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Cancer immunotherapy has emerged as a promising strategy for the treatment of
many forms of cancer by stimulating body’s own immune system. This therapy
not only eradicates tumor cells by inducing strong anti-tumor immune response
but also prevent their recurrence. The clinical cancer immunotherapy faces some
insurmountable challenges including high immune-mediated toxicity, lack of effective
and targeted delivery of cancer antigens to immune cells and off-target side effects.
However, nanotechnology offers some solutions to overcome those limitations, and
thus can potentiate the efficacy of immunotherapy. This review focuses on the
advancement of nanoparticle-mediated delivery of immunostimulating agents for efficient
cancer immunotherapy. Here we have outlined the use of the immunostimulatory
nanoparticles as a smart carrier for effective delivery of cancer antigens and adjuvants,
type of interactions between nanoparticles and the antigen/adjuvant as well as the
factors controlling the interaction between nanoparticles and the receptors on antigen
presenting cells. Besides, the role of nanoparticles in targeting/activating immune
cells and modulating the immunosuppressive tumor microenvironment has also been
discussed extensively. Finally, we have summarized some theranostic applications
of the immunomodulatory nanomaterials in treating cancers based on the earlier
published reports.

Keywords: adjuvants, antigens, cancer, immunostimulatory nanoparticles, immunotherapy, theranostics

INTRODUCTION

Nowadays immunotherapy has emerged as a promising and innovative strategy which is widely
used for the treatment of various types of diseases by modulating the host’s immune system. It
may be classified as immunosuppressive or immunostimulatory therapy depending on whether it
suppresses or activates host’s immune response (Singh and Bhaskar, 2014). Immunosuppressive
therapy refers to the down-regulation of the immune response which helps in the treatment of
various types of autoimmune diseases like type 1 diabetes, obesity, atherosclerosis, and rheumatoid
arthritis. On the other hand, immunostimulatory therapy refers to that which activates immune
response, thus helping in the treatment of cancer and other infectious diseases (Feng et al., 2019).
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In recent years, immunomodulatory approach has gained
significant interest in the field of cancer therapy by stimulating
the host’s immune system to fight against this disease due to its
milder side effects as compared with the traditional therapies
such as chemotherapy, radiotherapy, and surgery (Yang et al.,
2020). Our body’s immune system can distinguish cancer cells
from normal cells by recognizing tumor antigens which are
of two types; (i) tumor-specific antigens (TSAs), i.e., specific
molecules that are exclusively produced from cancer cells, like
PSA or Prostrate-specific antigens (more specific for cancer
recognition and activate host immune response) and (ii) tumor-
associated antigens (TAAs), ie., specific molecules that are
produced both from normal cells and cancer cells, like CEA, or
Carcinoembryonic antigen (which are produced in much greater
quantities from cancer cells, but do not induce host immune
response) (Koury et al., 2018). However, the immunosuppressive
nature of tumor microenvironment (TME) inhibits the ability
of the host immune system to function effectively against
tumor cells (Musetti and Huang, 2018). The activation of the
host’s immunity can be done by various approaches such as,
introduction of various cancer vaccines, monoclonal antibodies,
immune checkpoint blockers, and cell-based therapies which
have been proven to be very effective in many patients (Ventola,
2017). Cancer immunotherapy not only treats cancer by inducing
strong anti-tumor immune response but also controls metastasis
as well as prevents its recurrence; hence representing a major
advantage over traditional cancer treatments (Hodi et al., 2010;
Kroemer and Zitvogel, 2018). However, some limitations are
also associated with the existing cancer immunotherapy such
as induction of destructive auto-immunity (Phan et al.,, 2003)
and lack of effective delivery of cancer antigens to immune cells
(Buabeid et al., 2020). Besides, the immunosuppressive TME
itself attenuates the efficacy of cancer immunotherapy (Zou,
2005; Munn and Bronte, 2016).

Nanotechnology offers the opportunity to overcome these
shortcomings of traditional cancer immunotherapy and thus
enhances its efficacy (Jo et al., 2017). Nanoparticles (NPs) have
several unique properties such as small particle size, adjustable
shape, high cell penetration ability, and enhanced/improved
magnetic, electronic, mechanical, and optical properties as
compared to its bulk structures (Fard et al, 2015). Due
to these remarkable properties, NPs are widely used in
various biomedical applications (Das et al., 2016, Das et al,
2017; Sharma and Das, 2019; Thakur et al, 2019; Tejwan
et al,, 2020). NPs show profound immunomodulatory effects
(immunosuppressive or immunostimulating) and therefore, have
been used for the treatment of various types of diseases
(Jiao et al., 2014). Immunosuppressive NPs are used for the
treatment of inflammatory and autoimmune diseases; whereas,
immunostimulatory NPs are used for the treatment of cancer
and some other infectious diseases (Feng et al., 2019). The
applications of immunostimulatory and immunosuppressive
NPs for the treatment of various diseases have been shown
in Figure 1. Besides, NPs have also been extensively used as
carriers or delivery vehicles in cancer immunotherapy due to
its numerous advantageous properties, such as (1) simultaneous
delivery of antigens and adjuvants to the same antigen presenting

cells (APCs); (2) protection of bioactive cargo molecules from
enzymes-induced degradation; (3) effective delivery toward
specific cells or tissues by functionalization with targeting ligands;
(4) promoting the development of long term memory response;
and (5) intrinsic adjuvant properties of some nanocarriers avoids
the need for additional adjuvants (Fontana et al., 2018; Feng
etal., 2019). Hence, NPs have emerged as a promising carrier for
immunostimulating agents (antigens/adjuvants) and thus plays
an important role in cancer immunotherapy. Nanoparticles can
also be engineered to act as mediators of tumor destruction
via methods like photodynamic therapy (PDT) (Canti et al,
2010; Kim D. et al.,, 2020 ), photothermal therapy (PTT) (Yang
etal., 2019; Xu and Liang, 2020), or by acting as radiosensitizers
(Boateng and Ngwa, 2019; Jin and Zhao, 2020), to increase cancer
antigen release, thus activating the body’s immune system.

In the present review article, we have largely focussed on
the use of nanoparticles as antigen/immunostimulant delivery
vehicles, leaving room for discussion about their use in photo and
radio-based immunotherapy for a later literature review. Here
we would like to first introduce some immunostimulatory NPs
that have widely been used in immunotherapy. Then we have
extensively discussed about the role of NPs as smart carriers
of antigen/adjuvants for cancer immunotherapy. After that, we
would like to discuss about the types of interactions between NPs
and antigen/adjuvant as well as various factors that control the
interaction of NPs with immune cells. In addition to this, several
strategies for the NPs to activate the immune cells like dendritic
cells (DCs), T-cells and natural killer cells (NK cells) as well as
the immunomodulating effects of the NPs in the TME would also
be discussed in details. Finally, the applications of NPs in cancer
theranostics would be reviewed.

TYPES OF NANOPARTICLES FOR
IMMUNOSTIMULATION

Immunomodulators are natural or synthetic molecules that
can normalize or modulate our bodys immune system.
These substances can further be divided into two categories:
immunosuppressants (which suppress our immune system) and
immunostimulants (which stimulate our immune system) (Patil
et al., 2012). The immunostimulatory effects of engineered
NPs that have been and are being widely used in cancer
immunotherapy are summarized in Table 1 and discussed in the
subsequent sections.

Polymeric Nanoparticles

Polymeric NPs are the most widely used immunostimulatory
NPs as they exhibit excellent biocompatibility, biodegradability,
chemical stability, water solubility, and high capacity to load
immune-related components (Li S. et al., 2018). The commonly
used polymeric NPs in cancer immunotherapy are poly (D, L-
lactic-coglycolic acid) (PLGA), poly (g-glutamic acid) (PGA),
poly (D,L-lactide-co-glycolide) (PLG), poly (ethylene glycol)
(PEG), poly ethylenimine (PEI), and chitosan NPs (Zhao et al.,
2014). These NPs have extensively been employed as an effective
immunostimulatory adjuvant in vaccination (Chen et al., 2017;
Shi et al,, 2017; Yang et al, 2018). For example, Kim et al.
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FIGURE 1 | Applications of immunostimulatory and immunosuppressive nanoparticles (NPs) for the treatment of various diseases.

(2018) showed that encapsulation of toll-like receptor 7/8 (TLR
7/8) agonist within PLGA NPs significantly increased the co-
stimulatory molecule expression (CD40, CD80 and CD86)
as compared with free agonist via the activation of bone
marrow-derived dendritic cells (BMDCs). Besides, subcutaneous
administration of the nanoformulation leads to its migration to
the draining lymph nodes, where it subsequently activates DCs
as well as CD8™ T cells (cytotoxic T cells), resulting in increased
anticancer response in bladder, melanoma and renal carcinoma
models, thereby proving the role of PLGA NPs as potent
immunostimulatory adjuvants for cancer immunotherapy. In
a recent study, Da Silva et al. (2019) used PLGA NPs for
the co-delivery of two TLR agonists (polyinosinic: polycytidylic
acid [poly (L:C)] and Resiquimod) in combination with a
chemokine, MIP 3a (Macrophage Inflammatory Protein-3 alpha)
to significantly enhance the therapeutic efficacy of cancer
vaccines in tumor bearing mice. PLGA NPs-mediated co-delivery
of these immune modulators significantly altered the lymphoid
and myeloid cell populations in the tumor and tumor-draining
lymph node. Besides, such nanovaccines improved the long- term
survival of tumor bearing mice to 75-100% as well as nearly
doubled the progression- free survival time of the mice.

Liposomes
Liposomes have also emerged as an important NPs and used
as a delivery vehicle for drugs, genes, as well as vaccines

(Banerjee, 2001). Several liposomal formulations such as 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), 3p- (N-
[N’N’-dimethyl aminoethane] - carbamoyl) cholesterol (DC-
Chol), and dimethyl diocta decylammonium (DDA) (Klinguer-
Hamour et al, 2002; Christensen et al., 2011) have been
employed for effective delivery of antigens to APCs and also
served as vaccine adjuvants, thereby enhancing the antigen-
specific immune responses (Smith Korsholm et al., 2007; Zamani
et al., 2018). Yuba et al. (2014) showed that pH-responsive
dextran-modified liposomes were efficiently taken up by DCs
and delivered the entrapped ovalbumin (OVA) into the cytosol.
Besides, subcutaneous administration of the nanoformulation
resulted in increased antigen-specific immune responses and
suppression of tumor growth in E.G7-OVA tumor bearing
mice. In another study, Yoshizaki et al. (2017) reported that
inclusion of cytosine-phosphate-guanine oligodeoxynucleotides
(CpG-ODNs, a TLR9 agonist) and 3,5-didodecyloxybenzamidine
(adjuvant) into pH-responsive polymer-modified liposomes
promoted the expression of co-stimulatory molecules and
production of cytokine from DCs; thus, resulted in enhanced
antigen-specific immunity. These findings revealed the profound
application of liposomes as antigen carriers and adjuvants in
cancer immunotherapy. Besides, Heuts et al. (2018) reported
that cationic liposomes could efficiently deliver synthetic long
peptides (SLPs) antigens to DCs and promoted antigen cross-
presentation, thereby resulting in the activation of CD8*
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TABLE 1 | Nanoparticle-based immunostimulatory effect for cancer therapy.

S. No Nanoparticles Payload Outcomes References
1. Chitosan Tumor cell lysates Enhanced the efficacy of antitumor immune response Shi et al., 2017
2. Chitosan Mucin1 (MUC1) Improved the immunogenicity of peptide epitope, produced significant IgG Chen et al., 2017
glycopeptide antigens antibodies and elicited strong antigen specific immune response
3. PLGA TLR 7 agonist Enhanced uptake of nanovaccine by DCs which further trigger anti-tumor Yang et al., 2018
immune response
PLGA TLR 7/8 agonist Enhanced antigen specific immune response Kim et al., 2018
PLGA Poly (I:C), Resiquimod and Enhanced the efficiency of cancer vaccine Da Silva et al., 2019
MIP 3a
Liposomes OVA Induced antigen-specific immunity Yuba et al., 2014
Liposomes CpG-ODN and 3,5- Induced the production of cytokines from DCs, expression of co-stimulatory Yoshizaki et al., 2017
didodecyloxybenzamidine molecules and enhanced antigen- specific immune response
Liposomes SLPs antigens Induced antigen specific CD8" T cells mediated immune response Heuts et al., 2018
GNPs - Induced immune cell response by activating macrophages Fallarini et al., 2013
10. GNPs CpG-ODN and BSA antigen Detection of higher anti- BSA antibodies in blood serum of mice immunized Dykman et al., 2018
with BSA-GNP and CpG-GNP conjugates
11. GNPs - Modulated TME and inhibit tumor growth Melamed et al., 2016
12. GNPs - Inhibited tumor growth by reprogramming pancreatic TME Saha et al., 2016
13. GNPs CpG- ODNs Enhanced cancer associated immunostimulatory activity as compared to Luo J. et al., 2019
free CpG-ODNs
14. MWCNTs Cancer testis antigen Induced strong CD4* T as well as CD8* T cell-mediated immune response Faria et al., 2014
(NY-ESO-1) and CpG- against NY-ESO-1
ODNs
15. MWCNTs OVA, CpG-ODN, and anti- Enhanced OVA specific T cell responses and inhibited the growth of Hassan et al., 2016
CD 40 1g OVA-expressing B16F10 melanoma cells in subcutaneous or lung
pseudo-metastatic tumor models
16. MWCNTs CpG- ODNs Induced strong humoral and cellular immune response Xia et al., 2018
17. MWCNTs OVA Induced strong anti-tumor immune response Dong et al., 2019
18. MSNs OVA Elicited both antibody and cell -mediated immune responses Mahony et al., 2013
19. Hollow MSNs Doxorubicin (DOX), all-trans Regulated TME and enhanced anti-tumor effect Kong et al., 2017
retinoic acid (ATRA), and
interleukin-2 (IL-2)
20. Mesoporous OVA and unmethylated Induced strong CD8* T cells response and enhanced anti-tumor activity Luetal., 2018
organosilica NPs CpG-ODNs
21. MSNs CpG-ODNs Increased the secretion of IL-12 and TNF-a as compared to free CpG-ODNs Ong et al., 2019
22. MSNs OVA Increased cytotoxic CD8* T cells which significantly suppressed tumor Lee et al., 2020
growth and enhanced the survival rate of C57BL/6 mice
283. Magnetic NPs Anti-tumorigenic cytokine, Efficient accumulation of NPs at the tumor site which stimulate anti-tumor Mejias et al., 2011
IFN-y immune response and significantly reduced tumor size
24, Magnetic NPs - Enhanced T cell activation and stimulates anti-tumor activity Perica et al., 2014
25. Magnetic NPs OVA, poly (I:C) and Significantly enhanced anti-tumor immune response Gondan et al., 2018
imiquimod (R837)
26. Iron oxide (FezOa) OVA Induced a strong adaptive immune response by activating DCs and Luo L. etal., 2019
NPs macrophages in vitro as well as inhibited tumor growth and prevented
tumor formation in vivo
27. Magnetic NPs OVA Induced a strong CD8* as well as CD4* T cell mediated immune response Leeetal., 2019
28. Protein NPs Peptide epitope and Enhanced CD8* T cell and antigen cross-presentation Molino et al., 2013
CpG-ODNs
29. Protein NPs Melanoma-associated Significant increase in antigen-specific anti-tumor immune response Molino et al., 2016
gp100 epitope and
CpG-ODN
30. Protein NPs NY-ESO-1, MAGE A3, and Induced a significant antigen- specific cell- mediated immune response Neek et al., 2018
CpG-ODN
31. Micelles Trp2 and CpG- ODNs Triggered antigen- specific cytotoxic CD8* T cell mediated immunity and Zeng et al., 2017
induced a potent antitumor immune response in tumor bearing mice
32. Micelles Trp2 and CpG- ODNs Trp2/PHM10/CpG nanoformulation significantly generated a strong CD8% T Lietal, 2017
cell activity as well as enhanced the anticancer efficacy
(Continued)
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TABLE 1 | Continued

S. No Nanoparticles Payload Outcomes References

33. Micelles OVA and CL264 agonist Elicited a potent antigen specific humoral and cellular immune response LiC. etal., 2018

34. VLPs - Induced a significant antitumor immune response in tumor bearing mice by Lizotte et al., 2016
modulating TME

35. VLPs - Generated a strong antitumor immune response by modulating TME which Kerstetter-Fogle
subsequently results in immunological regression of glioma etal., 2019

36. VLPs CH401 peptide Induced a strong anti HER- 2 immune response that delayed tumor growth Shukla et al., 2019
and prolonged the survival rate in immunized mice

37. VLPs CpG-ODNs Enhanced the efficacy of CpG-ODNs against tumor and induced a potent Cai et al., 2020
antitumor response

38. Clec9A- TNE OVA and HPV16 antigen Induction of a potent antigen specific immunity Zeng et al., 2018

E6/E7
39. NEs TLR7/8 agonists, OVA, and Enhanced the efficacy of cancer immunotherapy by activating DCs, T cells Kim et al., 2019
long peptide of E7 antigen as well as by reprogramming TME

40. Nanogels OVA Enhanced the maturation of DCs and promoted lysosomal rupture which Wang et al., 2016
further increased the level of ROS and facilitated antigen presentation thus,
evoked a strong anticancer immune response

41. Nanogels OVA and poly (I:C) Elicited a potent OVA specific immune response against melanoma LiD. etal., 2016

42. Nanogels OVA Effective delivery of OVA to DCs which further evoked a strong antigen Miura et al., 2019
specific adaptive immunity

43. Dendrimers OVA and CpG-ODNs Induced a significant higher T-cell mediated immune response Xu et al., 2019

44, Dendrimers CpG-ODNs Effective delivery of CpG-ODNSs into DCs elicited adaptive cellular immune Chen et al., 2020

response

cytotoxic T-cells. Hence, liposomes can be considered as an
efficient delivery system for peptide-based cancer vaccines.

Gold Nanoparticles

Gold nanoparticles (GNPs) are also used in immunotherapy
due to their low cytotoxicity, tunable surface chemistry,
and easily controllable shape and size (Zhou et al, 2016).
GNPs are an important class of immunostimulatory NPs
which show its response by activating macrophages and their
subsequent differentiation into dendritic-like cells, leading to T-
cell proliferation and cytokine release (Fallarini et al., 2013).
GNPs were also found to be useful as an adjuvant for antibody
production in mice (Dykman et al., 2018), and its immunogenic
property was further increased when used in combination
with another immunostimulant, CpG-ODNs. Moreover, GNPs
can inhibit tumor growth by modulating TME (Melamed
et al, 2016; Saha et al, 2016). Recently, Luo J. et al. (2019)
conjugated thiolated CpG-ODNs on the surface of hollow
GNPs and observed a significantly higher cellular uptake of
the nanoconjugate by immune cells and enhanced immune
stimulatory activity as compared to free CpG-ODNs. CpG-
hollow GNPs increased the secretion of TNF o from RAW264.7
cells by ~15 fold as compared to CpG-ODNs alone.

