate
(cdGMP), and monophosphoryl lipid A, a TLR4 agonist were
also designed for tumor targeting. The systemic administration of
these NPs promoted the accumulation of NK cells into tumor
sites and mediated the production of IFN-β, resulting in a sturdy
antitumor response (Atukorale et al., 2019).

4.3 Modulation of Innate Immune Cells
Using Nanoparticles
The tumor microenvironment (TME) consists of tumor cells,
non-cancerous cells, soluble signaling molecules, extracellular
matrix (ECM), and vasculature. Non-cancerous cells comprise

fibroblasts, immune cells (including innate and adaptive cells),
and stromal cells. The innate cells such as macrophages, DCs, and
neutrophils interact with various chemokines and within
themselves, resulting in either inhibiting or promoting tumor
growth. The adaptive immune cells can identify and destroy the
tumor cells known as ‘Tumor immune surveillance’ (Quail and
Joyce, 2013; Hirata and Sahai, 2017; Le et al., 2019). However,
immune cells have been shown to play a critical role in tumor
progression to advanced stages in cancer patients. The cells of the
immune system, both innate and adaptive, interact with the
tumor cells resulting in angiogenesis which in turn promotes
tumor development and metastasis. In addition, tumor cells may
evade immune recognition by secreting molecules responsible for
the inactivation of immune cells. The influence of the immune
system in promoting tumor progression makes them a potent
target for treating cancer. There have also been efforts to
modulate various innate immune cells for cancer
immunotherapy (Le et al., 2019).

4.3.1 Dendritic Cells
Dendritic cells (DCs), also known as professional APCs, are
considered the center of the immune system. They act as a
bridge between innate and adaptive immunity and can
recognize antigens and present them on the cell surface to
activate naïve T cells, thereby generating a robust immune
response (Constantino et al., 2017). The various components
found in TME disrupt or block DC-mediated immune responses.
Tumor-induced DC tolerance plays a crucial role in immune
evasion and tumor development (Li R. et al., 2017). As a
therapeutic strategy, immunomodulatory molecules are used
for enhancing the functions of DC. However, there are
limitations with stability and adverse effects with these
immunomodulators (Le et al., 2019). Thus, NPs conjugated
with immunomodulators were developed in combination with
photothermal therapy (Chen et al., 2016) or with cancer vaccines
(Kuai et al., 2017; Wilson et al., 2018).

Various studies have explored the use of nano-mediated
delivery of peptide molecules for efficient activation and
maturation of DCs. Lipid-calcium-phosphate (LCP) NPs were
used as carriers to deliver a tumor-specific antigen, to DCs. LCP
NPs function as an efficient encapsulation to prevent cargo drugs
from enzymatic degradation. The results showed that NPs led to
DC maturation for antigen presentation by alternating
intracellular calcium dynamics. This facilitated the production
of IFN-γ, thereby inducing an antigen-specific CTL (cytotoxic T
lymphocyte) immune response (Liu Q. et al., 2018).
Oligonucleotides containing unmethylated CpG motif (CpG-
ODN) have been shown to facilitate activation of DCs via
TLR9 mediated binding. This strategy has been employed in
numerous clinical trials for the treatment of non-small cell lung
cancer (NCT00070629) and skin cancer (NCT01149343), in
combination with chemotherapy and cancer vaccines,
respectively. CpG-ODN wrapped in nanocarriers has been
shown to achieve highly efficient co-delivery of antigens and
CpG adjuvants (Le et al., 2019). Kuai et al. (2017) designed a high-
density lipoprotein (HDL) nanodisc conjugated with neoantigen-
derived peptides and cholesterol-modified CpG-ODN. This
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nanodisc administration to the melanoma mouse model was
shown to induce a robust CTL-mediated immune response
compared to free CpG-ODN resulting in improved tumor
protection and decreased lung metastatic lesions. This
nanovaccine enhanced delivery of CpG adjuvants to DCs at
draining lymph nodes (dLNs) and sustained antigen
presentation on DCs.

In addition to working as a delivery system, some NPs have
been reported that act as potent immunotherapeutic molecules.
Luo et al. (2019) demonstrated for the first time that ultra-small
iron oxide (Fe3O4) NPs combined with ovalbumin (OVA) could
function as nano-immunopotentiators. These Fe3O4-OVA
nanocomposites promote in vitro activation of mature bone
marrow-derived DCs (BMDCs) and macrophages. It has also
been shown as an effective therapeutic and prophylactic agent for
lung metastasis of melanoma. A chimeric crossed-linked
polymersomes formed as a result of self-assembly of triblock
copolymers called pyropheophobide-a has enabled the MC38-
colon adenocarcinoma cells to accelerate immunogenic cell death
and has facilitated photodynamic therapy when encapsulated
with doxorubicin and photosensitizer, respectively (Mehata et al.,
2020). A nano-based approach for combinatorial photothermal
therapy and immunotherapy has also been explored to treat
cancer. An endogenous vaccine composed of a TLR7/8
agonist, and indocyanine green, a photothermal agent enclosed
in PLGA NP was designed. After administration of this complex
to an orthotopic murine breast cancer model, near-infrared light
is utilized to induce photothermal ablation at the tumor site. This
resulted in the release of tumor-associated antigens to promote
maturation and antigen presentation of DCs. When combined
with anti-CTLA-4 therapy, this strategy prevented tumor relapse
by generating a strong immune-memory effect (Chen et al.,
2016).

4.3.2 Tumor-Associated Macrophages
Macrophages are phagocytes that help remove pathogens and
cellular debris. Other function of macrophages includes antigen
presentation and secretion of several inflammatory mediators.
Macrophages consist of two subtypes: M1 (classically activated)
and M2 (alternatively activated) phenotypes. The plasticity of
these cells depends on the type of cytokine they are exposed to.
The TME is mainly composed of tumor-associated macrophages
(TAMs); for instance, in the case of breast carcinomas the TME
comprises up to 70% of TAMs. They are key regulators which
contribute to the immunosuppressive TME. TAMs promote the
recruitment of myeloid-derived suppressor cells (MDSCs) and
regulatory T cells (Tregs) at tumor sites while inhibiting the
antitumor activity of CTLs. TAMs function as a double-edged
sword in tumors by expressing M1-type cells with antitumor
effects and M2-type cells with protumor effects. Generally, the
M2-type is a dominant phenotype in the TME. As the tumor
progresses, the polarization state of TAMs shifts from M1 to M2
phenotype depending on stimuli from the microenvironment.
The M2-type cells play an essential role in tumor invasion and
metastasis and correlate with poor clinical outcomes (Webb et al.,
2007; Yang Y. et al., 2020; Zhu et al., 2020). Thus, therapeutic
strategies targeting TAMs have great potential in cancer

immunotherapy. The heterogeneous population of
macrophages coexisting within the TME poses an obstacle to
the specificity of TAM-targeting drugs. Recently, NPs have been
explored as a drug-delivery system to facilitate the modulation of
TAMs (Yang Y et al., 2020).

The application of NPs has been studied to reprogram the
TAM phenotype (Figure 3). Iron oxide (Fe3O4) NPs such as
FDA-approved Ferumoxytol are commonly used for treating iron
deficiency. In a study, Zanganeh et al. (2016) demonstrated the
anticancer effect of ferumoxytol NPs, which is attributed to its
ability to modulate the polarization of TAMs to the M1
phenotype. The phenotypic transition promotes the generation
of reactive oxygen species (ROS) via Fenton reaction, which kills
cancer cells. The apoptotic cancer cells trigger M1 polarization,
creating an autocrine feedback loop that resulted in the
continuous generation of tumor necrosis factor-alpha (TNF-α)
and nitric oxide. This study confirmed that the administration of
ferumoxytol suppresses tumor growth and metastasis in mouse
models. Macrophages are usually present in large numbers within
the hypoxic region of solid tumors. Tumor hypoxia shifts the
polarization of TAMs from M1 towards M2 phenotype, which
then contributed to tumor growth and metastasis. Song et al.
(2016) utilized mannan-coated manganese-dioxide (MnO2) NPs
conjugated with hyaluronic acid (HA) to form Man-HA-MnO2.
After treatment, Man-HA-MnO2 NPs were taken up by TAMs
via mannose receptor binding and reacted with hydrogen
peroxide to lessen tumor hypoxia. The HA layer further
improved hypoxia and chemotherapy response by facilitating
the phenotypic transition of TAMs towards M1-type. In another
study IL-12 conjugated polymeric NPs were developed by the
emulsion water-in-oil method. This nanostructure dissociated in
a slightly acidic pH of 6–7, resulting in the prolonged release of
IL-12. The released IL-12 promoted the transition of
macrophages towards tumor-suppressive M1-type to generate
an antitumor immune response. The B16F10 cell-bearing tumor
mice model treated with IL-12 loaded-cationic NPs showed an
improved immunotherapeutic effect than those treated with free
IL-12. However, this study showed that pH-responsive
nanomaterials could locally modulate the phenotype of TAMs
(Wang et al., 2017b).

Another promising strategy involves the targeted delivery of
drugs that can remove TAMs in the tumor tissue. For this, the use
of bisphosphonate has been widely explored owing to its ability to
cause apoptosis of TAMs. The combination therapy of these
drugs with NPs aimed towards overcoming the issues with
bisphosphonates, such as short half-life and increased
accumulation in the bone (Zhu et al., 2020). For example,
Zhan et al. (2014) synthesized a bisphosphonate-glucomannan
nanoconjugate to develop a macrophage-targeting carrier. The
glucomannan polysaccharide from Bletilla striata (BSP), which
has a high affinity for mannose receptors on macrophages, was
conjugated with alendronate (ALN), a bisphosphonate
compound with the ability to eliminate TAMs. The
nanoconjugate was observed to target and induce apoptosis of
TAMs in vivo, compared to free ALN. This eventually resulted in
inhibition of angiogenesis and thereby tumor progression in the
subcutaneous S180 tumor-bearing mice model. Thus, the study

Frontiers in Nanotechnology | www.frontiersin.org June 2022 | Volume 4 | Article 91106312

Nadukkandy et al. Nanotechnology and Cancer Immunotherapy

https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


suggested that ALN-BSP nanoconjugate can be a safe and
efficient therapeutic strategy. The systemic injection of
clodronate, (a bisphosphonate compound) conjugated with
liposomes decreased the number of macrophages in a genetic
mouse model of pancreatic cancer. This led to the prevention of
metastasis in liver and lungs, which was related to diminished
angiogenesis and altered infiltration of immune cells (Griesmann
et al., 2017). Sialoadhesin, also called Siglec-1, is a sialic acid (SA)
binding receptor expressed on the surface of TAMs. Hence,
targeted delivery of drugs using liposomes decorated with
sialic acid could be a potential therapeutic strategy for
depleting TAMs in the TME (She et al., 2014; Zhou et al.,
2017). For example, Zhou et al. (2017) designed epirubicin
(EPI) loaded liposomes modified with SA-cholesterol
conjugate. The use of SA conjugated liposomes increased the
accumulation of epirubicin in TAMs, which led to their depletion
in tumor-bearing mice. The elimination of TAMs and the
shedding of tumor tissues contributed to the improved
antitumor efficacy of these NPs. In addition, this study
reported improved mice survival and reduced systemic toxicity.