Carbon Nanotubes

Carbon nanotubes (CNTs) have also been known to induce
immunostimulatory effects in both in vitro and in vivo systems.
Faria et al. (2014) used oxidized multiwalled carbon nanotubes
(MWCNT) for the delivery of cancer-testis antigen (NY-ESO-1,
New York esophageal squamous cell carcinoma-1) and CpG-
ODNs. They showed that the nanoplatforms were rapidly

uptaken by DCs and induced a strong CD4™ (Helper) T-cell and
CD8* (cytotoxic) T cell-mediated immune response, resulting
in delayed tumor growth in B16F10 melanoma tumor bearing
mice. Later, Hassan et al. (2016) checked the co-delivery of
an antigen, OVA along with CpG-ODN and anti-CD40 Ig as
immunoadjuvants using MWCNTs. They showed that utilization
of such MWCNTs as delivery vehicles significantly potentiated
OVA-specific T cell responses and inhibited the growth of OVA-
expressing B16F10 melanoma cells in subcutaneous or lung
pseudo-metastatic tumor models. Xia et al. (2018) synthesized
MWCNTs conjugated with H3R6 polypeptide for the effective
and targeted delivery of CpG-ODNs into prostate cancer. Their
in vitro and in vivo studies demonstrated strong humoral and
cellular immune stimulatory abilities of the nanocomposites as
evident by the increased expression of TNF-a, IL-6, CD4™ T,
and CD8" T-cells. Recently, Dong et al. (2019) used mannose-
modified MWCNTs as an efficient nanovector for the delivery
of a tumor antigen, OVA into DCs. They observed that
these nanovectors were rapidly taken up by DCs and further
enhanced DCs maturation and cytokine secretion to trigger
strong anti-tumor immune response. All these studies clearly
demonstrated that CNTs can be used as an immunostimulatory
agent as well as a delivery vehicle for antigen and adjuvants for
cancer immunotherapy.

Silica Nanoparticles

Silica NPs are mostly biocompatible and widely used in various
biomedical applications, like bioimaging (Ow et al, 2005),
tumor targeting (Benezra et al., 2011), and drug/vaccine delivery
(Chattopadhyay et al., 2017). Mahony et al. (2013) investigated
the role of MSN (mesoporous silica nanoparticle) as an efficient
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antigen delivery vehicle as well as its self-adjuvant effect by
immunizing mice with OVA -loaded amino-functionalized MSN.
They showed that such nanovaccine elicited both humoral and
cell-mediated immune responses without causing any cytotoxic
effect in mice at very low antigen doses, thus demonstrating
their self-adjuvant potential and biocompatibility in vaccine
delivery applications. Besides, Kong et al. (2017) demonstrated
the feasibility of using biodegradable hollow MSN for regulating
TME and enhancing antitumor efficacy. In another study, Lu
et al. (2018) reported the effective role of glutathione depletion
dendritic mesoporous organosilica nanoparticles (GDMON)
as a novel self-adjuvant as well as a co-delivery nanocarrier
for enhanced cancer immunotherapy. GDMON effectively co-
delivered OVA and unmethylated CpG-ODNs into APCs and
induced endosomal escape. Moreover, these NPs decreased the
intracellular glutathione (GSH) level and increased the ROS
(reactive oxygen species) level which further induced strong
cytotoxic T cell (CD8" T cell) response as well as enhanced
antitumor activity. In another study, Ong et al. (2019) decorated
extra-large porous MSNs with small GNPs for effective delivery
of CpG-ODNs into DCs. They showed that delivery of CpG-
ODNs using such nanoplatform enhanced the expression of
co-stimulatory molecules as well as increased the secretion of
pro-inflammatory cytokines (IL-12 and TNF-a) as compared
to soluble CpG-ODNs in vitro. Besides, the in vivo study
also demonstrated a significant tumor growth inhibition and
enhanced survival rate in tumor-bearing mice treated with CpG-
ODN loaded NPs as compared to soluble CpG-ODNs. Recently,
Lee et al. (2020) used PEI-coated hollow MSNs with extra-large
mesopores to encapsulate OVA for the effective activation of DCs
and induction of antigen-specific immune response. Besides,
the in vivo study also demonstrated that such nanovaccines
enhanced the population of antigen-specific CD8™ T cells, which
significantly suppressed tumor growth as well as improved the
survival rate of tumor-bearing mice.

Magnetic Nanoparticles

Currently, magnetic NPs have been widely wused in
theranostic domain due to their magnetic resonance imaging
(MRI) properties (Sau et al., 2018). Among these NPs,
superparamagnetic iron oxide nanoparticles (SPIONs) are
attracting much interest of many researchers for cancer
theranostic applications (Gobbo et al., 2015). These NPs are often
coated with a layer of biocompatible materials in order to reduce
their aggregation. In a study conducted by Mejias et al. (2011), it
has been observed that dimercaptosuccinic acid (DMSA) coated
(SPIONS) effectively delivered an anti-tumorigenic cytokine,
IEN-vy, at the tumor site by using an external magnetic field. The
results of this study also showed an efficient accumulation of the
NPs and cytokine release at the tumor site, leading to enhanced
T-cell populations, macrophage infiltration, anti-angiogenesis
as well as suppression of tumor growth. Besides, magnetic NPs
coated with dextran and functionalized with T-cell activating
proteins have been found to enhance T-cell activation by using
an external magnetic field and further inhibit tumor growth
(Perica et al, 2014). In another study, Gondan et al. (2018)
loaded two TLR agonists, poly (I:C) and imiquimod (R837)

in combination with a model antigen, OVA, onto micellar
zinc-doped iron oxide magnetic NPs and observed a synergistic
activation of anti-tumor immune response and direct killing
effect on cancer cells. Recently, Luo L. et al. (2019) reported the
use of OVA-loaded ultrasmall iron oxide nanocomposites for
efficient DCs maturation and T cell activation. In addition, these
nanocomposites also activated macrophages, thus promoted a
significant adaptive immune response against tumor. The in vivo
results demonstrated that these nanocomposites could inhibit the
subcutaneous and metastatic BI6-OVA tumor growth as well as
prevent the tumor formation. In the same year, Lee et al. (2019)
showed that OVA conjugated and silica coated magnetic NPs
were efficiently taken up by DCs and activated antigen specific
CD4™ T helper type 1 (Th1) cell responses as well as induced
antigen-specific CD8* cytotoxic T (T¢) cell immune responses.
Besides, these nanoformulations significantly inhibited tumor
growth in EG7-OVA tumor bearing mice.

Protein Nanoparticles

Protein NPs have also been used as effective vaccine platforms
for delivering tumor antigens and adjuvants to induce a strong
anti-tumor immune response. For example, a study performed
by Molino et al. (2013) demonstrated that biomimetic protein
NPs could effectively co-deliver peptide epitopes and CpG-ODN
activator to DCs, resulting in increased and prolonged CD8" T
cell activation as well as enhanced antigen cross-presentation. In
another study, it has been observed that simultaneous treatment
with melanoma-associated gp100 epitope and CpG-ODN using
viral mimicking protein NPs significantly increased CD8' T
cell proliferation and IFN-y secretion (Molino et al., 2016).
Furthermore, immunization of mice with such multifunctional
NPs delayed their tumor growth onset by ~5.5 days and
increased surviving time of the animal by ~ 40%. In 2018, Neek
et al. (2018) reported the simultaneous delivery of two human
cancer-testis antigens, HLA-A2 restricted epitopes of MAGE-A3
(Melanoma antigen gene family-A3) and NY-ESO-1 using the E2
subunit assembly of pyruvate dehydrogenase (E2 nanoparticle).
They observed that simultaneous delivery of NY-ESO-1 epitope
and CpG-ODN using E2 protein NPs resulted in 25- fold higher
IFN-y secretion and 15- fold higher cell lysis activity in HLA-
A2 transgenic mice model. Immunization of mice with MAGE-
A3 epitope and CpG-ODN using E2 NPs resulted in an increase
in antigen-specific IFN-y secretion by 6- fold and increased in
cell lysis activity by 9- fold. However, the combined delivery of
NYESO1-CpG- E2 and MAGEA3- CpG- E2 nanoformulations
resulted in an additive effect in favor of IFN-y secretion and cell
lysis activity.

Micelles

Micelles have also been used as an effective nanocarrier of
antigen/adjuvant for enhancing the potency of cancer vaccines.
For example, in a study Zeng et al. (2017) used polymeric
hybrid micelles (PHMs) for encapsulating melanoma antigen
peptides (Trp2) and TLR- 9 agonists (CpG-ODN). They
observed that the nanovaccine could effectively target the
proximal lymph node and promoted the internalization of
antigen/adjuvant into DCs. This co-delivery system further
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triggered antigen-specific CD8" T cell immune responses
and induced strong anti-tumor effect in lung metastatic
melanoma model. In another study, Li et al. (2017) designed
different formulations of polymeric hybrid micelles (PHMs)
using cationic polycaprolactone-polyethylenimine (PCL-PEI)
and polycaprolactone-polyethylene glycol (PCL-PEG) for the
effective co-delivery of Trp2 peptide antigen and CpG-ODN
adjuvant. They observed that the PHMs having 10 % (w/w)
PCL-PEI (Trp2/PHM10/CpG) were effectively taken up by DCs
and induced stronger antigen-specific CD8" T cell immune
responses as well as antitumor efficacy as compared to the
mixture of free Trp2 and CpG or Trp2/PHMO0/CpG without PCL-
PEIL Later in 2018, Li C. et al. (2018) synthesized carboxylated
polymeric mixed micelles for the effective co-delivery of
OVA and TLR-7 agonist (CL264) to DCs in lymph nodes.
They demonstrated that such nanovaccines further induced
DC maturation, cytokine secretion and enhanced antigen
cross-presentation which results in the induction of strong
antigen-specific immune response. Moreover, immunization
with such nanovaccine could significantly inhibit tumor growth
in C57BL/6 mice.

Virus Like Particles

Virus like particles (VLPs) has also attracted significant interest
as an ideal nanovaccine platform that has been used to enhance
the efficacy of cancer immunotherapy. A study by Lizotte
et al. (2016) demonstrated that inhalation of self-assembled
VLPs derived from cowpea mosaic virus (CPMV) significantly
reduced B16F10 lung melanomas and induced strong systemic
antitumor immune response in C57BL/6] mice by activating
neutrophils in TME. Recently, Kerstetter-Fogle et al. (2019)
also reported that CPMV VLPs induced a potent antitumor
immune response against intracranial glioma. Shukla et al. (2019)
developed CPMV VLPs based cancer vaccines conjugated with
the HER-2 derived antigenic CH401 peptide for generating a
sustained and potent anti HER-2 immune response in HER2™"
mice cancer models. They also showed that such nanovaccines
delayed the tumor growth and metastasis as well as prolonged
survival in mice. In 2020, Cai et al. (2020) encapsulated CpG-
ODNs into VLPs derived from Cowpea chlorotic mottle virus
(CCMV) for targeted delivery of CpG-ODNss to tumor-associated
macrophages (TAMs) in TME. They further demonstrated that
CpG-ODNs loaded VLPs were efficiently taken up by TAMs in
TME and enhanced their phagocytic activity as well as induced
more effective antitumor activity as compared to free CpG-ODNs
both in vitro and in vivo.

Nanoemulsions

Nanoemulsions (NEs) are used as adjuvants or as delivery
vehicles of antigen/adjuvant for inducing strong antitumor
immune response. For example, Zeng et al. (2018) developed
C- type lectin receptor (Clec9A) functionalized tailored
nanoemulsions (Clec9A- TNE) as a self-adjuvating nanosystem
for antigen-specific immunotherapy. They further encapsulated
OVA into Clec9A-TNE and observed that such nanovaccine
effectively targeted and activated cross-presenting DCs and
induced antigen-specific CD4" and CD8™ T cell proliferation, as

well as antibody and CD8* T cell immune responses. They also
loaded oncogenic human papillomavirus 16 (HPV16) antigen,
E6/E7 to Clec9A- TNE and demonstrated that HPV16 E6/E7-
Clec9A- TNE significantly inhibited tumor growth, stimulated
potent antigen specific IFN-y responses and enhanced the
survival of the mice. Recently, Kim et al. (2019) reported
that TLR7/8 agonists-loaded NEs along with tumor antigens
effectively induced antitumor immune response by activating
DCs, T-cells and by modulating immunosuppressive TME
without systemic toxicity. Further, they also demonstrated that
the combination of NE (TLR 7/8) treatment along with Immune
checkpoint blockade therapy (ICBT) induced a synergistic
antitumor immune response in B16F10-OVA melanoma and
TC-1 cervical tumor model.

Nanogels

Nanogels have also emerged as an effective antigen or protein
delivery system in the field of cancer immunotherapy. Wang
et al. (2016) developed amphiphilic pH- sensitive galactosyl
dextran-retinal (GDR) nanogels as a promising self- adjuvanting
antigen delivery system for targeted delivery of OVA into
DCs. They demonstrated that such nanovaccines (GDR/OVA)
significantly enhanced DC maturation, antigen uptake by DCs
and cytosolic antigen release. GDR nanogels also triggered
lysosomal rupture in DCs and facilitated the production of
ROS which further promoted antigen cross-presentation by
DCs and generated strong antitumor immune response. Li
D. et al. (2016) also conjugated OVA to cationic dextran
nanogels via disulphide bond which enabled intracellular release
of OVA in reductive environment. They observed that such
OVA-nanogels were efficiently uptaken by DCs and promoted
their maturation. Moreover, in combination with an adjuvant,
poly (I:C), these OVA- nanogels significantly induced strong
antitumor responses against melanoma in vivo. Recently, Miura
et al. (2019) developed carboxyl group modified cholesterol-
bearing pullulan self-assembly nanogels for OVA delivery into
DC:s for the induction of significant adaptive immune response.

Dendrimers

Dendrimer-based nanovaccines have also been used to
stimulate the immune system for the treatment of various
types of cancer. In a study, Guanidinobenzoic acid (DGBA)
modified polyamidoamine dendrimers were used as an effective
nanocarrier for the co-delivery of OVA and CpG-ODN (Xu
et al., 2019). The combined nanovaccine (DGBA- OVA- CpG)
has been efficiently taken up by DCs, promoted DCs maturation
and lysosomal escape which further facilitated antigen cross-
presentation by DCs. Such nanovaccine significantly induced
CD8" T cell immune responses and conferred significant
prophylactic efficacy against B16- OVA melanoma. Moreover,
in combination with ICBT, such nanovaccine treatment showed
synergistic CD8' T cell immune responses against B16- OVA
melanoma. Recently, Chen et al. (2020) developed methoxy
polyethylene glycol decorated dendrimer-entrapped GNPs
(PEG-Au DENPs) for effective delivery of CpG-ODN to DCs.
It has been observed that CpG loaded PEG-Au DENPs were
efficiently uptaken by DCs and promoted DC maturation which

Frontiers in Chemistry | www.frontiersin.org

December 2020 | Volume 8 | Article 597806


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

Thakur et al.

Nanoparticles as Carriers for Cancer Immunotherapy

further activated T-cells to trigger an adaptive cellular antitumor
immune response.

STRATEGIES FOR OPTIMIZING
IMMUNOSTIMULATORY NANOPARTICLES

In cancer immunotherapy, NPs play a vital role in activating
host’s immune system on the basis of three different strategies:
(1) delivering antigens and adjuvants, (2) delivering antigens
and acting as a self-adjuvants, and (3) delivering or acting as
adjuvants and inducing immunogenic cancer cell death (Fontana
etal., 2018). Moreover, for NPs to function as an efficient delivery
system several criteria should be taken into account like those
discussed in the following sections.

Interaction of Nanoparticles With

Antigen/Adjuvants

The type of interaction between the NPs and antigens for the
effective delivery of the antigen is very important in order to
protect the cargo molecules from enzymatic degradation and
its premature release within the circulatory system. The loading
of antigen and/or adjuvant molecules on the NPs has been
done through: physical adsorption, encapsulation, or chemical
conjugation (Zhao et al., 2014). The different types of interactions
between NPs and antigens or adjuvants are shown in Figure 2 as
well as illustrated in Table 2.

Physical Adsorption

Adsorption of antigen and/or adjuvant molecules on the surface
of NPs is generally carried out through electrostatic interactions
or hydrophobic interactions (Wendorf et al., 2006; Mody et al.,
2013). This type of interaction is relatively weaker which
results in rapid disassociation and release of antigens from NPs
inside the cell (Zhao et al., 2014). This type of interaction is
directed by suitably engineering the NPs surface with appropriate
coating materials or functionalization. Hartono et al. (2010)
investigated the adsorption behavior of bovine serum albumin
(BSA) on functionalized FDU-12 mesoporous silica surface. They
demonstrated that vinyl functionalized FDU-12 silica adsorbed
BSA via hydrophobic interactions whereas amino-functionalized
FDU-12 silica adsorbed BSA via electrostatic interactions. Later,
Mahony etal. (2013) also demonstrated the adsorption of a model
antigen, OVA on amino-functionalized MSNs via electrostatic
interaction between positively charged amino groups on the
surface of NPs and negatively charged protein. In another study,
Faria et al. (2014) also reported the non-covalent adsorption
of TAA (NY-ESO-1) as well as an adjuvant (CpG-ODN) on
the surface of oxidized MWCNTs. Recently, Dong et al. (2019)
loaded OVA on the surface of mannose- modified MWCNTs
via physical adsorption for its effective and targeted delivery
into DCs.

Encapsulation

Encapsulation of antigens and/or adjuvants within the polymeric
NPs is achieved by simply mixing the antigens and/or adjuvants
along with the polymer followed by emulsification and solvent
evaporation. On the other hand, encapsulation of antigens

and/or adjuvants within the liposomes is achieved by thin
film hydration method, dehydration-rehydration techniques or
freeze thaw sonication methods. Encapsulation leads to relatively
stronger binding of the cargo molecules within the polymeric
NPs or liposomes and the trapped molecules are released into
the cytosol following internalization into the cell and subsequent
NP degradation (He et al., 2000). For example, Yuba et al.
(2014) reported the encapsulation of OVA into dextran-modified
liposomes which were efficiently taken up by the DCs via
endocytosis. After that the antigens were released into cytosol
due to rupture of the liposomes in weakly acidic environment
of endosomes. Rosalia et al. (2015) formulated a PLGA NP-
vaccine by co-encapsulating an antigen (OVA) and two adjuvants
Pam3CSK4 (TLR2 ligand) as well as poly (I:C) (TLR3 ligand)
coupled with aCD40 antibody to the NP surface for targeted
delivery into DCs. In another study, Han et al. (2016) also
reported the co-encapsulation of both antigen (OVA) and
adjuvant, poly (I:C) within PLGA NPs for efficient delivery into
DCs. Later, Kim et al. (2018) encapsulated a novel TLR7/8
agonist within PLGA NPs for their effective delivery into DCs
and observed a significant increase in antigen-specific immune
response as compared to free TLR7/8 agonist.