4.3.3 Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous
population of immune cells of myeloid origin, which are
immunosuppressive in nature. These cells are generated during
inflammation and low-level exposure to molecules associated
with the typical maturation of myeloid cells. There are two
major subsets of MDSCs, namely mononuclear-MDSCs (Mo-
MDSC) and polymorphonuclear-MDSCs (PMN-MDSCs). These

cells are responsible for immunologically “cold” TME as they
suppress innate and adaptive immunity. Hence, the accumulation
of MDSCs is associated with cancer progression and poor clinical
outcomes. Therapeutic strategies aimed at modulating MDSCs to
overcome immunosuppressive TME have unlocked a new avenue
for immunotherapy (Rameshbabu et al., 2021).

The application of nanomaterials for the modulation of
MDSCs has been explored to restore antitumor immune
responses. One way is to deplete MDSCs in the tumor tissues
and this strategy has been utilized in a study where Gemcitabine,
a nucleotide analog, was encapsulated in anti-Flt1 antibody-
conjugated PEG-cored poly(amidoamine) (PAMAM)
dendrimers. This resulted in a significant reduction in the
number of myeloid cells and alternation in levels of immune
infiltration. In addition, the dendrimeric delivery platform led to
improvement in the anticancer efficacy of Gemcitabine against
pancreatic cancer (Yoyen-Ermis et al., 2018). Liu H. et al. (2018)
utilized T1 aptamer conjugated to liposomes encapsulating
doxorubicin (DOX) to kill tumor cells via MDSC depletion.
T1 DNA aptamer effectively bound to PMN-MDSCs and
tumor cells which was validated in several mouse models of
breast cancer. Here, the improved antitumor immune response
was also identified by an increase in the number of tumor-
infiltrating CD8+ T cells.

Apart from the depletion of MDSCs, another strategy is to
differentiate MDSCs into antitumor cell types. Kong et al. (2017)
designed MSNPs to co-deliver IL-2, doxorubicin (DOX), and all-
trans retinoic acid (ATRA) for chemo-immunotherapy. ATRA
enhanced anticancer immune response by inducing

FIGURE 3 | Strategies for targeting TAMs using NPs. The main approaches involve depletion of TAMs in TME; and reprogramming of TAMs to a M1 phenotype.
The figure illustrates different types of NPs that have been used to target TAMs and their mechanism of action in macrophages. Created with Biorender.com.
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differentiation of MDSCs into mature DCs, macrophages, and
granulocytes. In B16F10 melanoma model, these NPs have
demonstrated inhibition of tumor growth and metastasis.
Another effective treatment involved the manipulation of
MDSCs by suppressing the expansion and tumor trafficking of
MDSCs. For example, neutrophil plasma membrane-coated NPs
neutralizedMDSC-related cytokines, as the coat of the neutrophil
plasma membrane acquired most membrane receptors from the
“parental” neutrophils. This pseudocell nanoplatform decreased
the proliferation and accumulation of MDSCs in tumors and
peripheral lymphoid organs. In addition, there was an increase in
the numbers of TILs (tumor-infiltrating lymphocytes), resulting
in the reversal of immune tolerance in the TME (Li et al., 2020).
Alternatively, Huo et al. (2017) developed a potent mannose-
modified lipid-calcium-phosphate (LCP) NP-based Tyrosinase-
related protein 2 (Trp2) vaccine that inhibited tumor progression
in the early stages of melanoma. Sunitinib base, a multitarget
receptor tyrosine kinase inhibitor, was delivered to the tumor
using anisamide-modified PLGA-PEG polymeric micelles
(SUNb-PM) to treat advanced melanoma models. Within the
TME, they observed a reduction in levels of MDSC and T
regulator cells as well as an increase in the number of tumor-
infiltrating cytotoxic T cells. The SUNb-PM nanoplatform
working in synergy with vaccine therapy remodels the TME
and impedes the growth of late-stage tumors. The modulation
of the various components of TME such as DCs, macrophages
using NPs has shown to enhance the therapeutic efficacy of
conventional strategies such as radiotherapy, chemotherapy as
well as counter several challenges such as drug resistance, etc.
However, little is known about the effect of these variations in the
innate and adaptive immune cell dynamics on the whole system.
Hence, with further research in the field of cancer immunology
and nanomedicine, NPs have the potential as a promising tool in
cancer immunotherapy (Yang M et al., 2020).

4.4 Development of Monoclonal Antibodies
Recently, monoclonal antibodies (mAbs) have become a
successful and important strategy for treating cancer. Each
mAb is generated from a single B cell clone, and each binds to
a specific epitope. In 1973, Jerrold Schwaber identified a method
of producing mAbs using human-mouse hybrid cells. Later,
George Köhler and Cesar Milstein successfully produced
human-derived hybridomas capable of producing antibodies,
for which they were awarded the Nobel Prize in 1984. This
discovery has inspired the development of mAb-based therapy
for treating cancers (Zahavi and Weiner, 2020). Rituximab
became the first FDA-approved mAb for treating patients
suffering from relapsed B-cell non-Hodgkin’s lymphoma. Since
then, numerous mAbs have been approved for clinical use against
various cancers (Adler and Dimitrov, 2012). The mechanism of
action by which antibodies induce their antitumor response
includes targeting tumor cells and enhancing host immune
responses for long-term effects. One strategy for inducing
tumor cell death is via directly targeting surface antigens
overexpressed in cancer cells. There is a subclass of mAbs
which works indirectly by activating the immune system by
inducing either complement-dependent cytotoxicity (CDC),

antibody-dependent cellular cytotoxicity (ADCC), or antibody-
dependent cellular phagocytosis (ADCP). In recent years, mAb-
based therapy has achieved notable success with clinical
applications in cancer immunotherapy. Trastuzumab (anti-
HER2 mAb) and Ipilimumab (anti-CTLA-4) were approved
by the US FDA for treating patients with HER2-positive breast
cancer and melanoma, respectively (Zahavi and Weiner, 2020).
Despite the success of mAbs, some immune-related side effects
such as fever, headache, muscle pain, and fatigue were observed in
patients during clinical trials. These adverse effects are associated
with the half-life and dosage of antibodies. This limitation in the
therapeutic efficacy of mAbs is due to its structural instability and
vulnerability to chemical degradation. Hence, NPs have been
developed as carrier systems for releasing mAbs in a precise
manner to protect them from degradation and enhance their
biological activity (Wang et al., 2007; Wang et al., 2021).