Chemical Conjugation

Chemical conjugation of antigens and/or adjuvants with NPs
provides the strongest interactions, therefore it allows slow
release of the cargo molecules. In this type of interaction, the
antigen is chemically cross-linked to the surface of the NPs
(Zhao et al., 2014). For example, Sliitter et al. (2010) covalently
linked OVA to N-trimethyl chitosan (TMC) using a reducible
disulfide bond to enhance the immunogenicity of the antigens as
compared with OVA/TMC NPs. In 2018, Zhang et al. conjugated
classical and personalized neoantigens (Trp2, M27 and M30) as
well as one immunoadjuvant, CpG-ODN with layered double
hydroxide NPs (LDH NPs) and found significant inhibition of
melanoma growth (Zhang et al., 2018). They first chemically
conjugated Trp2, M27 and M30 peptides with BSA via amide
bond formation, and then coated the LDH NPs surface by the
BSA-antigens. In the same year, Dykman et al. (2018) conjugated
GNPs with CpG-ODNs via coordination bond between GNPs
and 5'-thiolated ODNs, and investigated their immune response
toward antibody production. In another study, thiol- modified
CpG-ODNs were conjugated on the surface of hollow gold
nanospheres via Au-S bonding for their effective delivery and
enhancing the immunostimulatory effect of CpG-ODNs (Luo J.
etal., 2019).

Factors Influencing the Interaction of
Nanocarriers With Antigen-Presenting
Cells (APCs)

There are certain cells among the immune system in our body,
which help the killer cells, like Natural Killer cells (NK cells),
or cytotoxic T-cells, to recognize the presence of foreign or
malignant-origin antigens in our body. They process them upon
specific recognition, and rather than destroying it, they present
them to the killer cells for an enhanced and exponential immune
reaction. These are the Antigen-presenting Cells or APCs, and
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FIGURE 2 | Interaction of nanoparticles (NPs) with antigens or adjuvants by (A) Physical adsorption, (B) Encapsulation, and (C) Chemical conjugation.
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TABLE 2 | Interaction of nanoparticles with antigen/adjuvant.

S. No Type of interaction Nanoparticle Antigen/adjuvants References

1. Adsorption MSNs BSA Hartono et al., 2010
MSNs OVA Mahony et al., 2013
MWCNTs OVA and Cancer Testis Antigen, NY-ESO-1 Faria et al., 2014
MWCNTs OVA Dong et al., 2019

2. Encapsulation PLGA NPs Protein antigens and two adjuvants (a TLR2 agonist and a TLR3 agonist) Rosalia et al., 2015
Liposomes OVA Yuba et al., 2014
PLGA NPs OVA and poly (I:C) as an adjuvant Han et al., 2016
PLGA NPs TLR7/8 agonist Kim et al., 2018

3. Chemical Conjugation Trimethyl chitosan OVA Slutter et al., 2010
LDH NPs Three antigen peptides (Trp2, M27, and M30) and CpG-ODN Zhang et al., 2018
GNPs CpG-ODNs and BSA antigen Dykman et al., 2018

Gold nanospheres CpG-ODNs

Luo J. etal., 2019

include B-cells, macrophages, DCs and Langerhans cells. The
APCs mediate immune response in various ways, such as by
producing immunoregulatory cytokines, or antibodies (in case
of B-cells), as well as activating CD4™ helper T-cells, which
modulate immunological activity by releasing cytokines, or by
activating CD8™ cytotoxic T cells by themselves acting as APCs.
Here it is to be noted that CD4" helper T-cells are only
activated upon recognition of a non-self or malignant antigenic
peptide, presented upon MHC-II molecules displayed on the
cell surface exclusively by the APCs. In order to induce anti-
tumor immune response, the tumor antigens and adjuvants
must be effectively delivered to APCs via a favorable interaction
between the nanocarriers and the APCs. This interaction is
highly dependent upon several factors such as NPs size, shape,
hydrophobicity, surface functionalization and surface charge

(Zhao et al., 2014; Park et al., 2018). The factors controlling the
interaction of immunostimulatory NPs with immune cells are
depicted in Figure 3.

Size

The size of NPs is one of the major factors influencing its
interaction with the APCs or DCs located in the lymph nodes
and its subsequent internalization. Park et al. (2018) reported
that medium-sized NPs (~5-100nm) were more effectively
delivered to lymph nodes as compared to small (<5nm) and
large sized (>100nm) NPs. In another study, Reddy et al.
(2006) demonstrated that smaller NPs (20nm) were more
readily taken up into the lymphatic network and reached the
lymph node as compared to larger NPs having size 45 and
100 nm. Hirai et al. (2012) checked the effects of NPs size on
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FIGURE 3 | Factors controlling the interaction of immunostimulatory nanoparticles (NPs) with immune cells (A) Size, (B) Shape, (C) Surface charge, (D)
Hydrophobicity, and (E) Surface modification with ligands.

cross-presentation in DCs. They demonstrated that silica NPs ~ were more efficiently uptaken by the cells as compared to
having diameters 70 and 100nm were able to enhance the  spherical and cubic GNPs. Further, it has also been observed
entry of exogenous antigens in the cytosol and thus induced  that rod-shaped NPs induced the production of IL-1f and
cross-presentation, whereas large NPs having diameter >100nm  IL-18 (inflammasome - related cytokines), whereas cubic and
did not. Besides, Garcia et al. (2013) also studied the size-  spherical shaped NPs induced the production of IL-6, IL-
dependent interaction of GNPs with THP-1 human monocyte 12, TNF-a, and granulocyte-macrophage colony-stimulating
cells. They showed that the internalization of larger GNPs (15and ~ factor (pro-inflammatory cytokines) from BMDCs. Another
35 nm) was blocked in presence of latrunculin-A (a phagocytosis ~ immunization study by Kumar et al. (2015) showed the effective
inhibitor), whereas smaller NPs (5nm) were evenly uptaken interaction of both spherical (193nm in diameter) and rod-
and not blocked by actin-dependent processes. Moreover, Kang  shaped antigen-carrying polystyrene NPs (1,530 nm in length)
et al. (2017) synthesized three different-sized OVA loaded GNPs  with DCs. It has been observed that both NPs were internalized
(OVA- GNPs) having hydrodynamic diameters 10,22, and 33 nm  into DCs and effectively delivered OVA. Moreover, this study also
and found a size-dependent cellular uptake by DCs. 22 and  demonstrated that spherical polystyrene particles generated Th1-
33nm OVA-GNPs showed much higher delivery efficiency in  biased immune response whereas rod-shaped particles generated
lymph nodes upon injection into mouse footpad and exhibited =~ Th2- biased immune response against OVA. Besides, Dykman
higher induction of CD8" T cell responses as compared to et al. (2018) synthesized GNPs of different size and shapes such
10nm OVA-GNPs as observed in ex vivo restimulation assay.  as, nanospheres (15 and 50 nm diameter), nanoshells, nanostars
Further, the tumor-prevention study demonstrated that 22nm  as well as nanorods and conjugated them with a model antigen,
OVA-GNPs showed higher antitumor efficacy and greater tumor ~ BSA and adjuvant, CpG-ODNs for studying their effects on
cell apoptosis as compared to 10nm OVA-GNPs. All these the production of antibodies. They found gold nanospheres
findings suggest that the effective delivery of antigens via (15 and 50nm diameter) conjugated with CpG-ODNs as the
nanocarriers is controlled via a size-dependent interaction of NPs  optimal antigen carrier as well as adjuvant for immunization.
with APCs. All these studies are clearly indicating the shape-dependent
immunological responses of the NPs.

Shape

Along with size, the shape of the NPs is another key factor ~ Surface Charge

for effective interaction with the cell membrane of APCs as  In addition to the size and shape of NPs, the surface charge
well as their internalization (Champion and Mitragotri, 2006;  of the nanocarrier also plays a significant role in effective
Toy et al, 2014). In 2013, Niikura et al. (2013) studied the interaction with APCs. Generally, positively charged NPs have
effect of West Nile virus (WNV) envelope (E) protein coated  been found to induce higher DC uptake due to electrostatic
GNPs with different shapes like spherical, cubic, and rod-  interaction with negatively charged cell membranes generating
like on immunological response in RAW264.7 macrophages  a higher immune response (Foged et al., 2005). Nakanishi et al.
and BMDCs. The results demonstrated that rod-shaped GNPs  (1999) demonstrated that positively charged liposomes effectively
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delivered chicken egg albumin into the cytoplasm of APCs and
induced higher degree of antigen-mediated immune responses
due to increased interaction and consequent higher uptake
as compared with negatively charged and neutral liposomes.
Furthermore, Yan et al. (2008) reported that in contrast to
neutral liposomes, cationic liposomes produce ROS inside DCs
and this ROS is further required for ERK and p38 activation
as well as induction of downstream cytokines, chemokines,
and co-stimulatory molecules. Recently, Srijampa et al. (2020)
demonstrated that positively charged GNPs exhibited a high
potential to induce immune responses (induce both pro-
inflammatory, IL-1f and anti-inflammatory, TGF-f cytokine
expression) as compared to negatively charged GNPs (induce
only pro-inflammatory, TNF-a cytokine expression) in human
monocyte cells. Although cationic NPs are suitable for cellular
internalization through electrostatic interaction but sometime
cationic NPs can cause platelet aggregation and hemolysis or
can disturb membrane integrity. Therefore, by coating the NPs
surface with hydrophilic molecules such as PEG, the excess
positive charge can be balanced (Grimaldi et al., 2017). Various
studies also proved that PEGyaltion can be a beneficial strategy
to enhance the NPs interactions with DCs (Fahmy et al., 2008;
Zhuang et al, 2012), and it also induces the complement
activation (Szebeni et al., 2002; Moein Moghimi et al., 2006). In
addition to PEG, polyethylene oxide can also be used as a coating
agent for NPs, but it is not suitable because of its toxic nature
(Getts et al., 2015).

Hydrophobicity

Several researchers also demonstrated that hydrophobicity of
the nanocarriers is an important factor in inducing immune
response. Raghuvanshi et al. (2002) reported that hydrophobic
polymeric NPs induced higher immune response as compared
to hydrophilic polymeric NPs during immunization with tetanus
toxoid. In another study, Moyano et al. (2012) checked the
direct relation between hydrophobicity of NPs and their immune
responses. They functionalized GNPs with different degree of
hydrophobicity to examine their effect on the immune response
in splenocytes (in vitro) and in mice (in vivo) by checking
the cytokine expressions, and observed a linear increase in
the immune activity with increasing hydrophobicity. Shima
et al. (2013) also studied the effect of hydrophobicity of
amphiphilic poly(g-glutamic acid)-graft-L-phenylalanine ethyl
ester (y-PGA-Phe) NPs on the induction of immune responses
in DCs. They observed that an increase in hydrophobicity of
these NPs enhanced the antigen-bound NP uptake by DCs,
activation of DCs, and induction of antigen-specific immune
response. In another study, Shima et al. (2015) synthesized
OVA encapsulated-NPs from amphiphilic PGA with various
types of hydrophobic segments. They observed that the NPs
significantly increased the interactions with DCs as well as
induced antigen-specific immune response which strongly
depends upon the type of hydrophobic segments and the vaccine
formulations used. Hence, all these studies suggest a direct
correlation between hydrophobicity of nanocarriers and immune
system activation.

Surface Modification With Ligands

Modification of the surface of NPs with specific ligands is another
important factor that enhances the targeted delivery of NPs
to APCs or DCs, thereby preventing its off-target side effects
and inducing highly effective anti-tumor immune response (Jo
et al,, 2017). For example, a study conducted by Shi et al. (2017)
demonstrated that mannose-decorated chitosan NPs could serve
as antigen delivery vehicles and specifically target DCs under
both in vitro and in vivo conditions. The NPs-loaded antigens
further triggers DC maturation, anti-tumor cytokine release
as well as tumor growth inhibition. In another study, amino-
functionalized MSN was covalently coupled with peptide TY and
further loaded with OVA/CpG-ODNs for targeted co-delivery
of antigen and adjuvant to DCs. Their results showed that such
DC targeting nanosystem enhanced antigen uptake as well as
promoted the activation and maturation of DCs which further
triggered T-cell mediated immune response to eliminate tumor
with less systemic toxicity (Liu et al., 2019).

STRATEGIES FOR IMMUNOSTIMULATORY
NANOPARTICLES IN CANCER
IMMUNOTHERAPY

Cancer immunotherapy faces the major challenge of delivering
antigens for the subsequent induction of immune response (Zang
et al., 2017). Sufficient antigen/adjuvant is required to trigger
naive T-cell differentiation/activation and antigen presentation
by the APCs for the subsequent activation of CD8" and CD4*
T cells (Palucka and Banchereau, 2013; Melero et al., 2014;
Zhang et al., 2020). APCs are immune cells which present the
antigens to the epitopes of class I and IT major histocompatibility
complex (MHC) molecules displayed on the killer cells” surface,
to interact with T cell receptors. Our immune system has four
major types of APCs (1) DCs, (2) B cells, (3) macrophages, and
(4) monocytes. Besides these, there are some amateur APCs that
function under certain conditions, such as vascular endothelial
cells, thymic epithelial cells, fibroblast, pancreatic § cells, and glial
cells (Otsuka et al., 2020).

These days, researchers have paid more attention to engineer
immunostimulatory NPs which can be effectively internalized
by the APCs, thereby enhancing the immunotherapeutic
efficacy via stimuli-responsive and selective delivery of cancer
antigens/adjuvants into the target cells to initiate the antigen-
specific immune response, and by reprogramming TME (Zhang
et al, 2017; Chiang et al, 2018; Feng et al, 2019). These
NPs allow serum proteins to bind to its surface and form a
corona to interact with various receptors and produce desired
immunostimulatory effects (Liu et al., 2018). Besides targeted
delivery, NPs could also protect the cargo molecules from
bioactivity loss during circulation, avoid off-target side effects
(Feng et al., 2019).

Targeting/Stimulation of Dendritic Cells
(DCs)

DCs are the major APCs that play an important role in
innate and adaptive immunity (Manh and Dalod, 2016). Upon
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activation through antigens/pathogens, they further stimulate
T-cell activation and B-cell differentiation (Eisenbarth, 2019).
The origin of DCs is bone marrow and it is further classified
into plasmacytoid DCs (pDCs) and myeloid DCs (mDCs). DCs
express both MHC-I and MHC-II molecules and present the
antigens to the T-cell receptors to activate CD8" and CD4™ T
cells respectively (Sabado et al., 2017).

DCs possess TLRs which play an important role in both
innate and adaptive immune response by the recognition
of intracellular and extracellular pathogens. Activation of
TLR signal transduction pathways facilitates adaptive immune
response by the production of cytokines, chemokines and MHC
molecules (Fitzgerald and Kagan, 2020). Delivery of appropriate
TAAs to DCs via NPs is imperative to instigate T-cell responses
for subsequent cancer immunotherapy. Figure 4 (I) represents
the DC activation pathway by immunostimulatory NP for
enhanced cancer immunotherapy.

The majority of DCs are found in lymphoid organs (spleen
and lymph nodes) and also occupied by peripheral tissues
(Bryant et al., 2019). NPs bound with antigens/adjuvants are
internalized through endocytosis, and if the antigens are not
released from the endosomes into cytosol, they present the
antigens to the MHC-II pathway and activate the CD4" T
cells (Tran et al., 2018). Therefore, for effective immunotherapy,
antigen should be bound with MHC-I molecules which requires
the release of antigen into cytosol and formation of antigen-
MHC-I complex within endoplasmic reticulum to activate
CD8T T cells (Colbert et al., 2020). Stimulation of DCs
can be achieved either through passive targeting by directing
antigen-loaded NPs toward sites that are rich in DCs or
by active targeting. Nanovaccines are typically delivered via
subcutaneous routes and easily drain (NPs with size < 100 nm)
into the lymph nodes for antigen presentation. However,
large sized NPs (size > 500nm) are mostly trapped at the
site of administration and can only be taken up by skin-
resident DCs and transport them to lymph nodes. NPs
within the size ranging from 100 to 500nm show both
free and cell-based drainage to lymph nodes. Therefore, NP
size is considered to be an important factor when designing
nanovaccines for passive transport to DCs and subsequent
uptake. The other important factors are surface charge,
hydrophobicity and morphology of NPs (Tran et al, 2018),
discussed in the earlier sections. Figure5 (I) represents the
passive pathway to activate DC for cancer immunotherapy by
immunostimulatory NPs.

On the other hand, to initiate the stimulation of DCs via
active targeting, nanovaccines are functionalized with specific
antibody or ligands that explicitly bind to DC’s surface receptors
such as C type lectin receptors, mannose receptor, DCIR2,
CLEC9A, DEC205, and Langerin (Kreutz et al., 2013). Surface
TLRs (TLR 1, 2, 4, 5, 6, and 10) are another promising candidate
to target APCs. On the other hands, the ligands specific for
intracellular TLRs (TLR 3, 7, 8, and 9) are used as vaccine
adjuvants for the stimulation of DCs and T-cells activation
in nanovaccine-mediated immunotherapy (Tran et al., 2018).
Figure 5 (II) represents the active pathway to activate DC for
cancer immunotherapy by immunostimulatory NPs.

Targeting/Stimulation of T-Cells

Direct stimulation or activation of T-cell via NPs is an alternative
immunotherapeutic approach instead of stimulation via DCs.
Typically, there are two strategies to stimulate T-cells activation:
(1) expansion of T-cells isolated from lymphocytes of a cancer
patient under ex vivo condition and then reinsertion of these
T-cells into the patient (Broere and van Eden, 2019), and (2)
to design nanovaccines for the tumor-specific CD8" T cells
activation (Zhang et al, 2017). In both the cases, artificial
APCs (aAPCs) are required to mimic the antigen-presentation
as well as T-cell activation capacity of natural APCs. However,
in comparison to the cell-based aAPCs, acellular or NP-
based aAPCs possess significant advantages in avoiding the
development of immune response against cell-based aAPCs.
Therefore, here we would like to discuss the recent progress of
NP-based aAPCs in direct activation of T-cells.

Several nanoformulations including liposomes, magnetic
beads, paramagnetic NPs and biodegradable polymers have been
engineered to synthesize aAPCs for direct T-cell activation
(Zang et al., 2017). The essential signals required for T-cell
activation by aAPCs are (1) co-stimulatory signal, like anti-
CD3 or anti-CD28 antibodies, and (2) peptide-MHC-I molecules
(Kosmides et al., 2017). Apart from that, conjugation with
pro-inflammatory cytokines and immune-checkpoint antibodies
can further stimulate and enhance the anti-tumor effects of T-
cell. Figure 4 (II) represents the T-cell activation pathway by
immunostimulatory NP for enhanced cancer immunotherapy.

Zhang et al. (2017) reported the use of magnetic nanocluster
coated with azide-modified leukocyte membrane fragments, and
functionalized with MHC-I peptide and anti-CD28 antibodies to
stimulate T-cell response for cancer immunotherapy.