Nanoplatforms have been employed for transporting
antibodies directly to the tumor site. In a study, Rahimian
et al. (2015) utilized biodegradable poly (d, l lactic-co-
hydroxymethylglycolic acid (pLHMGA) microparticles for co-
delivering immunomodulatory antibodies (antiCTLA-4 and
antiCD40). These microparticles demonstrated high loading
efficiency of >85% and prolonged release of the antibodies for
over 30 days. In colon carcinoma tumor model (MC-38),
microparticles exhibited antitumor efficacy similar to
incomplete Freund’s adjuvant (IFA). In addition, the cured
mice showed complete resorption of microparticles and no
local side effects. Polymeric microparticles have shown
potential as an antibody-delivery system for cancer
immunotherapy. Chen et al. (2014) synthesized PLGA NPs
through double emulsion method for efficiently delivering
anti-OX40 mAb to the target site. This NP conjugated mAbs
was able to enhance CTL proliferation as well as tumor antigen-
specific cytotoxicity compared to free anti-OX40 mAb. This
robust immune response is also associated with increased
production of cytokines such as IL-2 and IFN-γ.

Antibodies are used in conjugation with cytotoxic molecules,
also known as antibody-drug conjugates (ADC), to target tumor
cells directly. These conjugates exhibited improved clinical
efficacy and reduced toxicity than anticancer drugs alone
(Sievers and Senter, 2013). Various studies have demonstrated
the benefits of antibody-NP conjugates, such as preventing the
inactivation of drugs and maximizing the administered dose to
the tumor site (Fay and Scott, 2011). Furthermore, NPs loaded
with mAbs are commonly used as immuno-nanocarriers in
cancer treatment. Cirstoiu-Hapca et al. (2010) were able to
efficiently deliver paclitaxel (Tx) with the help of trastuzumab
(anti-HER2)-coated immuno-nanocarriers. The NPs-Tx-HER
showed enhanced anticancer efficacy compared to paclitaxel
alone. These results were validated using bioluminescence
imaging and measuring the survival rate in ovarian xenograft
cancer model. The anti-HER2 coating improved the
biodistribution of paclitaxel at tumor sites and prolonged the
survival of mice. Thus, the combination of ADC (antibody-drug
conjugates) and NPs has been shown to enhance drug efficacy.
Various studies have demonstrated the usage of anti-EGFR
conjugated NPs for cancer treatment. EGFR, a tyrosine kinase
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receptor, is expressed more in various cancers including breast
and ovarian cancer. Hence, PLGA NPs coated with EGFR
antibodies were designed for targeted delivery of rapamycin,
an anticancer drug, in breast carcinoma MCF7 cell line. This
nanoconjugate has shown increased antigrowth activity than
unconjugated NPs or free rapamycin, which is linked to their
improved cellular uptake. In addition, injected NPs promoted the
expression of proteins involved in cell death pathways, resulting
in enhanced cellular cytotoxicity (Acharya et al., 2009). The use of
AuNPs tethered to VEGF antibody (AbVF) has been explored as
a treatment option for B-cell chronic lymphocytic leukemia
(CLL). The co-culture of CLL B cells with these antibody-
nanoconjugates was observed to promote apoptosis more than
non-coated AuNPs or AbVF alone. This improvement in the
therapeutic effectiveness of VEGF antibody as well as a reduction
in the amount administered can be incorporated into the
treatment of chronic lymphocytic leukemia (Mukherjee et al.,
2007). Currently, numerous antibody-nanoconjugates have
undertaken preclinical research whereas clinical trials have
begun for only some of them. Nanoconjugates such as BIND-
014 have successfully completed Phase II clinical trials and
showed therapeutic effects in several cancers along with
minimal side effects (Cruz and Kayser, 2019).

4.5 RNA Mediated Cancer Immunotherapy
In 1986, IFN-α2 was first utilized for immunotherapeutic
purposes, marking the beginning of immunotherapy. Since
then, mAbs, other recombinant proteins, as well as cell
therapy and ex vivo gene therapy, have received substantial
attention as immunotherapy candidates. In recent years, RNA
therapeutics has emerged as a novel class of drugs with a wide
range of potential applications. Unlike the conventional small
molecular drugs (primarily antibodies), RNA-based therapies
could perform remarkable regulatory activities in targeted cells
by modulating the expression of various proteins or knocking
down targeted genes to differing levels. Some of the major
capabilities of RNA-based therapeutics that are utilized in
immunomodulation and cancer immunotherapy include
silencing immunological checkpoint genes (ICB), acting as a
tumor antigen vaccine, and activating the innate or adaptive
immune system by altering cytokine expressions (Aagaard and
Rossi, 2007; Li and Rana, 2014). RNA-based agents, such as
mRNA, microRNA (miRNA), small interfering RNA (siRNA),
and shRNAs (short hairpin RNAs), have been recognized as
extremely appealing therapeutic options for different types of
diseases such as cancers, genetic disorders, inflammatory and
neurodegenerative diseases (Adams et al., 2017; Chakraborty
et al., 2017; Kaczmarek et al., 2017; Rupaimoole and Slack
2017; Zhao et al., 2017; Mirzaei et al., 2018). Over the past
decade, many clinical trials have been conducted using these
genetic elements, proving them to be promising for cancer
treatment. However, certain factors such as their stability,
innate immune responses and delivery to the tumor site pose
significant technical challenges. The presence of various
biological barriers and the instability of RNAs themselves
prevent their delivery and transfection hindering their clinical
application in cancer treatment (Iyer et al., 2014; Chen et al.,

2017). Furthermore, the intrinsic defense systems such as the
innate immune system, enzymes (RNases and exonucleases), and
tissues or organs like liver and kidney can eliminate foreign RNA
in various ways (Iyer et al., 2014; Kaczmarek et al., 2017). The
application of NP-based delivery systems in vitro and in vivo
could overcome these immunological barriers, thereby aiding the
safe transport of the RNA therapeutics to their targeted sites
(Chen et al., 2017; Hajj and Whitehead, 2017). Also, naked RNA
molecules have very short half-lives, low chemical stability, and
are degraded by nucleases in in vivo applications; therefore,
nanotechnology offers a diverse and controlled mechanism for
their safe delivery to the targeted system (Mura et al., 2013).

The advancements in drug delivery through the use of diverse
NP-based technologies, such as liposomes (Allen and Cullis,
2013), inorganic NPs (Guo and Huang, 2012), PNPs (Zhang
et al., 2007; Lin et al., 2015; Wang et al., 2015; Lin et al., 2016; Loh
et al., 2016; Shen et al., 2018), and bio-inspired nanovehicles (Yoo
et al., 2011; Li X. et al., 2017), have provided effective delivery of
RNAs in cancer immunotherapy. Several crucial obstacles,
particularly the rapid degradation of exogenous RNA by
RNases found abundantly in the environment and host tissues
had to be overcome in the development of RNA therapies. NPs,
along with RNase resistance strategies, are being developed to
enhance the stability of RNA (Pastor et al., 2018). Thus, the
development of NP-based delivery systems Helps shield RNA
molecules from enzymatic degradation and immunological
challenges and enables the accumulation of RNA at the tumor
site (Pecot et al., 2011; Xiong et al., 2018).

In immunomodulatory approaches too, RNA-based
treatments have various benefits such as high specificity and
selectivity for silencing (e.g., siRNA, shRNA, and microRNA) or
enhancing the expression of specific targets. Numerous studies
have validated that the antitumor immune response can be
efficiently induced by silencing some key tumor development
factors, particularly the knocking down of the
immunosuppressive genes in cancer cells and cancer-
associated immune cells (Aleku et al., 2008; Ghafouri-Fard and
Ghafouri-Fard, 2012; Anfossi et al., 2018). Nanomaterials can
serve as a shield for delivering siRNAs to cancer or immune cells
to regulate the immunological responses (Freeley and Long, 2013;
Conde et al., 2016). Utilizing RNA therapeutics in conjugation
with nanomaterials is a promising strategy to boost cancer
immunomodulation efficacy. Here, we summarize some
possible siRNA/shRNA-mediated immunotherapy with a
nanostructure delivery system.

The usage of siRNA nanotherapeutics in targeting tumors has
gained significant attention in recent years for their ability to
induce antitumor immune responses by downregulating anti-
inflammatory cytokines, “don’t eat me” signals, immune
checkpoint proteins, and so on. For example, Wang et al.
(2013) devised a systemic delivery model for CD47 siRNA
administration to melanoma cancer cells using hyaluronic
acid-coated lipid NPs, which resulted in an effective CD47
knockdown in cancer cells. This CD47 silencing significantly
reduced tumor development in the melanoma mouse model.
Similarly, an improved antitumor response was achieved by
employing siRNA-based nanotherapeutics, that knocked down
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immune checkpoints and anti-inflammatory cytokines on tumor
cells, causing tumor suppression in vivo. The silencing of TGF-β
siRNA with liposome-protamine-hyaluronic acid (LPH) NPs in
the TME enhanced the efficacy of LCP-based nano vaccine and
significantly regressed tumor growth in an advanced melanoma
model (Xu et al., 2014). Thus, the combinatorial therapy
involving two NPs was seen to elicit a robust anticancer effect
and act as a viable option for treatment for cancer. Based on these,
several recent studies have reported a variety of techniques that
combine chemical or photodynamic drugs with RNA-based
nanoplatforms (Wang et al., 2016; Dai et al., 2018). In one
such study, a pH-responsive nano-system was used by
combining photodynamic therapy and immunotherapy. PD-L1
(programmed cell death ligand-1) specific siRNA and a
mitochondrion-targeting photosensitizer were combined and
targeted to the tumor sites, resulting in a combinatorial
anticancer effect (Dai et al., 2018). The nanocarrier generated
an effective immunological response by photodynamic treatment
and induced siRNA-mediated Immune checkpoint blockade,
which was confirmed by both in vitro and in vivo
experiments. A similar experiment was also done by Qiao
et al. (2018), where they developed a reactive oxygen species
(ROS)-responsive nanotheranostic system coupled with
temozolomide (TMZ) and siTGF-β. This downregulated TGF-
β expression in tumor cells dramatically improved TMZ-
mediated chemotherapy efficiency, thus considerably
increasing the survival time of glioblastoma tumor-bearing mice.