Immune-checkpoint molecules, such as programmed death-
1/programmed death ligand-1 (PD-1/PD-L1) and CTLA-4 play
a major role in suppressing the T-cell activation (Hu et al.,
2017). Therefore, immune-checkpoint antibodies, such as anti-
CTLA-4 or anti-PD1 antibodies are used to block the immune-
checkpoint pathways by directly conjugating with CTLA-4 or
PD-1 molecules, leading to enhanced T-cell activation (Mahoney
et al, 2015). Li S. et al. (2018) reported that conjugation of
CTLA-4 antibody with poly (lactic-co-hydroxymethyl-glycolic
acid) (PLHMGA) and PLGA exhibited higher anticancer
immunotherapy by blocking the inhibitory receptor on T-cells.
Kosmides et al. (2017) used PLGA-derived aAPCs conjugated
with anti-PD1 monoclonal antibody for synergistic effects on
CD8* T cell activation and tumor growth inhibition. Ye et al.
(2016) developed microneedle-based transcutaneous delivery of
self-assembled amphiphilic hyaluronic acid NPs loaded with
indoleamine 2,3- dioxygenase (IDO) inhibitor, 1-methyl-DL-
tryptophan (IMT), and anti-PD-1 antibody for enhanced-cell
immunity and decreased immune-suppression.

Mi et al. (2018) synthesized a dual immunotherapy
nanoparticle (DINP) using PEG-PLGA conjugated with
both anti-OX40 (T cells agonist antitumor necrosis factor
receptor superfamily member 4) and anti-PD-1 antibodies. This
DINP induced higher T-cell activation and showed effective
anti-tumor activity in B16F10 melanoma tumor model as
compared with monotherapy. Further, a polysaccharide-based
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SPION conjugated with anti-CD3, anti-CD28, and anti-PD-L1
antibodies has been developed by Chiang et al. (2018) for the
synergistic antitumor effect via immune-checkpoint inhibition
and T-cell activation.

Several cytokines, such as IL-2 also stimulate T-cell activation.
IL-2 helps in cluster initiation of T-cell and its persistence
after antigen priming (Abbas et al., 2018). Fadel et al. (2014)
used a CNT-polymer composite functionalized with MHC-I
peptide, anti-CD28, and IL-2 for enhanced T-cell expansion and
inhibition of tumor growth in mice with melanoma.

Park et al. (2012) showed that IL-2 encapsulated liposomal
polymeric gels along with TGF-B inhibitor enhanced the CD8*
T cell infiltration and inhibited the tumor growth (Park et al,
2012). Along with IL-2, IL-12 can also activate T-cells. Several
researchers have shown that IL-12 loaded on polysaccharide
chitosan (Zaharoff et al., 2010; Smith et al., 2015), pH-responsive
poly (B-amino ester) copolymers (Wang et al., 2017), cholesterol-
bearing pullulan (CHP)- based hydrogel NPs (Shimizu et al,
2008), biodegradable poly(lactic acid) microsphere (Kilinc et al.,
2006), and PLGA matrices (Ali et al., 2014) promoted T-cell
dependent tumor regression.

Plasmids encoding immunostimulatory cytokines can also
be delivered via NPs for enhanced cancer immunotherapy.
Small interfering RNA (siRNA) also act as T-cell stimulators by

downregulating the expression of immunosuppressor molecules.
For example, PEG-PLA NPs [poly(ethylene glycol)-block-
poly(D,L-lactide)] loaded with CTLA-4 siRNA efficiently restored
the T-cell functions by downregulating CTLA-4 level and
increasing the CD4" and CD8" T cell populations as
well as inhibited tumor growth in mice with melanoma
(LiS.-Y.etal., 2016).

Targeting/Stimulation of Natural Killer Cells
Natural killer cells (NK cells) are large granular lymphocytes
and play a key role toward both innate and adaptive immunity.
They contribute 5-15% of circulating lymphocytes and have
various subpopulations depending upon the maturation site.
They play a protective role against cancer and infectious-
pathogens like viruses, and get activated in the absence of the
inhibitory signal. The inhibitory receptors expressed by NK cells
such as, killer immunoglobulin-like receptors (KIR2DL1/2/3 in
humans), Ly49A/C (in mice), and CD94-NKG2A heterodimer
(in both humans and mice) bind with MHC class I molecules
of normal healthy cells and contributes to the self-tolerance for
host cells. But in malignant or virus-infected cells, the expression
of these MHC class I molecule is downregulated, leading to
lower inhibitory signals in NK cells. In addition, the cellular
stress associated with tumor development or infection also causes
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upregulation of ligands for activating receptors such as NKp30,
NKp44, NKp46, NKG2D, LYID, etc. on NK cells for their
activation. Upon activation, NK cells eliminate the target cells
either directly via releasing cytotoxic granules with granzyme B
and Perforin or indirectly via the release of pro-inflammatory
cytokines. NK cells also mediate the antibody-dependent cellular
cytotoxicity (ADCC) when the low-affinity activating receptor
FcyRIlla (CD16) of NK cells binds with the Fc portion of
immunoglobulin G1 (IgG1) (Fang et al., 2017, Guillerey et al,,
2016). Beside its killing effect, NK cells also regulate the immune
response against tumor cells. It secretes some chemokines and
pro-inflammatory cytokines that can regulate the DCs and T-cells
response (Fang et al., 2017, Guillerey et al., 2016).

NK cell-based anticancer immunotherapy is highly promising,
but faces insurmountable challenges such as short in vivo
life span and poor expansion of NK cells, as well as cost
and complexities in treatment methods. However, particle-
based NK cell expansion strategies have efficiently overcome
these limitations by delivering various NK cell-stimulating
molecules that can activate the NK cells; for example, plasma
membrane particles derived from K562-mbIL15-41BBL and

K562-mb21-41BBL cells expressing 41BBL as well as membrane
bound interleukin-15 (PM15 particles) and interleukin-21 (PM21
particles) selectively expand NK cells that exhibit significant
cytotoxicity against the leukemia cells (Oyer et al.,, 2015, 2016);
nanoscale graphene oxide linked with anti-CD16 antibody
targets the CD16 receptor of NK cells, thereby leading to their
activation (Loftus et al., 2018). Park et al. (2017) reported the
use of magnetic microspheres with PLGA and recombinant
IFN-y for imaging-guided cancer immunotherapy. The intra-
arterial transcatheter delivery of magnetic microspheres into
liver tumors significantly enhanced the NK infiltration into
tumors via [FN-y dependent chemokine (CXCL10) secretion. In
another study, Gao et al. (2020) developed tumor-targeting RGD
peptide-modified diselenide-containing polymeric NPs for their
effective accumulation into tumor via systemic administration
and NK cell-mediated cancer immunotherapy via radiation
exposure. Upon radiation exposure, diselenide portion in the
polymer is oxidized to seleninic acid, which can enhance the
NK cell-mediated immunomodulatory activity by blocking the
interaction between human leukocyte antigen-E (HLA-E) and
inhibitory checkpoint receptor, NKG2A.
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NK cells can also be co-delivered with NPs to inhibit the
spread of tumor cells or metastasis. Chandrasekaran et al. (2016)
showed that TRAIL-decorated liposomes conjugated to NK cells
within the tumor draining lymph nodes (TDLN) prevented
the metastasis of a subcutaneous tumor in mice. They also
reported that TRAIL functionalization on NK cells increased
their retention time within TDLN to induce apoptosis of tumor
cells. Later, Wu et al. (2018) have demonstrated the magnetic
targeted delivery of NK cells loaded with Fe3O4@polydopamine
NPs into tumor for improved cancer immunotherapy (Wu et al.,
2018).

Activation of TLRs in DCs results in increased co-stimulatory
molecule upregulation and pro-inflammatory cytokine secretion,
both of which can help to activate NK cells. Kim H. et al. (2020)
have developed polymeric NPs, encapsulating imidazoquinoline-
based TLR7/8 agonist which promotes prolonged NK cell
activation in vivo. Delivery of the TLR7/8 agonist-loaded
NPs results in enhanced ADCC with cetuximab antibody and
increases its antitumor efficacy in mice tumor model (Kim H.
et al., 2020).

Delivery of genes encoding the activating receptors on NK
cells and proinflammatory cytokines via NPs can stimulate NK
cell activation for improved cancer immunotherapy. Tan et al.
(2017) reported the synthesis of chitosan-based NPs for the
delivery of fused dsNKG2D-IL-21 gene encoding both NKG2D
and IL-21 genes. Treatment with the dsSNKG2D-IL-21 gene NPs
caused increased secretion of serum IL-21 and activation of
NK cells which retarded the growth of tumor and increased
the life span of tumor-bearing mice. In another study, Meraz
et al. (2018) delivered plasmid DNA encoding tumor suppressor
candidate 2 (TUSC2) gene using cationic liposomes in syngeneic
Kras-mutant mouse lung cancer models. Treatment with TUSC2
significantly inhibited tumor growth and increased the survival
of mice via the upregulation and activation of the NK and
CDS8™' T cells in the blood and TME. However, combination
treatment with anti-PD1 antibody synergistically enhanced its
anticancer efficacy.

Regulating Immune-Suppressive Tumor

Microenvironment (TME)

The TME consists of various types of cells apart from malignant
cells such as TAMs, myeloid-derived suppressor cells (MDSCs),
lymphocytes, pericytes, fibroblasts, the tumor vasculature
endothelial cells, and sometimes adipocytes (Roma-Rodrigues
et al., 2019). These cells interact with some secreted proteins
like galectin-3, matrix metalloproteinases (MMP), osteopontin
and, TGF-B responsible for cancer development and produce an
extracellular matrix (ECM) that creates an environment to spread
cancer (Jia et al., 2017). The cancer immunotherapy is adversely
influenced by the immunosuppressive nature of TME because of
the presence of TAMs, regulatory T cells (Tregs), and MDSCs,
together with enzymes and cytokines (TGF-f, indoleamine 2,3-
dioxygenase (IDO), IL-10, etc.) (Quail and Joyce, 2013; Musetti
and Huang, 2018). Besides, TME also promotes the proliferation
and metastasis of cancer cells. However, the anticancer immunity

can be enhanced by regulating TME through various strategies
(Roma-Rodrigues et al., 2019).

NPs play a major role in regulating the TME. A number
of evidences suggest that NPs with tumor therapeutics offer a
suitable means to suppress the TME and can further improve
the efficacy of cancer immunotherapy. Besides, NPs are also
able to transport immunotherapeutic agents to the deeper tumor
site to attain improved efficacy (Musetti and Huang, 2018). NPs
should be designed in such a way so that they can respond to the
biochemical differences that exist between tumor and adjacent
tissues, thereby selectively deliver the immune stimulants to the
targeted cells within TME. The different strategies include (1)
producing hypoxia-responsive NPs; (2) inserting pH-sensitive
materials into NPs; (3) use of the enhanced permeability and
retention (EPR) effect by controlling NP size and; (4) inserting
substrates for intratumoral MMPs (Dewitte et al., 2014; Uthaman
et al., 2018). The hypoxic TME is characterized by decreased
oxygen pressure (5-10 mmHg). Thus, by inserting oxygen-
sensitive elements such as azobenzene or 2-nitroimidazoles into
NPs, hypoxia can be utilized for deshielding of PEGylated
NPs, enhancing cellular uptake and drug release (Perche et al.,
2014; Thambi et al., 2014). On the other hand, MMPs are
also considered as an interesting trigger for size-changing NPs.
For example, Wong et al. (2011) used 100 nm gelatin NPs for
its effective delivery at the tumor site via EPR effect. After
extravasation, MMP-2 and MMP-9 degraded the 100 nm gelatin
core NP into smaller 10 nm particles which penetrated deep into
tumor tissue via migration through the tumor’s ECM (Wong
etal, 2011).

In TME, T-regulatory cells or Tregs, suppress the immune
response by arresting APC function, and inhibiting T-cell
activation and proliferation (Jonuleit et al, 2016). Thus, by
suppressing the function of Tregs, anti-tumor immunity can be
restored (Ou et al., 2018). Immunostimulatory NPs mediated
TME suppression by targeting Treg is depicted in Figure 6 (I).
A very common strategy to control Treg function is the use of
checkpoint blockade antibodies (anti-CTLA-4). Ou et al. (2018)
synthesized core-shell NPs (PLGA as core and lipid as shell)
conjugated with peptide tLypl for targeted delivery of imatinib
combined with anti-CTLA-4 antibody. These NPs decreased the
intratumoral Treg cell population, increased the CD8* T cell
population, and showed a strong antitumor effect against B16
cells xenograft tumors (Ou et al., 2018). The high expression of
CD25 on Tregs in TME is another target to enhance the CD8* T
cell activation via using anti-CD25 antibodies for suppressing the
tumor progression (Sato et al., 2016).

TME altered the normal functioning of infiltrated DCs,
thereby stimulating Tregs to produce immunosuppressive
cytokines and induce apoptosis of CD8" T cells via PD-LI.
Therefore, intratumoral DCs can be targeted via NPs to re-
establish their antigen-presenting capacity (Motz and Coukos,
2013). For example, Cubillos-Ruiz et al. (2009) used PEI
complexed with PD-L1 siRNA to suppress PD-L1 expression
and activation of CD8" T cells by regulating the function of
DCs. Besides, PEI also stimulated TLR5 and TLR7 to activate
the cells. Similarly, Dominguez and Lustgarten (2010) used poly-
lactic acid NPs conjugated with anti-CD40 antibody which target
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CD40 expressed by DCs, B-cells and macrophages, leading to
upregulation of pro-inflammatory cytokines as well as reduction
in Treg cell population.

Another target to suppress the TME is TAMs, a population of
macrophages that promote tumor growth by protecting cancer
cells from chemotherapeutics, attracting Tregs and, inducing
apoptosis in CD8" T cells. TAMs are of two types and show
either immunostimulation by M1 type of macrophages via the
secretion of pro-inflammatory cytokines like TNF-a, IL-12, IL-
1b, IL-6, and IFN-y or immunosuppression by M2 type of
macrophages via the secretion of anti-inflammatory cytokines
like IL-10, IL-13, IL-4, and TGF-p (Park et al., 2018). However,
the TAMs within TME is considered as M2 type because of
the immunosuppressive nature of TME. TAMs can be tackled
by inhibiting the migration/infiltration of monocytes and their
differentiation into M2 polarized form, by depleting TAMs from
TME (Mehla and Singh, 2019) or by increasing the M1 effect
via the polarization of M2 to M1 form. Immunostimulatory NPs
mediated TME suppression by inhibiting M1 to M2 transition of
macrophages is depicted in Figure 6 (II).

It has been observed that Ml-derived exosomes and
nanovesicles derived from those exosomes can polarize M2

macrophages to M1 type and trigger CD8" T cell response,
thereby reducing tumor progression (Choo et al, 2018).
Besides, some other NPs like amino-functionalized and carboxyl-
functionalized polystyrene NPs (Fuchs et al., 2016) and SPION
(Zanganeh et al., 2016) can also suppress the M2 polarization.

Rodell et al. (2018) synthesized p-cyclodextrin NPs (CDNPs)
loaded with R848 (dual TLR7/8 agonist) for efficient drug
delivery into TAMs in order to promote polarization of
M2 into tumoricidal M1 phenotype. Besides, when the
immune checkpoint inhibitor anti-PD-1 antibody was used
in combination with the drug loaded NPs, the immunotherapy
response was further increased and tumor growth
was controlled.

MDSCs (myeloid-derived suppressor cells) are another
type of immune cells found in TME. They promote tumor
progression, angiogenesis, metastasis, and release indoleamine
2,3-dioxygenase (IDO), NOS2, ARG1, TGF-f, and IL-10 leading
to the activation of M2 macrophage and Treg, and suppression
of T-cell proliferation (Park et al., 2018; Wang and Mooney,
2018). Thus, elimination of MDSCs can improve the suppression
of TME and enhance cancer immunotherapeutic efficacy (Park
et al, 2018). For this purpose, NPs were designed in such
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a way so that they can target and inhibit the functions of
MDSCs. Immunostimulatory NPs mediated TME suppression
by suppressing the MDSC cells is depicted in Figure 6 (III).
For example, Plebanek et al. (2018) synthesized high density
lipoprotein (HDL)-like NPs which interact with the scavenger
receptor type-Bl present on MDSCs and exert antitumor
effect by inhibiting MDSCs activity. As gemcitabine directly
inhibits MDSCs, Sasso et al. (2016) constructed PEGylated lipid
nanocapsules (LNCs) containing lauroyl-modified gemcitabine
to suppress the MDSCs in TME and facilitate the T-cell
proliferation. Besides, MDSCs production is also facilitated by
cyclooxygenase-2 whose level is controlled by high-mobility
group protein A1 (HMGA1). This protein also promotes tumor
progression through the Wnt signaling pathway (Xian et al,
2017). Therefore, Wang et al. (2018) developed a liposome-
protamine-hyaluronic acid (LPH) nanosystem loaded with
HMGA1-siRNA and observed a significant increase in the
number of T-cells and DCs with reduced number of MDSCs in
a colon cancer model. Additionally, elevated expression of pro-
inflammatory cytokines (IL-12a, IFN-y, and TNF-a) and reduced
expression of IL-10 and TGF-f was also observed (Wang et al.,
2018).

IDO promotes tumor progression by degrading L-tryptophan
(Trp) into L-kynurenine (Kyn) which stimulates Treg activation
and MDSC infiltration (Holmgaard et al, 2015). Cheng
et al. (2018) have synthesized a pH and MMP-2-responsive
nanosized delivery platform for controlled delivery of NLG919
(IDO inhibitor) and PPPA-1 (short D-peptide antagonist
of programmed cell death-ligand 1). The
inhibition of Trp metabolism and immune checkpoint
blockage stimulated T-cell activation and delayed tumor growth
(Cheng et al., 2018).

The TME can also be suppressed by delivering
immunomodulating agents that could improve the overall
anti-cancer immune response (Park et al, 2018). We have
already discussed about the various types of cells forming
the TME and the possible ways to target them to improve
cancer immunotherapy. Along with these cells, tumor cells
secrete several cytokines and other factors that function
as immunosuppressors which block the tumor infiltrating
lymphocyte (TIL) activity. Therefore, targeting those tumor
cell-mediated suppressive pathways can enhance the antitumor
efficacy. For example, STAT3 signaling pathway promotes tumor
growth via inducing hypoxia and angiogenesis, enhancing
MMPs, and by promoting immunosuppressive cytokines
secretion (Emeagi et al., 2013; Cui et al., 2016). Thus, delivery
of STAT3-siRNA through NPs was shown to be effective
in interfering with the STAT3 pathway and hindering the
production of immunosuppressive cytokines (Jose et al., 2018;
Nikkhoo et al., 2020). Similarly, TGF-B, an immunosuppressive
cytokine pathway can also be targeted to suppress the TME. In a
study, Schmid et al. (2017) encapsulated TGF-f inhibitors with
NPs that were internalized to TME and results in the inhibition
of tumor growth. Similarly, delivery of TGF-p-siRNA through
NPs showed reduced number of Tregs and enhanced CD8* T
cell response (Xu et al., 2014).

simultaneous

CANCER THERANOSTICS APPLICATION
OF IMMUNOMODULATORY
NANOPARTICLES

Apart from the delivery potential of antigens and adjuvants to
APCs, few immunomodulatory NPs have also been used for
diagnosis purpose. Theranostic NPs which are used for both
diagnosis and therapeutic purposes offer a wonderful platform
to revolutionize cancer therapy. Now-a-days, a number of
molecular imaging techniques such as MRI, positron emission
tomography (PET) imaging, X-ray computed tomography (CT),
single-photon emission computed tomography (SPECT), and
optical imaging are frequently used for diagnosis and therapy
monitoring in cancer patients. The prerequisite for all these
techniques is the accumulation of contrast agent at the target
site. Besides, the multimodality imaging techniques such as the
combination of SPECT/CT and PET/CT are widely used in most
clinical diagnosis and ensures better revelation of functional
and molecular information. On the other hand, MRI and
CT are anatomical techniques which provide multidimensional
structural, functional, and morphological information and are
even superior to the SPECT/CT and PET/CT techniques due to
their brilliant soft-tissue contrast resolution. Therefore, in this
section we would like to discuss the potential applications of
immunomodulatory NPs in molecular imaging.

Physical properties and size of the NPs are very important
for their theranostic applications. Further, the theranostic NP
system can be functionalized with specific ligands to target/bind
tumor site for effective imaging. Various NPs are successfully
used as CT and MRI contrast agents. For example, GNPs possess
prolonged blood circulation time, delayed renal clearance,
minimal cytotoxicity and very high x-ray attenuation, therefore
it can be used as a promising contrast agent for CT imaging.
Shanavas et al. (2018) synthesized gold-coated PLGA nanoshells
and explored them as a contrast agent equivalent to that of
iodine for CT imaging. Lin et al. (2017) also used unimolecular
micelle-GNP hybrid as the CT imaging agent under both in
vitro and in vivo conditions. They showed that treatment with
the gold-nanohybrid significantly increased the CT contrast
values as compared to Omnipaque in vitro as well as within the
tumor in HepG2 xenograft mouse models. Besides, the gradual
increase in CT values from 1 to 4h after injection suggested
the increased accumulation for nanohybrids within tumor via
EPR effect. The gold-nanohybrid did not show any sign of
systemic toxicity for at least 3 weeks post-injection. Moreover,
GNPs and/or graphene oxide conjugated with Gd*>* could also
be used as an MRI contrast agent as Gd>* boosts the spin-lattice
(T1) relaxation processes (Pitchaimani et al., 2017; Usman et al.,
2018a,b). However, conjugation with GNP or graphene oxide
further shortens the relaxivity of the MRI signals.

Iron oxide NPs (Fe3O4NPs) have widely been used as MRI
contrast agents. Roy et al. (2015) synthesized a Fe3O4NPs-based
carrier for drug delivery and visualized their tumor targeting
ability via multimodality NIR/CT/MRI imaging techniques.
Zhang et al. (2017) developed a magnetic nanocluster as aAPCs to
stimulate and infiltrate CD8* T cells into the tumor via magnetic
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control and monitored the process through MRI. Chen et al.
(2010) developed magnetoplasmonic NPs by the combination of
GNPs and Fe3O4NPs, and used them for cancer theranostics.
The magnetoplasmonic NPs exhibited their applicability toward
MRI in leukemia HL-60 cells by shortening the spin-spin (T2)
relaxation time. Chen et al. (2016) designed magnetic-MSNs
and demonstrated their utility as tumor-targeted MRI contrast
agents. They further checked the effect of magnetic targeting
on MRI and showed that tumor targeting and retention of the
NPs was further increased under the influence of magnetic field,
resulting in the appearance of much enhanced signal intensity
in T2-weighted MR images within the tumor. Jing et al. (2019)
constructed nanoflower composites of Fe3O4NPs core with
MnO; nanoshell for CT imaging in vitro in HeLa cells. Besides,
the nanocomposites containing Mn2t and Fe;Oy also exhibited
in vivo T2/T1-weighted MRI response and a characteristic
concentration dependent darkening and brightening effect of
negative T2 and positive T1-MR contrast agent.

Several other researchers have also utilized GNPs and
Fe3O4NPs in a single nanocomposite for multimodal imaging.
For example, Bose et al. (2018) developed gold-iron oxide NPs
coated with tumor-derived extracellular vesicles for T2-weighted
MRI and indocyanine green -mediated NIR imaging in tumor
bearing mice. Similarly, Nan et al. (2017), Ghorbani et al. (2018),
and Zhong et al. (2019) also used gold and Fe3;Oj4-derived
nanocomposites for tumor targeted MRI.

CONCLUSION AND FUTURE
PERSPECTIVE

Since last few decades, NP based immunotherapy has gone
through expeditious development and are considered as a
potential therapeutic strategy for cancer treatment. Here we
have discussed about the role of NPs for successful cancer
immunotherapy by activating APCs and T-cells, and targeting
specific cells responsible for the immunosuppressive nature of
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the TME. Co-delivery of antigen and adjuvant to APCs enhances
the cancer immunotherapeutic efficacy. NPs allow higher cellular
uptake of immunostimulatory agents to induce T-cell and B-cell
immune response, and sometimes behave as self-adjuvants.

Even though immunotherapy based on NPs has gained much
interest for cancer treatment but the clinical translation of those
immunostimulatory NPs is a major issue. Another important
factor is the safety of immunostimulatory NPs as it has to
interact with the immune system; therefore, the immunotoxicity
should be assessed properly. Some NPs also alter the intracellular
signaling pathway; so, this criterion should also be kept in mind
while evaluating the toxicity of NPs. Sometimes, the immune
system recognizes NPs as foreign material if they interact with
the serum proteins, and an autoimmunity is generated against
the NPs. Therefore, for successful clinical application, NPs
must be designed in such a way so that they cannot induce
hypersensitivity, allergic sensitization, or ROS, and can easily be
cleared from the body.

These days most researchers working in the field of
immunostimulatory NPs are trying to formulate nature-derived
NPs as they are much safer and biocompatible than others, but
they also require detailed investigation about the interactions
with various biological components, including immune cells in
the body. Overall, immunostimulatory NPs for cancer therapy is
a promising research field. Although some limitations are there
for its clinical application, but their therapeutic efficiency can
be improved by doing more research on this field and designing
safer nanocarriers to benefit the cancer patients.

AUTHOR CONTRIBUTIONS

NT, ST, SC, JD, and PS designed and wrote the manuscript,
analyzed the data, designed the pictures, and critically reviewed
the manuscript. NT and ST searched articles relating to the
subject. All authors contributed to the article and approved the
submitted version.

and imaging agents. ACS Nano 12, 10817-10832. doi: 10.1021/acsnano.
8b02587

Broere, F., and van Eden, W. (2019). “T cell subsets and T cell-mediated
immunity;” in Nijkamp and Parnham’s Principles of Immunopharmacology, eds
M. J. Parnham, F. P. Nijkamp, and A. G. Rossi (Cham: Springer), 23-35.
doi: 10.1007/978-3-030-10811-3_3

Bryant, C. E., Sutherland, S., Kong, B., Papadimitrious, M. S., Fromm, P. D., and
Hart, D. N. J. (2019). Dendritic cells as cancer therapeutics, Semin. Cell Dev.
Biol. 86, 77-88. doi: 10.1016/j.semcdb.2018.02.015

Buabeid, M. A., Arafa, E.-S. A., and Murtaza, G. (2020). Emerging prospects for
nanoparticle-enabled cancer immunotherapy. J. Immunol. Res. 2020:9624532.
doi: 10.1155/2020/9624532

Cai, H., Shukla, S., and Steinmetz, N. F. (2020). The antitumor efficacy of CpG
Oligonucleotides is improved by encapsulation in plant virus-like particles.
Adv. Funct. Mater. 30:1908743. doi: 10.1002/adfm.201908743

Canti, G., Calastretti, A., Bevilacqua, A., Reddi, E., Palumbo, G., and Nicolin,
A. (2010). Combination of photodynamic therapy + immunotherapy
+ chemotherapy in murine leukiemia. Neoplasma 57, 184-188.
doi: 10.4149/neo_2010_02_184

Champion, J. A, and Mitragotri, S. (2006). Role of target geometry in phagocytosis.
Proc. Natl. Acad. Sci. U. S. A. 103, 4930-4934. doi: 10.1073/pnas.0600997103

Frontiers in Chemistry | www.frontiersin.org

18

December 2020 | Volume 8 | Article 597806


https://doi.org/10.1126/sciimmunol.aat1482
https://doi.org/10.1158/0008-5472.CAN-13-0777
https://doi.org/10.1106/RA7U-1V9C-RV7C-8QXL
https://doi.org/10.1172/JCI45600
https://doi.org/10.3390/ijms21010273
https://doi.org/10.1021/acsnano.8b02587
https://doi.org/10.1007/978-3-030-10811-3_3
https://doi.org/10.1016/j.semcdb.2018.02.015
https://doi.org/10.1155/2020/9624532
https://doi.org/10.1002/adfm.201908743
https://doi.org/10.4149/neo_2010_02_184
https://doi.org/10.1073/pnas.0600997103
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Thakur et al.

Nanoparticles as Carriers for Cancer Immunotherapy

Chandrasekaran, S., Chan, M. F,, Li, J., and King, M. R. (2016). Super natural killer
cells that target metastases in the tumor draining lymph nodes. Biomaterials 77,
66-76. doi: 10.1016/j.biomaterials.2015.11.001

Chattopadhyay, S., Chen, J.-Y., Chen, H.-W., and Hu, C.-M. . (2017). Nanoparticle
vaccines adopting virus-like features for enhanced immune potentiation.
Nanotheranostics 1:244. doi: 10.7150/ntno.19796

Chen, H., Fan, Y., Hao, X,, Yang, C., Peng, Y., Guo, R., et al. (2020). Adoptive
cellular immunotherapy of tumors via effective CpG delivery to dendritic cells
using dendrimer-entrapped gold nanoparticles as a gene vector. J. Mater. Chem.
B 8, 5052-5063. doi: 10.1039/D0TB00678E

Chen, P.-G., Huang, Z.-H., Sun, Z.-Y., Gao, Y., Liu, Y.-F., Shi, L., et al. (2017).
Chitosan nanoparticles based nanovaccines for cancer immunotherapy. Pure
Appl. Chem. 89, 931-939. doi: 10.1515/pac-2016-0913

Chen, W., Xu, N, Xu, L, Wang, L, Li, Z, Ma, W, et al. (2010).
Multifunctional magnetoplasmonic nanoparticle assemblies for cancer therapy
and diagnostics (theranostics). Macromol. Rapid Commun. 31, 228-236.
doi: 10.1002/marc.200900793

Chen, W.-H., Luo, G.-F., Lei, Q., Cao, F.-Y,, Fan, J.-X., Qiu, W.-X,, et al. (2016).
Rational design of multifunctional magnetic mesoporous silica nanoparticle for
tumor-targeted magnetic resonance imaging and precise therapy. Biomaterials
76, 87-101. doi: 10.1016/j.biomaterials.2015.10.053

Cheng, K., Ding, Y., Zhao, Y., Ye, S., Zhao, X,, Zhang, Y., et al. (2018).
Sequentially responsive therapeutic peptide assembling nanoparticles
for dual-targeted cancer immunotherapy. Nano Lett. 18, 3250-3258.
doi: 10.1021/acs.nanolett.8b01071

Chiang, C.-S., Lin, Y.-J, Lee, R., Lai, Y.-H., Cheng, H.-W., Hsieh, C.-
H., et al. (2018). Combination of fucoidan-based magnetic nanoparticles
and immunomodulators enhances tumour-localized immunotherapy. Nat.
Nanotechnol. 13, 746-754. doi: 10.1038/541565-018-0146-7

Choo, Y. W., Kang, M., Kim, H. Y., Han, J., Kang, S., Lee, J.-R., et al. (2018). M1
macrophage-derived nanovesicles potentiate the anticancer efficacy of immune
checkpoint inhibitors. ACS Nano 12, 8977-8993. doi: 10.1021/acsnano.8b02446

Christensen, D., Korsholm, K. S., Andersen, P., and Agger, E. M. (2011).
Cationic liposomes as vaccine adjuvants. Expert Rev. Vaccines 10, 513-521.
doi: 10.1586/erv.11.17

Colbert, J. D., Cruz, F. M., and Rock, K. L. (2020). Cross-presentation of
exogenous antigens on MHC I molecules. Curr. Opin. Immunol. 64, 1-8.
doi: 10.1016/.c01.2019.12.005

Cubillos-Ruiz, J. R., Engle, X., Scarlett, U. K., Martinez, D., Barber, A., Elgueta, R.,
etal. (2009). Polyethylenimine-based siRNA nanocomplexes reprogram tumor-
associated dendritic cells via TLR5 to elicit therapeutic antitumor immunity. J.
Clin. Invest. 119, 2231-2244. doi: 10.1172/]CI37716

Cui, Y., Li, Y.-Y,, Li, J., Zhang, H.-Y., Wang, F., Bai, X, et al. (2016).
STAT3 regulates hypoxia-induced epithelial mesenchymal transition in
oesophageal squamous cell cancer. Oncol. Rep. 36, 108-116. doi: 10.3892/or.
2016.4822

Da Silva, C. G., Camps, M. G. M., Li, T. M. W. Y., Chan, A. B., Ossendorp, F.,
and Cruz, L. J. (2019). Co-delivery of immunomodulators in biodegradable
nanoparticles improves therapeutic efficacy of cancer vaccines. Biomaterials
220:119417. doi: 10.1016/j.biomaterials.2019.119417

Das, J., Choi, Y.-J., Han, J. W, Reza, A. M. M. T, and Kim, J.-H.
(2017). Nanoceria-mediated delivery of doxorubicin enhances the anti-
tumour efficiency in ovarian cancer cells via apoptosis. Sci. Rep. 7:9513.
doi: 10.1038/541598-017-09876-w

Das, J., Han, J. W., Choi, Y.-J., Song, H., Cho, S.-G., Park, C,, et al. (2016). Cationic
lipid-nanoceria hybrids, a novel nonviral vector-mediated gene delivery into
mammalian cells: investigation of the cellular uptake mechanism. Sci. Rep.
6:29197. doi: 10.1038/srep29197

Dewitte, H., Verbeke, R., Breckpot, K., De Smedt, S. C., and Lentacker, I.
(2014). Nanoparticle design to induce tumor immunity and challenge
the suppressive tumor microenvironment. Nano Today 9, 743-758.
doi: 10.1016/j.nantod.2014.10.001

Dominguez, A. L., and Lustgarten, J. (2010). Targeting the
microenvironment with anti-neu/anti-CD40 conjugated nanoparticles for
the induction of antitumor immune responses. Vaccine 28, 1383-1390.
doi: 10.1016/j.vaccine.2009.10.153

Dong, Z., Wang, Q., Huo, M., Zhang, N., Li, B., Li, H., et al. (2019). Mannose-
modified multi-walled carbon nanotubes as a delivery nanovector optimizing

tumor

the antigen presentation of dendritic cells. ChemistryOpen 8, 915-921.
doi: 10.1002/0pen.201900126

Dykman, L. A, Staroverov, S. A., Fomin, A. S., Khanadeev, V. A., Khlebtsov, B. N.,
and Bogatyrev, V. A. (2018). Gold nanoparticles as an adjuvant: influence of
size, shape, and technique of combination with CpG on antibody production.
Int. Immunopharmacol. 54, 163-168. doi: 10.1016/j.intimp.2017.11.008

Eisenbarth, S. C. (2019). Dendritic cell subsets in T cell programming:
location  dictates function. Nat. Rev. Immunol. 19, 89-103.
doi: 10.1038/s41577-018-0088-1

Emeagi, P. U., Maenhout, S., Dang, N., Heirman, C., Thielemans, K., and
Breckpot, K. (2013). Downregulation of Stat3 in melanoma: reprogramming
the immune microenvironment as an anticancer therapeutic strategy. Gene
Ther. 20, 1085-1092. doi: 10.1038/gt.2013.35

Fadel, T. R, Sharp, F. A, Vudattu, N., Ragheb, R., Garyu, J., Kim, D., et al. (2014).
A carbon nanotube-polymer composite for T-cell therapy. Nat. Nanotechnol.
9:39. doi: 10.1038/nnano.2014.154

Fahmy, T. M., Demento, S. L., Caplan, M. J., Mellman, I, and Saltzman, W.
M. (2008). Design opportunities for actively targeted nanoparticle vaccines.
Nanomedicine. 3, 343-355. doi: 10.2217/17435889.3.3.343

Fallarini, S., Paoletti, T., Battaglini, C. O., Ronchi, P., Lay, L., Bonomi, R., et al.
(2013). Factors affecting T cell responses induced by fully synthetic glyco-gold-
nanoparticles. Nanoscale 5, 390-400. doi: 10.1039/C2NR32338A

Fang, F., Xiao, W., and Tian, Z. (2017). NK cell-based immunotherapy for cancer.
Semin. Immunol. 31:37-54. doi: 10.1016/j.smim.2017.07.009

Fard, J. K., Jafari, S., and Eghbal, M. A. (2015). A review of molecular
mechanisms involved in toxicity of nanoparticles. Adv. Pharm. Bull. 5, 447-454.
doi: 10.15171/apb.2015.061

Faria, P. C. B,, de, Santos, L. I, dos, Coelho, J. P., Ribeiro, H. B., Pimenta, M. A.,
Ladeira, L. O,, et al. (2014). Oxidized multiwalled carbon nanotubes as antigen
delivery system to promote superior CD8+ T cell response and protection
against cancer. Nano Lett. 14, 5458-5470. doi: 10.1021/n1502911a

Feng, X, Xu, W, Li, Z, Song, W, Ding, J, and Chen, X
(2019).  Immunomodulatory — nanosystems.  Adv.  Sci.  6:1900101.
doi: 10.1002/advs.201900101

Fitzgerald, K. A., and Kagan, J. C. (2020). Toll-like receptors and the control of
immunity. Cell. doi: 10.1016/j.cell.2020.02.041

Foged, C., Brodin, B., Frokjaer, S., and Sundblad, A. (2005). Particle size and surface
charge affect particle uptake by human dendritic cells in an in vitro model. Int.
J. Pharm. 298, 315-322. doi: 10.1016/j.ijpharm.2005.03.035

Fontana, F., Figueiredo, P., Bauleth-Ramos, T., Correia, A., and Santos, H. A.
(2018). Immunostimulation and immunosuppression: nanotechnology on the
brink. Small Methods 2:1700347. doi: 10.1002/smtd.201700347

Fuchs, A.-K., Syrovets, T., Haas, K. A., Loos, C., Musyanovych, A., Maildnder,
V., etal. (2016). Carboxyl-and amino-functionalized polystyrene nanoparticles
differentially affect the polarization profile of M1 and M2 macrophage subsets.
Biomaterials 85, 78-87. doi: 10.1016/j.biomaterials.2016.01.064

Gao, S., Li, T., Guo, Y., Sun, C, Xianyu, B., and Xu, H. (2020). Selenium-
containing nanoparticles combine the NK cells mediated immunotherapy
with radiotherapy and chemotherapy. Adv. Mater. 32:1907568.
doi: 10.1002/adma.201907568