Cancer cells have been shown to overexpress inhibitory
molecules such as PD-L1 (programmed cell death ligand-1),
known as immune checkpoints. Likewise, certain activated
T cells also overexpress corresponding inhibitory molecules,
like TIM-3 (mucin-containing protein 3), PD-1 and CTLA-4,
that can downregulate T cell activities, thus preventing tumor
cells from being eliminated by effector T cells (Byun et al., 2017;
Tanaka and Sakaguchi, 2017). As a consequence, the antitumor
effect could be significantly boosted by targeting the immune
checkpoints of these T-cells. For this, Li et al., administered
CTLA-4 siRNA to T cells using PEG–PLA-based NPs with
cationic lipids (Li et al., 2016). Although only 4–6% of T cells
consumed the NPs in vivo, it resulted in a 2-fold increase in
effector CD8+ T cells thus drastically impairing tumor
development, thereby increasing the survival time of mice with
melanoma. A bio-NP-mediated delivery system was developed
using EVs to deliver β-catenin siRNA to hepatocellular carcinoma
(HCC) via intrahepatic injection (Matsuda et al., 2019). These
EVs were systemically delivered along with anti-PD-1-based
treatment. In vivo studies revealed that the anti-PD-1 with
EVs enhanced CD8+ T cell infiltration and priming, thereby
boosting the antitumor effect.

Another approach in cancer immunotherapy involves
lowering survival and recruitment of TAMs (tumor-associated
macrophages) in the tumor region, or executing targeted drug
administration to the protumor M2-type TAMs, for decreasing
their numbers in tumors or repolarizing them to antitumor M1-
type TAMs (Wang et al., 2017b). Also, several studies have shown
that certain cytokines such as vascular endothelial growth factor
(VEGF), colony-stimulating factor 1 (CSF-1), etc., facilitate the

recruitment of monocytes which are known to differentiate into
TAMs (Guo et al., 2016). For this, Qian et al. (2017) employed
dual-targeting NPs (M2NPs) which transported the siRNA of
CSF-1 Receptor to the M2-like TAMs. This resulted in inhibiting
the survival of these TAMs and thereby reducing their numbers
within the tumor region. In addition, they have also been shown
to increase the expression of immunostimulatory cytokines as
well as CD8+ T cells infiltration into the tumor sites. The authors
also reported that reduction in the expression of exhaustion
markers (PD-1 and TIM-3) and increase in IFN-γ production
resulted in enhancing the antitumor activity of T cells
significantly. In vivo data showed that administration of
M2NPs reduced M2-like TAMS by 52%, thus dramatically
suppressing the tumor development, thereby extending the
survival of mice. Additionally, Conde et al. (2015) designed
peptide-functionalized AuNPs which specifically transported
VEGF (vascular endothelial growth factor) siRNA to M2-like
TAMs. VEGF, a major angiogenic component, is strongly
expressed on M2-like TAMs and also helps to promote tumor
growth and metastasis. Thus, the silencing of VEGF resulted in
significant regression of tumor growth, thereby increasing the
survival of the lung cancer orthotopic mouse model. The use of
siRNA-mediated silencing was able to immunomodulate the
population of TAMs in the TME (tumor microenvironment).
A lower accumulation of TAMs was achieved by targeting the
VEGF pathway, which implied that TAMs modulation would
generate an antitumor immune response and could be a viable
cancer therapeutic target.

DCs (dendritic cells) express various co-inhibitory molecules
such as signal transducers and activators of transcription-3
(STAT3), suppressors of cytokine signaling (SOCS) 1 and
indoleamine 2,3-dioxygenase (IDO), which may hamper the
antigen presentation process of DCs. Hence, knocking down
these molecules with RNAi is demonstrated to be a viable
approach for DC-based immunotherapy (Conroy et al., 2012;
Zheng X. et al., 2013). Heo et al. (2014) developed PLGA
polymeric NPs encapsulating siRNA of immunosuppressive
protein SOCS1 and certain tumor antigens such as ovalbumin
(OVA). SOCSI acts as a negative regulator of Janus kinases
(JAKS), which induce immunological resistance, as well as
plays a key role in hindering antigen presentation of DCs to
T cells. The authors observed that the PLGA NPs were readily
absorbed by bone marrow-derived DCs (BMDCs). This uptake
resulted in a significant knockdown of SOCS1 expression leading
to an increase in the production of cytokines like IL-6 and IL-12,
thus generating a robust antitumor immune response.

5 APPLICATIONOFNANOTECHNOLOGY IN
CANCER THERANOSTICS

As an essential component in the development of personalised
medical treatment, cancer theranostics represents combining
diagnosis and therapeutic approaches to ease patient care. The
idea developed from the general belief that the treatment
procedure could be eased if the growth could be reduced by
the process of diagnosis itself (Lim et al., 2015). Though
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numerous approaches have been under trial to improve the
efficacy of cancer immunotherapy, the development of a
distinct formulation of NPs in combination with antigens,
cytokines, nucleotides, and chemokines has shown promising
results under various preclinical studies. The development of
artificial antigen-presenting cells (APCs) helps to seize foreign
particles and pathogens and enable the activation of T cells. Such
synthetic APCs often possess MHC-epitope or anti-CD28 agonist
that are conjugated (Goldberg, 2015). Similarly, in association
with nano-vaccines perishable poly(dilactide-co-glycolide) NP
carrying anti-OX40 antibody was used to induce tumor-
specific toxicity and cytotoxic lymph proliferation (Chen et al.,
2014). A hundred percent survival was observed in the TC1
model when PC7A NPs were co-delivered with anti-PD1 and
antigens, depicting extraordinary synergy (Luo et al., 2017).
Research has shown that polymeric NPs can imitate biological
interactions between APCs and T cells, encouraging antitumor
immunity (Gao et al., 2015). Accumulation of NPs in the
resection cavity after tumor surgery has also, in many cases,
enabled the reduction of local and distant recurrence risk (Miller
et al., 2017; Wang et al., 2017). NPs are also employed to mimic
the function of innate immune cell subsets, increasing the efficacy
of T cell activation. Surface-developed NPs were used to kill
TAMs present in the TME. Active or passive transport of
immunomodulatory materials with the help of NPs to the
TME has been achieved and, when combined with existing
therapeutic approaches, has been used to tackle the
immunosuppressive nature of the same. Other than these,
combining polymeric nanocarriers like PNPs with inorganic
ones like Au, SPIONs, and Ag and their assembly into nano-
sized clusters give rise to the emergence of new possibilities in
tumor targeting, imaging, therapy, and drug delivery (Villela
Zumaya et al., 2022)