Garcia, C. P., Sumbayeyv, V., Gilliland, D., Yasinska, I. M., Gibbs, B. F., Mehn, D.,
et al. (2013). Microscopic analysis of the interaction of gold nanoparticles with
cells of the innate immune system. Sci. Rep. 3:1326. doi: 10.1038/srep01326

Getts, D. R,, Shea, L. D., Miller, S. D., and King, N. J. C. (2015). Harnessing
nanoparticles for immune modulation. Trends Immunol. 36, 419-427.
doi: 10.1016/}.it.2015.05.007

Ghorbani, M., Bigdeli, B., Jalili-Baleh, L., Baharifar, H., Akrami, M., Dehghani, S.,
et al. (2018). Curcumin-lipoic acid conjugate as a promising anticancer agent
on the surface of gold-iron oxide nanocomposites: a pH-sensitive targeted drug
delivery system for brain cancer theranostics. Eur. J. Pharm. Sci. 114, 175-188.
doi: 10.1016/j.¢jps.2017.12.008

Gobbo, O. L., Sjaastad, K., Radomski, M. W., Volkov, Y., and Prina-Mello, A.
(2015). Magnetic nanoparticles in cancer theranostics. Theranostics 5:1249.
doi: 10.7150/thno.11544

Gondan, A. I. B,, Ruiz-de-Angulo, A., Zabaleta, A., Blanco, N. G., Cobaleda-Siles,
B. M., Garcia-Granda, M. ], et al. (2018). Effective cancer immunotherapy in
mice by polyIC-imiquimod complexes and engineered magnetic nanoparticles.
Biomaterials 170, 95-115. doi: 10.1016/j.biomaterials.2018.04.003

Frontiers in Chemistry | www.frontiersin.org

19

December 2020 | Volume 8 | Article 597806


https://doi.org/10.1016/j.biomaterials.2015.11.001
https://doi.org/10.7150/ntno.19796
https://doi.org/10.1039/D0TB00678E
https://doi.org/10.1515/pac-2016-0913
https://doi.org/10.1002/marc.200900793
https://doi.org/10.1016/j.biomaterials.2015.10.053
https://doi.org/10.1021/acs.nanolett.8b01071
https://doi.org/10.1038/s41565-018-0146-7
https://doi.org/10.1021/acsnano.8b02446
https://doi.org/10.1586/erv.11.17
https://doi.org/10.1016/j.coi.2019.12.005
https://doi.org/10.1172/JCI37716
https://doi.org/10.3892/or.2016.4822
https://doi.org/10.1016/j.biomaterials.2019.119417
https://doi.org/10.1038/s41598-017-09876-w
https://doi.org/10.1038/srep29197
https://doi.org/10.1016/j.nantod.2014.10.001
https://doi.org/10.1016/j.vaccine.2009.10.153
https://doi.org/10.1002/open.201900126
https://doi.org/10.1016/j.intimp.2017.11.008
https://doi.org/10.1038/s41577-018-0088-1
https://doi.org/10.1038/gt.2013.35
https://doi.org/10.1038/nnano.2014.154
https://doi.org/10.2217/17435889.3.3.343
https://doi.org/10.1039/C2NR32338A
https://doi.org/10.1016/j.smim.2017.07.009
https://doi.org/10.15171/apb.2015.061
https://doi.org/10.1021/nl502911a
https://doi.org/10.1002/advs.201900101
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1016/j.ijpharm.2005.03.035
https://doi.org/10.1002/smtd.201700347
https://doi.org/10.1016/j.biomaterials.2016.01.064
https://doi.org/10.1002/adma.201907568
https://doi.org/10.1038/srep01326
https://doi.org/10.1016/j.it.2015.05.007
https://doi.org/10.1016/j.ejps.2017.12.008
https://doi.org/10.7150/thno.11544
https://doi.org/10.1016/j.biomaterials.2018.04.003
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Thakur et al.

Nanoparticles as Carriers for Cancer Immunotherapy

Grimaldi, A. M., Incoronato, M., Salvatore, M. and Soricelli, A.
(2017).  Nanoparticle-based  strategies for cancer immunotherapy
and immunodiagnostics. Nanomedicine 12, 2349-2365.

doi: 10.2217/nnm-2017-0208

Guillerey, C., Huntington, N. D., and Smyth, M. J. (2016). Targeting natural
killer cells in cancer immunotherapy. Nat. Immunol. 17, 1025-1036.
doi: 10.1038/ni.3518

Han, H. D., Byeon, Y., Kang, T. H,, Jung, I. D., Lee, J.-W., Shin, B. C,, et al.
(2016). Toll-like receptor 3-induced immune response by poly (d, I-lactide-co-
glycolide) nanoparticles for dendritic cell-based cancer immunotherapy. Int. J.
Nanomedicine 11, 5729-5742. doi: 10.2147/IJN.S109001

Hartono, S. B., Qiao, S. Z., Liu, J., Jack, K., Ladewig, B. P., Hao, Z., et al.
(2010). Functionalized mesoporous silica with very large pores for cellulase
immobilization. J. Phys. Chem. C 114, 8353-8362. doi: 10.1021/jp102368s

Hassan, H. A. F. M., Smyth, L., Wang, J. T.-W., Costa, P. M., Ratnasothy, K.,
Diebold, S. S., et al. (2016). Dual stimulation of antigen presenting cells using
carbon nanotube-based vaccine delivery system for cancer immunotherapy.
Biomaterials 104, 310-322. doi: 10.1016/j.biomaterials.2016.07.005

He, Q., Mitchell, A. R., Johnson, S. L., Wagner-Bartak, C., Morcol, T., and Bell,
S. J. D. (2000). Calcium phosphate nanoparticle adjuvant. Clin. Diagn. Lab.
Immunol. 7, 899-903. doi: 10.1128/CDLI.7.6.899-903.2000

Heuts, J., Varypataki, E. M., van der Maaden, K., Romeijn, S., Drijfhout, J. W., van
Scheltinga, A. T., et al. (2018). Cationic liposomes: a flexible vaccine delivery
system for physicochemically diverse antigenic peptides. Pharm. Res. 35:207.
doi: 10.1007/s11095-018-2490-6

Hirai, T., Yoshioka, Y., Takahashi, H., Ichihashi, K., Yoshida, T., Tochigi, S.,
et al. (2012). Amorphous silica nanoparticles enhance cross-presentation
in murine dendritic cells. Biochem. Biophys. Res. Commun. 427, 553-556.
doi: 10.1016/j.bbrc.2012.09.095

Hodi, F. S., O’'Day, S. J., McDermott, D. F., Weber, R. W., Sosman, J. A., Haanen, J.
B., et al. (2010). Improved survival with ipilimumab in patients with metastatic
melanoma. N. Engl. ]. Med. 363, 711-723. doi: 10.1056/NEJMo0al003466

Holmgaard, R. B., Zamarin, D., Li, Y., Gasmi, B., Munn, D. H., Allison, J. P,,
et al. (2015). Tumor-expressed IDO recruits and activates MDSCs in a treg-
dependent manner. Cell Rep. 13, 412-424. doi: 10.1016/j.celrep.2015.08.077

Hu, X., Wu, T., Bao, Y., and Zhang, Z. (2017). Nanotechnology based therapeutic
modality to boost anti-tumor immunity and collapse tumor defense. J. Control.
Release 256, 26-45. doi: 10.1016/j.jconrel.2017.04.026

Jia, Y., Omri, A., Krishnan, L., and McCluskie, M. J. (2017). Potential applications
of nanoparticles in cancer immunotherapy. Hum. Vaccin. Immunother. 13,
63-74. doi: 10.1080/21645515.2016.1245251

Jiao, Q., Li, L, Mu, Q. and Zhang, Q. (2014). Immunomodulation of
nanoparticles in nanomedicine applications. Biomed Res. Int. 2014:426028.
doi: 10.1155/2014/426028

Jin, J., and Zhao, Q. (2020). Engineering nanoparticles to reprogram radiotherapy
and immunotherapy: recent advances and future challenges. BMC 18:75.
doi: 10.1186/512951-020-00629-y

Jing, X, Xu, Y., Liu, D, Wu, Y, Zhou, N, Wang, D, et al. (2019).
Intelligent nanoflowers: a full
multimodal cancer theranostic nanoplatform. Nanoscale 11, 15508-15518.
doi: 10.1039/CONR04768A

Jo, S. D., Nam, G.-H., Kwak, G., Yang, Y., and Kwon, I. C. (2017). Harnessing
designed nanoparticles: current strategies and future perspectives in cancer
immunotherapy. Nano Today 17, 23-37. doi: 10.1016/j.nantod.2017.10.008

Jonuleit, H., Bopp, T., and Becker, C. (2016). Treg cells as potential cellular
targets for functionalized nanoparticles in cancer therapy. Nanomedicine 11,
2699-2709. doi: 10.2217/nnm-2016-0197

Jose, A., Labala, S., Ninave, K. M., Gade, S. K., and Venuganti, V. V. K.
(2018). Effective skin cancer treatment by topical co-delivery of curcumin
and STAT3 siRNA using cationic liposomes. AAPS PharmSciTech 19, 166-175.
doi: 10.1208/512249-017-0833-y

Kang, S., Ahn, S., Lee, J., Kim, J. Y., Choi, M., Gujrati, V., et al. (2017).
Effects of gold nanoparticle-based vaccine size on lymph node delivery
and cytotoxic T-lymphocyte responses. J. Control. Release 256, 56-67.
doi: 10.1016/j.jconrel.2017.04.024

Kerstetter-Fogle, A., Shukla, S., Wang, C., Beiss, V., Harris, P. L. R,, Sloan, A. E,,
et al. (2019). Plant Virus-Like Particle in situ vaccine for Intracranial Glioma
immunotherapy. Cancers. 11:515. doi: 10.3390/cancers11040515

tumor microenvironment-responsive

Kilinc, M. O., Aulakh, K. S., Nair, R. E., Jones, S. A., Alard, P., Kosiewicz, M.
M, et al. (2006). Reversing tumor immune suppression with intratumoral IL-
12: activation of tumor-associated T effector/memory cells, induction of T
suppressor apoptosis, and infiltration of CD8+ T effectors. J. Immunol. 177,
6962-6973. doi: 10.4049/jimmunol.177.10.6962

Kim, D., Byun, J., Park, J., Lee, Y., Shim, G., and Oh, Y. (2020). Biomimetic
polymeric  nanoparticle-based  photodynamic  immunotherapy  and
protection against tumor rechallenge. Sci. 8, 1106-1116.
doi: 10.1039/C9BM01704F

Kim, H., Khanna, V., Kucaba, T. A., Zhang, W., Sehgal, D., Ferguson, D.
M., et al. (2020). TLR7/8 agonist loaded nanoparticles augment NK cell-
mediated antibody-based cancer immunotherapy. Mol. Pharm. 17, 2109-2124.
doi: 10.1021/acs.molpharmaceut.0c00271

Kim, H., Niu, L., Larson, P., Kucaba, T. A., Murphy, K. A, James, B. R,
et al. (2018). Polymeric nanoparticles encapsulating novel TLR7/8 agonists
as immunostimulatory adjuvants for enhanced cancer immunotherapy.
Biomaterials 164, 38-53. doi: 10.1016/j.biomaterials.2018.02.034

Kim, S.-Y., Kim, S., Kim, J.-E., Lee, S. N., Shin, I. W., Shin, H. S., et al.
(2019). Lyophilizable and multifaceted toll-like receptor 7/8 agonist-loaded

the reprogramming of tumor microenvironments
and enhanced cancer immunotherapy. ACS Nano 13, 12671-12686.
doi: 10.1021/acsnano.9b04207

Klinguer-Hamour, C., Libon, C., Plotnicky-Gilquin, H., Bussat, M.-C., Revy, L.,
Nguyen, T., et al. (2002). DDA adjuvant induces a mixed Th1/Th2 immune
response when associated with BBG2Na, a respiratory syncytial virus potential
vaccine. Vaccine 20, 2743-2751. doi: 10.1016/S0264-410X(02)00193-7

Kong, M., Tang, J, Qiao, Q, Wu, T, Qi, Y., Tan, S, et al. (2017).
Biodegradable hollow mesoporous silica nanoparticles for regulating tumor
microenvironment and enhancing antitumor efficiency. Theranostics 7:3276.
doi: 10.7150/thno.19987

Kosmides, A. K., Meyer, R. A., Hickey, ]. W., Aje, K., Cheung, K. N., Green, J.
J., et al. (2017). Biomimetic biodegradable artificial antigen presenting cells
synergize with PD-1 blockade to treat melanoma. Biomaterials 118, 16-26.
doi: 10.1016/j.biomaterials.2016.11.038

Koury, J., Lucero, M., Cato, C., Chang, L., Geiger, J., Henry, D., et al. (2018).
Immunotherapies: exploiting the immune system for cancer treatment. J.
Immunol. Res. 2018:9585614. doi: 10.1155/2018/9585614

Kreutz, M., Tacken, P. J, and Figdor, C. G. (2013). Targeting dendritic
cells—why bother? Blood, ]. Am. Soc. Hematol. 121, 2836-2844.
doi: 10.1182/blood-2012-09-452078

Kroemer, G., and Zitvogel, L. (2018). Cancer immunotherapy in 2017:
the breakthrough of the microbiota. Nat. Rev. Immunol. 18:87.
doi: 10.1038/nri.2018.4

Kumar, S., Anselmo, A. C., Banerjee, A., Zakrewsky, M., and Mitragotri, S. (2015).
Shape and size-dependent immune response to antigen-carrying nanoparticles.
J. Control. Release 220, 141-148. doi: 10.1016/j.jconrel.2015.09.069

Lee, J. Y., Kim, M. K., Nguyen, T. L., and Kim, J. (2020). Hollow mesoporous
silica nanoparticles with extra-large mesopores for enhanced cancer vaccine.
ACS Appl. Mater. Interfaces 12, 34658-34666. doi: 10.1021/acsami.Oc
09484

Lee, S.-J., Kim, J.-J., Kang, K.-Y., Paik, M.-J, Lee, G., and Yee, S.-T.
(2019). Enhanced anti-tumor immunotherapy by silica-coated magnetic
nanoparticles conjugated with ovalbumin. Int. J. Nanomedicine 14:8235.
doi: 10.2147/1JN.S194352

Li, C, Zhang, X., Chen, Q., Zhang, J., Li, W., Hu, H,, et al. (2018). Synthetic
polymeric mixed micelles targeting lymph nodes trigger enhanced cellular
and humoral immune responses. ACS Appl. Mater. Interfaces 10, 2874-2889.
doi: 10.1021/acsami.7b14004

Li, D., Sun, F., Bourajjaj, M., Chen, Y., Pieters, E. H., Chen, ], et al. (2016). Strong
in vivo antitumor responses induced by an antigen immobilized in nanogels via
reducible bonds. Nanoscale 8, 19592-19604. doi: 10.1039/C6NR05583D

Li, H, Li, Y, Wang, X, Hou, Y., Hong, X, Gong, T., et al. (2017).
Rational design of polymeric hybrid micelles to overcome lymphatic and
intracellular delivery barriers in cancer immunotherapy. Theranostics 7:4383.
doi: 10.7150/thno.20745

Li, S., Feng, X., Wang, J., He, L., Wang, C,, Ding, J., et al. (2018). Polymer
nanoparticles as adjuvants in cancer immunotherapy. Nano Res. 11, 5769-5786.
doi: 10.1007/s12274-018-2124-7

Biomater.

nanoemulsion for

Frontiers in Chemistry | www.frontiersin.org

20

December 2020 | Volume 8 | Article 597806


https://doi.org/10.2217/nnm-2017-0208
https://doi.org/10.1038/ni.3518
https://doi.org/10.2147/IJN.S109001
https://doi.org/10.1021/jp102368s
https://doi.org/10.1016/j.biomaterials.2016.07.005
https://doi.org/10.1128/CDLI.7.6.899-903.2000
https://doi.org/10.1007/s11095-018-2490-6
https://doi.org/10.1016/j.bbrc.2012.09.095
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1016/j.celrep.2015.08.077
https://doi.org/10.1016/j.jconrel.2017.04.026
https://doi.org/10.1080/21645515.2016.1245251
https://doi.org/10.1155/2014/426028
https://doi.org/10.1186/s12951-020-00629-y
https://doi.org/10.1039/C9NR04768A
https://doi.org/10.1016/j.nantod.2017.10.008
https://doi.org/10.2217/nnm-2016-0197
https://doi.org/10.1208/s12249-017-0833-y
https://doi.org/10.1016/j.jconrel.2017.04.024
https://doi.org/10.3390/cancers11040515
https://doi.org/10.4049/jimmunol.177.10.6962
https://doi.org/10.1039/C9BM01704F
https://doi.org/10.1021/acs.molpharmaceut.0c00271
https://doi.org/10.1016/j.biomaterials.2018.02.034
https://doi.org/10.1021/acsnano.9b04207
https://doi.org/10.1016/S0264-410X(02)00193-7
https://doi.org/10.7150/thno.19987
https://doi.org/10.1016/j.biomaterials.2016.11.038
https://doi.org/10.1155/2018/9585614
https://doi.org/10.1182/blood-2012-09-452078
https://doi.org/10.1038/nri.2018.4
https://doi.org/10.1016/j.jconrel.2015.09.069
https://doi.org/10.1021/acsami.0c09484
https://doi.org/10.2147/IJN.S194352
https://doi.org/10.1021/acsami.7b14004
https://doi.org/10.1039/C6NR05583D
https://doi.org/10.7150/thno.20745
https://doi.org/10.1007/s12274-018-2124-7
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Thakur et al.

Nanoparticles as Carriers for Cancer Immunotherapy

Li, S.-Y,, Liu, Y., Xu, C.-F,, Shen, S., Sun, R,, Du, X.-], et al. (2016). Restoring
anti-tumor functions of T cells via nanoparticle-mediated immune checkpoint
modulation. J. Control. Release 231, 17-28. doi: 10.1016/j.jconrel.2016.01.044

Lin, W, Yao, N, Qian, L, Zhang, X, Chen, Q. Wang, J, et al
(2017).  pH-responsive unimolecular —micelle-gold nanoparticles-drug
nanohybrid system for cancer theranostics. Acta Biomater. 58, 455-465.
doi: 10.1016/j.actbio.2017.06.003

Liu, Y., Yao, L., Cao, W., Liu, Y., Zhai, W., Wu, Y., et al. (2019). Dendritic cell
targeting peptide-based nanovaccines for enhanced cancer immunotherapy.
ACS Appl. Bio Mater. 2,1241-1254. doi: 10.1021/acsabm.8b00811

Liu, Z., Jiang, W., Nam, J., Moon, J. J, and Kim, B. Y. S. (2018).
Immunomodulating nanomedicine for cancer therapy. Nano Lett. 18,
6655-6659. doi: 10.1021/acs.nanolett.8b02340

Lizotte, P. H., Wen, A. M., Sheen, M. R,, Fields, J., Rojanasopondist, P.,
Steinmetz, N. F., et al. (2016). In situ vaccination with cowpea mosaic virus
nanoparticles suppresses metastatic cancer. Nat. Nanotechnol. 11, 295-303.
doi: 10.1038/nnano.2015.292

Loftus, C., Saeed, M., Davis, D. M., and Dunlop, I. E. (2018). Activation of human
natural killer cells by graphene oxide-templated antibody nanoclusters. Nano
Lett. 18, 3282-3289. doi: 10.1021/acs.nanolett.8b01089

Lu, Y., Yang, Y., Gu, Z., Zhang, J., Song, H., Xiang, G., et al. (2018). Glutathione-
depletion mesoporous organosilica nanoparticles as a self-adjuvant and co-
delivery platform for enhanced cancer immunotherapy. Biomaterials 175,
82-92. doi: 10.1016/j.biomaterials.2018.05.025

Luo, J., Cheng, Y., He, X.-Y,, Liu, Y., Peng, N., Gong, Z.-W., et al. (2019). Self-
assembled CpG oligodeoxynucleotides conjugated hollow gold nanospheres to
enhance cancer-associated immunostimulation. Colloids Surf. B 175, 248-255.
doi: 10.1016/j.colsurfb.2018.12.001

Luo, L., Igbal, M. Z, Liu, C, Xing, J., Akakuru, O. U, Fang, Q. et al
(2019). Engineered nano-immunopotentiators efficiently promote cancer
immunotherapy for inhibiting and preventing lung metastasis of melanoma.
Biomaterials 223:119464. doi: 10.1016/j.biomaterials.2019.119464

Mahoney, K. M., Rennert, P. D., and Freeman, G. J. (2015). Combination cancer
immunotherapy and new immunomodulatory targets. Nat. Rev. Drug Discov.
14, 561-584. doi: 10.1038/nrd4591

Mahony, D., Cavallaro, A. S., Stahr, F., Mahony, T. J., Qiao, S. Z., and Mitter, N.
(2013). Mesoporous silica nanoparticles act as a self-adjuvant for ovalbumin
model antigen in mice. Small 9, 3138-3146. doi: 10.1002/smll.201300012

Manh, T.-P. V., and Dalod, M. (2016). Characterization of dendritic cell
subsets through gene expression analysis. Methods Mol. Biol. 1423, 211-243.
doi: 10.1007/978-1-4939-3606-9_16

Mehla, K., and Singh, P. K
macrophage polarization in cancer.
doi: 10.1016/j.trecan.2019.10.007

Mejias, R., Pérez-Yagie, S.,
Acedo, P., et al. (2011).
nanoparticles for magnetically guided in vivo delivery of interferon
gamma for cancer immunotherapy. Biomaterials 32, 2938-2952.
doi: 10.1016/j.biomaterials.2011.01.008

Melamed, J. R, Riley, R. S., Valcourt, D. M., and Day, E. S. (2016). Using gold
nanoparticles to disrupt the tumor microenvironment: an emerging therapeutic
strategy. ACS Nano 10, 10631-10635. doi: 10.1021/acsnano.6b07673

Melero, L., Gaudernack, G., Gerritsen, W., Huber, C., Parmiani, G., Scholl, S, et al.
(2014). Therapeutic vaccines for cancer: an overview of clinical trials. Nat. Rev.
Clin. Oncol. 11:509. doi: 10.1038/nrclinonc.2014.111

Meraz, I. M., Majidi, M., Cao, X., Lin, H., Li, L., Wang, J., et al. (2018).
TUSC2 immunogene therapy synergizes with anti-PD-1 through enhanced
proliferation and infiltration of natural killer cells in syngeneic Kras-
mutant mouse lung cancer models. Cancer Immunol. Res. 6, 163-177.
doi: 10.1158/2326-6066.CIR-17-0273

Mi, Y., Smith, C. C, Yang, F., Qi, Y., Roche, K. C, Serody, J. S., et al.
(2018). A dual immunotherapy nanoparticle improves T-cell activation and
cancer immunotherapy. Adv. Mater. 30:1706098. doi: 10.1002/adma.2017
06098

Miura, R., Sawada, S., Mukai, S., Sasaki, Y., and Akiyoshi, K. (2019). Antigen
delivery to antigen-presenting cells for adaptive immune response by self-
assembled anionic polysaccharide nanogel vaccines. Biomacromolecules 21,
621-629. doi: 10.1021/acs.biomac.9b01351

(2019). Metabolic
Trends Cancer

regulation  of
5, 822-834.

Gutiérrez, L., Cabrera, L. I, Spada, R,

Dimercaptosuccinic acid-coated magnetite

Mody, K. T, Popat, A., Mahony, D., Cavallaro, A. S., Yu, C., and Mitter, N. (2013).
Mesoporous silica nanoparticles as antigen carriers and adjuvants for vaccine
delivery. Nanoscale 5, 5167-5179. doi: 10.1039/c¢3nr00357d

Moein Moghimi, S., Hamad, 1., Andresen, T. L., Jorgensen, K., Szebeni, J., Moein
Moghimi, S., et al. (2006). Methylation of the phosphate oxygen moiety of
phospholipid-methoxy (polyethylene glycol) conjugate prevents PEGylated
liposome-mediated complement activation and anaphylatoxin production.
FASEB J. 20, 2591-2593. doi: 10.1096/1j.06-6186fje

Molino, N. M., Anderson, A. K. L., Nelson, E. L., and Wang, S.-W. (2013).
Biomimetic protein nanoparticles facilitate enhanced dendritic cell activation
and cross-presentation. ACS Nano 7, 9743-9752. doi: 10.1021/nn403085w

Molino, N. M., Neek, M., Tucker, J. A., Nelson, E. L., and Wang, S.-W.
(2016). Viral-mimicking protein nanoparticle vaccine for eliciting anti-tumor
responses. Biomaterials 86, 83-91. doi: 10.1016/j.biomaterials.2016.01.056

Motz, G. T., and Coukos, G. (2013). Deciphering and reversing tumor immune
suppression. Immunity 39, 61-73. doi: 10.1016/j.immuni.2013.07.005

Moyano, D. F., Goldsmith, M., Solfiell, D. J., Landesman-Milo, D., Miranda, O. R.,
Peer, D., et al. (2012). Nanoparticle hydrophobicity dictates immune response.
J. Am. Chem. Soc. 134, 3965-3967. doi: 10.1021/ja2108905

Munn, D. H., and Bronte, V. (2016). Immune suppressive mechanisms
in the tumor microenvironment. Curr. Opin. Immunol. 39, 1-6.
doi: 10.1016/j.c0i.2015.10.009

Musetti, S., and Huang, L. (2018). Nanoparticle-mediated remodeling of the tumor
microenvironment to enhance immunotherapy. ACS Nano 12, 11740-11755.
doi: 10.1021/acsnano.8b05893

Nakanishi, T., Kunisawa, J., Hayashi, A., Tsutsumi, Y., Kubo, K., Nakagawa, S., et al.
(1999). Positively charged liposome functions as an efficient immunoadjuvant
in inducing cell-mediated immune response to soluble proteins. J. Control.
Release 61, 233-240. doi: 10.1016/S0168-3659(99)00097-8

Nan, X., Zhang, X,, Liu, Y., Zhou, M., Chen, X., and Zhang, X. (2017). Dual-
targeted multifunctional nanoparticles for magnetic resonance imaging guided
cancer diagnosis and therapy. ACS Appl. Mater. Interfaces 9, 9986-9995.
doi: 10.1021/acsami.6b16486

Neek, M., Tucker, J. A., Kim, T., Il Molino, N. M., Nelson, E. L., and Wang, S.-W.
(2018). Co-delivery of human cancer-testis antigens with adjuvant in protein
nanoparticles induces higher cell-mediated immune responses. Biomaterials
156, 194-203. doi: 10.1016/j.biomaterials.2017.11.022

Niikura, K., Matsunaga, T., Suzuki, T., Kobayashi, S., Yamaguchi, H., Orba, Y., et al.
(2013). Gold nanoparticles as a vaccine platform: influence of size and shape
on immunological responses in vitro and in vivo. ACS Nano 7, 3926-3938.
doi: 10.1021/nn3057005

Nikkhoo, A., Rostami, N., Farhadi, S., Esmaily, M., Ardebili, S. M., Atyabi, F.,
et al. (2020). Codelivery of STAT3 siRNA and BV6 by carboxymethyl dextran
trimethyl chitosan nanoparticles suppresses cancer cell progression. Int. J.
Pharm., 119236. doi: 10.1016/j.ijpharm.2020.119236

Ong, C., Cha, B. G, and Kim, J. (2019). Mesoporous silica nanoparticles
doped with gold nanoparticles for combined cancer immunotherapy
and photothermal therapy. ACS Appl. Bio Mater. 2, 3630-3638.
doi: 10.1021/acsabm.9b00483

Otsuka, R., Wada, H., Tsuji, H., Sasaki, A., Murata, T., Itoh, M., et al.
(2020). Efficient generation of thymic epithelium from induced
pluripotent stem cells that prolongs allograft survival. Sci. Rep. 10, 1-8.
doi: 10.1038/s41598-019-57088-1

Ou, W,, Thapa, R. K,, Jiang, L., Soe, Z. C., Gautam, M., Chang, J.-H., et al. (2018).
Regulatory T cell-targeted hybrid nanoparticles combined with immuno-
checkpoint blockage for cancer immunotherapy. J. Control. Release 281, 84-96.
doi: 10.1016/j.jconrel.2018.05.018

Ow, H., Larson, D. R,, Srivastava, M., Baird, B. A., Webb, W. W., and Wiesner, U.
(2005). Bright and stable core- shell fluorescent silica nanoparticles. Nano Lett.
5,113-117. doi: 10.1021/n10482478

Oyer, J. L., Igarashi, R. Y., Kulikowski, A. R., Colosimo, D. A., Solh, M. M., Zakari,
A, etal. (2015). Generation of highly cytotoxic natural killer cells for treatment
of acute myelogenous leukemia using a feeder-free, particle-based approach.
Biol. Blood Marrow Transplant. 21, 632-639. doi: 10.1016/j.bbmt.2014.12.037

Oyer, J. L., Pandey, V., Igarashi, R. Y., Somanchi, S. S., Zakari, A., Solh, M.,
et al. (2016). Natural killer cells stimulated with PM21 particles expand and
biodistribute in vivo: clinical implications for cancer treatment. Cytotherapy 18,
653-663. doi: 10.1016/j.jcyt.2016.02.006

Frontiers in Chemistry | www.frontiersin.org

21

December 2020 | Volume 8 | Article 597806


https://doi.org/10.1016/j.jconrel.2016.01.044
https://doi.org/10.1016/j.actbio.2017.06.003
https://doi.org/10.1021/acsabm.8b00811
https://doi.org/10.1021/acs.nanolett.8b02340
https://doi.org/10.1038/nnano.2015.292
https://doi.org/10.1021/acs.nanolett.8b01089
https://doi.org/10.1016/j.biomaterials.2018.05.025
https://doi.org/10.1016/j.colsurfb.2018.12.001
https://doi.org/10.1016/j.biomaterials.2019.119464
https://doi.org/10.1038/nrd4591
https://doi.org/10.1002/smll.201300012
https://doi.org/10.1007/978-1-4939-3606-9_16
https://doi.org/10.1016/j.trecan.2019.10.007
https://doi.org/10.1016/j.biomaterials.2011.01.008
https://doi.org/10.1021/acsnano.6b07673
https://doi.org/10.1038/nrclinonc.2014.111
https://doi.org/10.1158/2326-6066.CIR-17-0273
https://doi.org/10.1002/adma.201706098
https://doi.org/10.1021/acs.biomac.9b01351
https://doi.org/10.1039/c3nr00357d
https://doi.org/10.1096/fj.06-6186fje
https://doi.org/10.1021/nn403085w
https://doi.org/10.1016/j.biomaterials.2016.01.056
https://doi.org/10.1016/j.immuni.2013.07.005
https://doi.org/10.1021/ja2108905
https://doi.org/10.1016/j.coi.2015.10.009
https://doi.org/10.1021/acsnano.8b05893
https://doi.org/10.1016/S0168-3659(99)00097-8
https://doi.org/10.1021/acsami.6b16486
https://doi.org/10.1016/j.biomaterials.2017.11.022
https://doi.org/10.1021/nn3057005
https://doi.org/10.1016/j.ijpharm.2020.119236
https://doi.org/10.1021/acsabm.9b00483
https://doi.org/10.1038/s41598-019-57088-1
https://doi.org/10.1016/j.jconrel.2018.05.018
https://doi.org/10.1021/nl0482478
https://doi.org/10.1016/j.bbmt.2014.12.037
https://doi.org/10.1016/j.jcyt.2016.02.006
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Thakur et al.

Nanoparticles as Carriers for Cancer Immunotherapy

Palucka, K., and Banchereau, J. (2013). Dendritic-cell-based therapeutic cancer
vaccines. Immunity 39, 38-48. doi: 10.1016/j.immuni.2013.07.004

Park, J., Wrzesinski, S. H., Stern, E., Look, M., Criscione, J., Ragheb, R., et al. (2012).
Combination delivery of TGF-§ inhibitor and IL-2 by nanoscale liposomal
polymeric gels enhances tumour immunotherapy. Nat. Mater. 11, 895-905.
doi: 10.1038/nmat3355

Park, W., Gordon, A. C., Cho, S., Huang, X., Harris, K. R,, Larson, A. C,, et al.
(2017). Immunomodulatory magnetic microspheres for augmenting tumor-
specific infiltration of natural killer (NK) cells. ACS Appl. Mater. Interfaces 9,
13819-13824. doi: 10.1021/acsami.7b02258

Park, W., Heo, Y.-J., and Han, D. K. (2018). New opportunities for
nanoparticles in cancer immunotherapy. Biomater. Res. 22, 1-10.
doi: 10.1186/540824-018-0133-y

Patil, U. S., Jaydeokar, A. V., and Bandawane, D. D. (2012). Inmunomodulators: a
pharmacological review. Int. J. Pharm. Pharm. Sci. 4, 30-36.

Perche, F., Biswas, S., Wang, T., Zhu, L, and Torchilin, V. P. (2014).
Hypoxia-targeted siRNA  delivery. Angew. Chem. 126, 3430-3434.
doi: 10.1002/ange.201308368

Perica, K., Tu, A., Richter, A., Bieler, J. G., Edidin, M., and Schneck, J. P. (2014).
Magnetic field-induced T cell receptor clustering by nanoparticles enhances
T cell activation and stimulates antitumor activity. ACS Nano 8, 2252-2260.
doi: 10.1021/nn405520d

Phan, G. Q,, Yang, J. C,, Sherry, R. M., Hwu, P., Topalian, S. L., Schwartzentruber,
D. ], et al. (2003). Cancer regression and autoimmunity induced by
cytotoxic T lymphocyte-associated antigen 4 blockade in patients with
metastatic melanoma. Proc. Natl. Acad. Sci. U. S. A. 100, 8372-8377.
doi: 10.1073/pnas.1533209100

Pitchaimani, A., Nguyen, T. D. T., Maurmann, L., Key, J., Bossmann, S. H,,
and Aryal, S. (2017). Gd3+ tethered gold nanorods for combined magnetic
resonance imaging and photo-thermal therapy. J. Biomed. Nanotechnol. 13,
417-426. doi: 10.1166/jbn.2017.2362

Plebanek, M. P., Bhaumik, D., Bryce, P. J., and Thaxton, C. S. (2018).

receptor type Bl and lipoprotein nanoparticle inhibit
myeloid-derived suppressor cells. Mol. Cancer Ther. 17, 686-697.
doi: 10.1158/1535-7163.MCT-17-0981

Quail, D. F., and Joyce, J. A. (2013). Microenvironmental regulation of tumor
progression and metastasis. Nat. Med. 19, 1423-1437. doi: 10.1038/nm.3394

Raghuvanshi, R. S., Katare, Y. K., Lalwani, K., Ali, M. M., Singh, O., and Panda, A.
K. (2002). Improved immune response from biodegradable polymer particles
entrapping tetanus toxoid by use of different immunization protocol and
adjuvants. Int. J. Pharm. 245, 109-121. doi: 10.1016/S0378-5173(02)00342-3

Reddy, S. T., Rehor, A., Schmoekel, H. G., Hubbell, J. A., and Swartz, M. A. (2006).
In vivo targeting of dendritic cells in lymph nodes with poly (propylene sulfide)
nanoparticles. J. Control. Release 112, 26-34. doi: 10.1016/j.jconrel.2006.01.006

Rodell, C. B., Arlauckas, S. P., Cuccarese, M. F., Garris, C. S., Li, R., Ahmed, M.
S., etal. (2018). TLR7/8-agonist-loaded nanoparticles promote the polarization
of tumour-associated macrophages to enhance cancer immunotherapy. Nat.
Biomed. Eng. 2, 578-588. doi: 10.1038/s41551-018-0236-8

Roma-Rodrigues, C., Mendes, R., Baptista, P. V., and Fernandes, A. R. (2019).
Targeting tumor microenvironment for cancer therapy. Int. . Mol. Sci. 20:840.
doi: 10.3390/ijms20040840

Rosalia, R. A, Cruz, L. J., van Duikeren, S., Tromp, A. T., Silva, A. L,
Jiskoot, W., et al. (2015). CD40-targeted dendritic cell delivery of PLGA-
nanoparticle vaccines induce potent anti-tumor responses. Biomaterials 40,
88-97. doi: 10.1016/j.biomaterials.2014.10.053

Roy, K., Kanwar, R. K., and Kanwar, J. R. (2015). LNA aptamer based multi-modal,
Fe304-saturated lactoferrin (Fe304-bLf) nanocarriers for triple positive
(EpCAM, CD133, CD44) colon tumor targeting and NIR, MRI and CT
imaging. Biomaterials 71, 84-99. doi: 10.1016/j.biomaterials.2015.07.055

Sabado, R. L., Balan, S., and Bhardwaj, N. (2017). Dendritic cell-based
immunotherapy. Cell Res. 27, 74-95. doi: 10.1038/cr.2016.157

Saha, S., Xiong, X., Chakraborty, P. K., Shameer, K., Arvizo, R. R., Kudgus,
R. A, et al. (2016). Gold nanoparticle reprograms pancreatic tumor
microenvironment and inhibits tumor growth. ACS Nano 10, 10636-10651.
doi: 10.1021/acsnano.6b02231

Sasso, M. S., Lollo, G., Pitorre, M., Solito, S., Pinton, L., Valpione, S.,
et al. (2016). Low dose gemcitabine-loaded lipid nanocapsules target
monocytic myeloid-derived  suppressor and potentiate

Scavenger

cells cancer

immunotherapy. Biomaterials 96, 47-62. doi: 10.1016/j.biomaterials.2016.
04.010

Sato, K., Sato, N., Xu, B., Nakamura, Y., Nagaya, T., Choyke, P. L., et al.
(2016). Spatially selective depletion of tumor-associated regulatory T cells
with near-infrared photoimmunotherapy. Sci. Transl. Med. 8:352rall0.
doi: 10.1126/scitranslmed.aaf6843