6 NANOTECHNOLOGY BASED CANCER
IMMUNOTHERAPEUTIC STRATEGIES IN
CLINICAL TRIALS
The studies on the feasibility of the use of NPs in cancer
immunotherapy in animal models have led to the next big
question of it being a felicitous agent to be taken up for clinical
trials. Clinically approved nanomedicines that exploit the advantages
of nanoscale entities like targeted liposomes, and even combination
therapies using them have trickled in over the subsequent years and
are recently being approved for next-generation platforms. Other
than these, there are at least 80 clinical trials that involve cancer
nanomedicines which are either in the active or recruiting phase
according to clinicaltrials.gov (clinicaltrials.gov). A study that
evaluated the safety and tolerability of paclitaxel using albumin-
based NP in patients with triple-negative breast cancer and
gynecological malignancies was completed by Arcus Biosciences,
Inc. and Infinity Pharmaceuticals, Inc. (NCT03719326). Atomic
nanogenerators constituting Actinium-225 labeled humanized
anti-CD33 monoclonal antibody (HuM195) have completed
clinical trials in patients with advanced myeloid malignancies
(NCT00672165). PRECIOUS-01 is an immunomodulating agent

composed of threitolceramide-6, a natural killer T-cell activator that
is in the recruiting phase for patients with NY-ESO-1-positive
cancers (NCT04751786). Various combination therapies that
combine the tumoricidal property of radiation and chemotherapy
with the specificity of action of immune therapy are also being
exploited and have entered clinical trials. Hafnium oxide-containing
NPs NBTXR3, have been used in a combination between radiation
therapy and pembrolizumab against metastatic head and neck
squamous carcinoma. This has been tested in patients who have
already undergone one radiation therapy (NCT04834349) and those
who have not (NCT04862455). This was also studied in anti-PD1
therapy in combination with radiotherapy (NCT03589339).
Another clinical trial in the recruiting phase analyzed the
response and relapse in participants with diffuse large B-cell
lymphoma using nanochip technology (immuno-tethered lipoplex
NP biochip) (NCT03656835). BCMA-nano antibody-based CAR
T-cell therapies are also recruiting patients with multiple myeloma
under both refractory and relapsed category (NCT03661554). MM-
398, a nano liposomal irinotecan (a medication used to treat colon
and small cell lung cancers), was used to infer the feasibility of using a
tumor imaging agent called Ferumoxytol (NCT01770353).
Ferumoxytol is widely used in non-invasive diagnostic assays to
visualize TAMs (Daldrup-Link et al., 2011). A cationic liposomal
DNA-adjuvant complex, known to have been in use with H5N1
vaccine (Liu et al., 2016), has undergone clinical trial as an
immunostimulant in the treatment of relapsed and refractory
leukaemia (NCT00860522). Advanced triple-negative breast
cancer, a high chemosensitive disease, has been treated at the first
line using an anti-EGFR immunoliposome loaded with doxorubicin
(anti-EGFR-IL-dox). Anti-EGFR-IL-dox was administrated to the
patients every 28 days until progression or inadmissible toxicity
(NCT02833766). Also, the efficiency of nano-luteolin was
examined under clinical trials by employing its apoptotic
properties on squamous cell carcinoma cell lines. The primary
outcome though is apoptosis; the trial is expected to create a
secondary outcome of cell viability. The results are not yet
updated (NCT03288298).

Nanotechnology has also been applied in general and
emergency surgeries. Bucky paper, a prosthetic material used
in the treatment of hernia, is now under clinical trial to be used as
an implant against solid and hematopoietic tumors
(NCT02328352). Digital subtraction angiography-based nano-
drug interventional therapy against lung cancer is being
documented clinically to analyze the short and long-term
efficacy (NCT02449122, NCT02449109). The safety and
efficacy of AGuIX, a gadolinium-based NP, when in
conjugation with MR-guided stereotactic body radiation
therapy (SBRT) is also being determined in pancreatic and
lung tumors (NCT04789486). Dose escalation of ceramide-
based nanoliposome was analyzed clinically through
intravenous administration in patients with advanced solid
tumors (NCT02834611). Though there are several clinical
trials that documented a lack of updates about their results
and recruitment phase on the website, which makes these
cases difficult for follow up.

Despite the successes of the research done to date, the utility of
this field can only be determined by the impact it has on patient
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care outcomes. The fact that several successful therapies, even
though they took more than two decades from their initial
research discovery to their approval, implementation into
standard practice is a silver lining. Thus, there is an immense
need to keep enduring these efforts to bring the treatment
methods to their clinical application. Studies that improve the
biosafety of these drug carriers are the need of the hour.
Moreover, a detailed analysis of the pharmacokinetic behavior
of nanomaterials in animal models and the evaluation of host
immune responses by various components need to be examined
(Yan et al., 2019) (Table 1).

7CONCLUSIONAND FUTUREPROSPECTS

To summarize, cancer immunotherapy, a method of artificially
stimulating the immune system of a cancer patient to recognize
and attack their cancer cells, has transformed the field of oncology
both practically as well as philosophically. Be it the molecular
targeted therapy or cytotoxic chemotherapy, the technique of

exploiting the role of immune cells to target cancer cells has
conferred better outcomes when compared to the previous
regimen of treatment and care. Various clinical trials that have
led to impressive improvement in the patient outcomes are proof
of the same and have led to the development of novel
immunotherapeutics. Despite this glorification, major hurdles
like the complexity of tumors, TME, off-target side effects, and
the low immunogenicity elicited are the challenges in the path of
developing an ideal cancer immunotherapy technique.
Acknowledging the fact that reawakening the immune
response within this complexity can be arduous, and various
modifications have been proposed in the existing techniques to
enhance the permeation and retention of the molecules that are
expected to act as anticancer drugs. The development of
nanotechnology and nanomaterials can be exploited owing to
their unique advantages. Nanotechnology offers to overcome the
shortcomings such as targeted delivery, off-target effects and
enhance the efficacy of the traditional immunotherapy
techniques. Through this review, we have discussed how
different NPs have been used to induce an immune response

TABLE 1 | A summary of the nano-immunotherapeutic agents in clinical trials.

SI
No.

Name Type Phase/Condition Company Status Reference
Identifier
Number

(clinicaltrials.gov)

1 NP Albumin-bound-Paclitaxel Polymer-
based NP

Phase 1/Triple-Negative Breast
Cancer or Gynecologic
Malignancies

Arcus Biosciences, Inc. Completed NCT03719326

2 Actinium-225-labeled Humanized Anti-
CD33 Monoclonal Antibody HuM195

Metallic NP Phase 1/Advanced Myeloid
Malignancies

Memorial Sloan Kettering
Cancer Center

Completed NCT00672165

3 PRECIOUS-01 Polymer-
based NP

Phase 1/Advanced solid tumors Radboud University Medical
Center

Recruiting NCT04751786

4 Combinatorial therapy using Hafnium
Oxide-containing NPs NBTXR3

Inorganic NP Phase 2/Head and Neck
Squamous Cell Cancer

M.D. Anderson Cancer
Center

Recruiting NCT04834349
NCT04862455

5 Hafnium Oxide-containing NPs NBTXR3
activated by Radiotherapy with Anti-PD-1
therapy

Inorganic NP Phase 1/Advanced Cancers Nanobiotix Recruiting NCT03589339

6 Immuno-tethered lipoplex NP [ILN] biochip Lipid-
based NP

Not Applicable/Diffuse Large
B-Cell Lymphoma

Ohio State University
Comprehensive Cancer
Center

Recruiting NCT03656835

7 BCMA Nano Antibody CAR-T Cells Lipid-
based NP

Early Phase 1/Relapsed and
Refractory Multiple Myeloma

The Pregene Biotechnology
Company, Ltd.

Unknown NCT03661554

8 MM-398 (Nanoliposomal Irinotecan,
Nal-IRI)

Lipid-
based NP

Phase 1/Solid Tumors, Breast
Cancer

Ipsen Completed NCT01770353

9 JVRS-100 Lipid-
based NP

Phase 1/Relapsed or Refractory
Leukaemia

Milton S. Hershey Medical
Center

Completed NCT00860522

10 Anti-EGFR-immunoliposomes loaded with
Doxorubicin

Lipid-
based NP

Phase 2/Advanced Triple
Negative EGFR Positive Breast
Cancer

Swiss Group for Clinical
Cancer Research

Terminated NCT02833766

11 Nano-Luteolin Polymeric NP Early Phase 1/Tongue
neoplasms, Carcinoma

Cairo University Unknown NCT03288298

12 Bucky paper Polymeric NP Phase 1 and 2/Solid Cancer and
Hematopoietic System Tumors

University of Roma La
Sapienza

Unknown NCT02328352

13 Nano Drug Interventional Therapy Polymeric NP Phase 1 and 2/Lung Carcinoma
Liver Carcinoma

Fuda Cancer Hospital Completed NCT02449122
NCT02449109

14 AguIX NPs With MR Guided SBRT Metallic NP Phase 1 and 2/Centrally Located
Lung Tumors and Pancreatic
Cancer

Dana-Farber Cancer
Institute

Recruiting NCT04789486

15 Ceramide Nano-liposome Lipid-
based NP

Phase 1/Advanced Solid Tumors Keystone Nano, Inc Unknown NCT02834611
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and target the immune-suppressive nature of the TME. Higher
cellular uptake of immune-stimulatory agents with the use of
NPs, and co-delivery of antigens and adjuvants have enhanced
the efficacy of the existing techniques. However, the targeting
ability of NPs depends on the characteristic of the material used
and how advanced we are in developing these molecules to suit
the experimental needs.

Biosafety of the nanocarriers is also an issue when considering the
success of a preclinical trial further for its clinical interpretations,
indicating an immense need to analyze the pharmacokinetic
behavior of these NPs in animal models and a detailed
understanding of the host immune response towards these
molecules. Only a few studies have focused on ensuing
immunogenic effects through the systemic interaction between
the incorporated agents and the NPs (Kranz et al., 2016; Sayour
et al., 2016). An ideal NP would be the one that does not induce
hypersensitivity, the release of ROS or cause allergic reactions. Also,
such NPs should be easily excreted from the body and should not
interact with serum proteins, generating autoimmunity against itself.
Nature-derived NPs are being formulated and exploited more these
days due to their biocompatibility, but a detailed investigation is still
required to analyze their immunostimulatory nature. Advancement
in designing and fabricating nanomaterials and incisive and
conclusive clinical research are the need of the hour to aid the

development of safer and more efficient cancer immune
therapeutics. With the proper characterization of these molecules,
nano-pharmaceutical administration, and control of adverse after-
effects, the combination of NPs with cancer immunotherapy can act
as a pillar for cancer treatment, especially in the process of
developing personalized therapy.
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