Sau, S., Alsaab, H. O., Bhise, K., Alzhrani, R., Nabil, G., and Iyer, A. K. (2018).
Multifunctional nanoparticles for cancer immunotherapy: a groundbreaking
approach for reprogramming malfunctioned tumor environment. J. Control.
Release 274, 24-34. doi: 10.1016/j.jconrel.2018.01.028

Schmid, D., Park, C. G, Hartl, C. A, Subedi, N., Cartwright, A. N,
Puerto, R. B., et al. (2017). T cell-targeting nanoparticles focus delivery
of immunotherapy to improve antitumor immunity. Nat. Commun. 8:1747.
doi: 10.1038/s41467-017-01830-8

Shanavas, A., Rengan, A. K., Chauhan, D., George, L., Vats, M., Kaur, N.,
et al. (2018). Glycol chitosan assisted in situ reduction of gold on polymeric
template for anti-cancer theranostics. Int. J. Biol. Macromol. 110, 392-398.
doi: 10.1016/j.ijbiomac.2017.11.127

Sharma, A., and Das, J. (2019). Small molecules derived carbon dots: synthesis and
applications in sensing, catalysis, imaging, and biomedicine. J. Nanobiotechnol.
17:92. doi: 10.1186/s12951-019-0525-8

Shi, G.-N., Zhang, C.-N,, Xu, R,, Niu, J.-F,, Song, H.-J., Zhang, X.-Y., et al.
(2017). Enhanced antitumor immunity by targeting dendritic cells with tumor
cell lysate-loaded chitosan nanoparticles vaccine. Biomaterials 113, 191-202.
doi: 10.1016/j.biomaterials.2016.10.047

Shima, F., Akagi, T., and Akashi, M. (2015). Effect of hydrophobic side chains
in the induction of immune responses by nanoparticle adjuvants consisting
of amphiphilic poly (y-glutamic acid). Bioconjug. Chem. 26, 890-898.
doi: 10.1021/acs.bioconjchem.5b00106

Shima, F., Akagi, T., Uto, T., and Akashi, M. (2013). Manipulating the
antigen-specific immune response by the hydrophobicity of amphiphilic
poly (y-glutamic acid) nanoparticles. 34, 9709-9716.
doi: 10.1016/j.biomaterials.2013.08.064

Shimizu, T., Kishida, T., Hasegawa, U., Ueda, Y., Imanishi, J., Yamagishi,
H., et al. (2008). Nanogel DDS enables sustained release of IL-12 for
tumor immunotherapy. Biochem. Biophys. Res. Commun. 367, 330-335.
doi: 10.1016/j.bbrc.2007.12.112

Shukla, S., Jandzinski, M., Wang, C., Gong, X., Bonk, K. W, Keri, R. A,, et al.
(2019). A viral nanoparticle cancer vaccine delays tumor progression and
prolongs survival in a HER2+ tumor mouse model. Adv. Ther. 2:1800139.
doi: 10.1002/adtp.201800139

Singh, M. S., and Bhaskar, S. (2014). Nanocarrier-based immunotherapy
in cancer management and ImmunoTargets Ther. 3:121.
doi: 10.2147/ITT.S62471

Sliitter, B., Soema, P. C., Ding, Z., Verheul, R., Hennink, W., and Jiskoot, W. (2010).
Conjugation of ovalbumin to trimethyl chitosan improves immunogenicity of
the antigen. J. Control. Release 143, 207-214. doi: 10.1016/j.jconrel.2010.01.007

Smith Korsholm, K., Agger, E. M. Foged, C., Christensen, D., Dietrich,
J» Andersen, C. S., et al. (2007). The adjuvant mechanism of cationic
dimethyldioctadecylammonium liposomes. Immunology 121, 216-226.
doi: 10.1111/j.1365-2567.2007.02560.x

Smith, S. G., prasanth Koppolu, B., Ravindranathan, S., Kurtz, S. L., Yang, L.,
Katz, M. D, et al. (2015). Intravesical chitosan/interleukin-12 immunotherapy
induces tumor-specific systemic immunity against murine bladder cancer.
Cancer Immunol. Immunother. 64, 689-696. doi: 10.1007/s00262-015-1672-x

Srijampa, S., Buddhisa, S., Ngernpimai, S., Leelayuwat, C., Proungvitaya, S.,
Chompoosor, A., et al. (2020). Influence of gold nanoparticles with different
surface charges on localization and monocyte behavior. Bioconjug. Chem. 31,
1133-1143. doi: 10.1021/acs.bioconjchem.9b00847

Szebeni, J., Baranyi, L., Savay, S., Milosevits, J., Bunger, R., Laverman, P., et al.
(2002). Role of complement activation in hypersensitivity reactions to doxil
and hynic PEG liposomes: experimental and clinical studies. J. Liposome Res.
12, 165-172. doi: 10.1081/LPR-120004790

Tan, L., Han, S, Ding, S., Xiao, W., Ding, Y., Qian, L., et al. (2017). Chitosan
nanoparticle-based delivery of fused NKG2D-IL-21 gene suppresses colon
cancer growth in mice. Int. J. Nanomedicine 12:3095. doi: 10.2147/IJN.S128032

Tejwan, N., Saha, S. K, and Das, J. (2020). Multifaceted applications
of green carbon dots synthesized

Biomaterials

research.

from  renewable  sources.

Frontiers in Chemistry | www.frontiersin.org

22

December 2020 | Volume 8 | Article 597806


https://doi.org/10.1016/j.immuni.2013.07.004
https://doi.org/10.1038/nmat3355
https://doi.org/10.1021/acsami.7b02258
https://doi.org/10.1186/s40824-018-0133-y
https://doi.org/10.1002/ange.201308368
https://doi.org/10.1021/nn405520d
https://doi.org/10.1073/pnas.1533209100
https://doi.org/10.1166/jbn.2017.2362
https://doi.org/10.1158/1535-7163.MCT-17-0981
https://doi.org/10.1038/nm.3394
https://doi.org/10.1016/S0378-5173(02)00342-3
https://doi.org/10.1016/j.jconrel.2006.01.006
https://doi.org/10.1038/s41551-018-0236-8
https://doi.org/10.3390/ijms20040840
https://doi.org/10.1016/j.biomaterials.2014.10.053
https://doi.org/10.1016/j.biomaterials.2015.07.055
https://doi.org/10.1038/cr.2016.157
https://doi.org/10.1021/acsnano.6b02231
https://doi.org/10.1016/j.biomaterials.2016.04.010
https://doi.org/10.1126/scitranslmed.aaf6843
https://doi.org/10.1016/j.jconrel.2018.01.028
https://doi.org/10.1038/s41467-017-01830-8
https://doi.org/10.1016/j.ijbiomac.2017.11.127
https://doi.org/10.1186/s12951-019-0525-8
https://doi.org/10.1016/j.biomaterials.2016.10.047
https://doi.org/10.1021/acs.bioconjchem.5b00106
https://doi.org/10.1016/j.biomaterials.2013.08.064
https://doi.org/10.1016/j.bbrc.2007.12.112
https://doi.org/10.1002/adtp.201800139
https://doi.org/10.2147/ITT.S62471
https://doi.org/10.1016/j.jconrel.2010.01.007
https://doi.org/10.1111/j.1365-2567.2007.02560.x
https://doi.org/10.1007/s00262-015-1672-x
https://doi.org/10.1021/acs.bioconjchem.9b00847
https://doi.org/10.1081/LPR-120004790
https://doi.org/10.2147/IJN.S128032
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Thakur et al. Nanoparticles as Carriers for Cancer Immunotherapy
Adv.  Colloid  Interface  Sci.  275:102046.  doi:  10.1016/j.cis.2019. Xu, P, and Liang, F.  (2020). Nanomaterial-based  tumor
102046 photothermal immunotherapy. Int. J. Nanomedicine. 15, 9159-9180.

Thakur, N., Manna, P, and Das, J. (2019). Synthesis and biomedical doi: 10.2147/1JN.S249252

applications of nanoceria, a redox active nanoparticle. J. Nanobiotechnol. 17:84.
doi: 10.1186/s12951-019-0516-9

Thambi, T., Deepagan, V. G., Yoon, H. Y., Han, H. S., Kim, S.-H., Son, S,,
et al. (2014). Hypoxia-responsive polymeric nanoparticles for tumor-targeted
drug delivery. Biomaterials 35, 1735-1743. doi: 10.1016/j.biomaterials.2013.
11.022

Toy, R., Peiris, P. M., Ghaghada, K. B, and Karathanasis, E. (2014).
Shaping cancer nanomedicine: the effect of particle shape on the in vivo
journey of nanoparticles. Nanomedicine 9, 121-134. doi: 10.2217/nnm.
13.191

Tran, T. H, Tran, T. T. P., Nguyen, H. T., Dai Phung, C., Jeong, J.-H., Stenzel, M.
H., et al. (2018). Nanoparticles for dendritic cell-based immunotherapy. Int. J.
Pharm. 542, 253-265. doi: 10.1016/j.ijpharm.2018.03.029

Usman, M. S., Hussein, M. Z., Fakurazi, S., Masarudin, M. J., and Ahmad
Saad, F. F. (2018a). A bimodal theranostic nanodelivery system based on
[graphene oxide-chlorogenic acid-gadolinium/gold] nanoparticles. PLoS ONE
13:€0200760. doi: 10.1371/journal.pone.0200760

Usman, M. S., Hussein, M. Z., Kura, A. U., Fakurazi, S., Masarudin, M. J., and
Ahmad Saad, F. F. (2018b). Graphene oxide as a nanocarrier for a theranostics
delivery system of protocatechuic acid and gadolinium/gold nanoparticles.
Molecules 23:500. doi: 10.3390/molecules23020500

Uthaman, S., Huh, K. M., and Park, I.-K. (2018). Tumor microenvironment-
responsive nanoparticles for cancer theragnostic applications. Biomater. Res.
22:22. doi: 10.1186/s40824-018-0132-z

Ventola, C. L. (2017). Cancer immunotherapy, part 1: current strategies and agents.
Pharm. Ther. 42, 375-383.

Wang, C., Li, P, Liu, L, Pan, H, Li, H, Cai, L, et al. (2016). Self-
adjuvanted nanovaccine for cancer immunotherapy: role of lysosomal rupture-
induced ROS in MHC class I antigen presentation. Biomaterials 79, 88-100.
doi: 10.1016/j.biomaterials.2015.11.040

Wang, H., and Mooney, D. J. (2018). Biomaterial-assisted targeted
modulation of immune cells in cancer treatment. Nat. Mater. 17, 761-772.
doi: 10.1038/s41563-018-0147-9

Wang, Y., Lin, Y.-X,, Qiao, S.-L., An, H.-W.,, Ma, Y., Qiao, Z.-Y.,, et al
(2017). Polymeric nanoparticles promote macrophage reversal from M2 to
M1 phenotypes in the tumor microenvironment. Biomaterials 112, 153-163.
doi: 10.1016/j.biomaterials.2016.09.034

Wang, Y., Song, W., Hu, M. An, S, Xu, L, Li, J, et al. (2018).
Nanoparticle-mediated HMGAL silencing promotes lymphocyte infiltration
and boosts checkpoint blockade immunotherapy for cancer. Adv. Funct. Mater.
28:1802847. doi: 10.1002/adfm.201802847

Wendorf, J., Singh, M., Chesko, J., Kazzaz, J., Soewanan, E., Ugozzoli, M., et al.
(2006). A practical approach to the use of nanoparticles for vaccine delivery. J.
Pharm. Sci. 95, 2738-2750. doi: 10.1002/jps.20728

Wong, C., Stylianopoulos, T., Cui, J., Martin, J., Chauhan, V. P, Jiang, W.,
et al. (2011). Multistage nanoparticle delivery system for deep penetration
into tumor tissue. Proc. Natl. Acad. Sci. U. S. A. 108, 2426-2431.
doi: 10.1073/pnas.1018382108

Wu, L., Zhang, F., Wei, Z., Li, X., Zhao, H., Lv, H,, et al. (2018). Magnetic
delivery of Fe 3 O 4@ polydopamine nanoparticle-loaded natural killer
cells suggest a promising anticancer treatment. Biomater. Sci. 6, 2714-2725.
doi: 10.1039/C8BMO00588E

Xia, Q., Gong, C., Gu, F., Wang, Z., Hu, C., Zhang, L., et al. (2018). Functionalized
multi-walled carbon nanotubes for targeting delivery of immunostimulatory
CpG oligonucleotides against prostate cancer. J. Biomed. Nanotechnol. 14,
1613-1626. doi: 10.1166/jbn.2018.2605

Xian, L., Georgess, D., Huso, T., Cope, L., Belton, A., Chang, Y.-T., et al
(2017). HMGA1 amplifies Wnt signalling and expands the intestinal
stem cell compartment and Paneth cell niche. Nat. Commun. 8:15008.
doi: 10.1038/ncomms15008

Xu, J, Wang, H.,, Xu, L, Chao, Y., Wang, C., Han, X, et al. (2019).
Nanovaccine based on a protein-delivering dendrimer for effective antigen
cross-presentation and cancer immunotherapy. Biomaterials 207, 1-9.
doi: 10.1016/j.biomaterials.2019.03.037

Xu, Z., Wang, Y., Zhang, L., and Huang, L. (2014). Nanoparticle-delivered
transforming growth factor-B siRNA enhances vaccination against advanced
melanoma by modifying tumor microenvironment. ACS Nano 8, 3636-3645.
doi: 10.1021/nn500216y

Yan, W., Chen, W., and Huang, L. (2008). Reactive oxygen species play a central
role in the activity of cationic liposome based cancer vaccine. J. Control. Release
130, 22-28. doi: 10.1016/j.jconrel.2008.05.005

Yang, R, Xu, J, Xu, L, Sun, X, Chen, Q. Zhao, Y. et al. (2018).
Cancer cell membrane-coated adjuvant nanoparticles with mannose
modification for effective anticancer vaccination. ACS Nano 12, 5121-5129.
doi: 10.1021/acsnano.7b09041

Yang, Z., Ma, Y., Zhao, H., Yuan, Y., and Kim, B. Y. S. (2020). Nanotechnology
platforms for cancer immunotherapy. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 12:¢1590. doi: 10.1002/wnan.1590

Yang, Z., Sun, Z., Ren, Y., Chen, X, Zhang, W., Zhu, X,, et al. (2019). Advances in
nanomaterials for use in photothermal and photodynamic therapeutics. Mol.
Med. Rep. 20, 5-15. doi: 10.3892/mmr.2019.10218

Ye, Y., Wang, J., Hu, Q., Hochu, G. M., Xin, H.,, Wang, C., et al. (2016).
Synergistic transcutaneous immunotherapy enhances antitumor immune
responses through delivery of checkpoint inhibitors. ACS Nano 10, 8956-8963.
doi: 10.1021/acsnano.6b04989

Yoshizaki, Y., Yuba, E., Sakaguchi, N., Koiwai, K., Harada, A., and Kono, K. (2017).
pH-sensitive polymer-modified liposome-based immunity-inducing system:
effects of inclusion of cationic lipid and CpG-DNA. Biomaterials 141, 272-283.
doi: 10.1016/j.biomaterials.2017.07.001

Yuba, E., Tajima, N., Yoshizaki, Y., Harada, A., Hayashi, H., and Kono, K. (2014).
Dextran derivative-based pH-sensitive liposomes for cancer immunotherapy.
Biomaterials 35, 3091-3101. doi: 10.1016/j.biomaterials.2013.12.024

Zaharoff, D. A., Hance, K. W., Rogers, C. J., Schlom, J., and Greiner, J. (2010).
Intratumoral immunotherapy of established solid tumors with chitosan/IL-12.
J. Immunother. 33:697. doi: 10.1097/CJ1.0b013e3181eb826d

Zamani, P., Momtazi-Borojeni, A. A, Nik, M. E., Oskuee, R. K, and
Sahebkar, A. (2018). Nanoliposomes as the adjuvant delivery systems in
cancer immunotherapy. J. Cell. Physiol. 233, 5189-5199. doi: 10.1002/jcp.
26361

Zang, X., Zhao, X, Hu, H., Qiao, M., Deng, Y., and Chen, D. (2017).
Nanoparticles for tumor immunotherapy. Eur. J. Pharm. Biopharm. 115,
243-256. doi: 10.1016/j.¢jpb.2017.03.013

Zanganeh, S., Hutter, G., Spitler, R., Lenkov, O., Mahmoudi, M., Shaw, A,, et al.
(2016). Iron oxide nanoparticles inhibit tumour growth by inducing pro-
inflammatory macrophage polarization in tumour tissues. Nat. Nanotechnol.
11, 986-994. doi: 10.1038/nnano.2016.168

Zeng, B., Middelberg, A. P. J., Gemiarto, A., MacDonald, K., Baxter, A. G,
Talekar, M., et al. (2018). Self-adjuvanting nanoemulsion targeting dendritic
cell receptor Clec9A enables antigen-specific immunotherapy. J. Clin. Invest.
128, 1971-1984. doi: 10.1172/JCI196791

Zeng, Q. Li, H., Jiang, H., Yu, J, Wang, Y., Ke, H., et al. (2017).
Tailoring polymeric hybrid micelles with lymph node targeting ability
to improve the potency of cancer vaccines. Biomaterials 122, 105-113.
doi: 10.1016/j.biomaterials.2017.01.010

Zhang, D.K. Y., Cheung, A. S., and Mooney, D. J. (2020). Activation and expansion
of human T cells using artificial antigen-presenting cell scaffolds. Nat. Protoc.
15, 773-798. doi: 10.1038/541596-019-0249-0

Zhang, L., Xie, X., Liu, D., Xu, Z. P, and Liu, R. (2018). Efficient co-
delivery of neo-epitopes using dispersion-stable layered double hydroxide
nanoparticles for enhanced melanoma immunotherapy. Biomaterials 174,
54-66. doi: 10.1016/j.biomaterials.2018.05.015

Zhang, Q., Wei, W., Wang, P, Zuo, L, Li, F, Xu, J, et al. (2017).
Biomimetic magnetosomes as versatile artificial antigen-presenting cells to
potentiate T-cell-based anticancer therapy. ACS Nano 11, 10724-10732.
doi: 10.1021/acsnano.7b04955

Zhao, L., Seth, A., Wibowo, N., Zhao, C.-X., Mitter, N,, Yu, C,, et al. (2014).
Nanoparticle vaccines. Vaccine 32, 327-337. doi: 10.1016/j.vaccine.2013.
11.069

Frontiers in Chemistry | www.frontiersin.org

23

December 2020 | Volume 8 | Article 597806


https://doi.org/10.1016/j.cis.2019.102046
https://doi.org/10.1186/s12951-019-0516-9
https://doi.org/10.1016/j.biomaterials.2013.11.022
https://doi.org/10.2217/nnm.13.191
https://doi.org/10.1016/j.ijpharm.2018.03.029
https://doi.org/10.1371/journal.pone.0200760
https://doi.org/10.3390/molecules23020500
https://doi.org/10.1186/s40824-018-0132-z
https://doi.org/10.1016/j.biomaterials.2015.11.040
https://doi.org/10.1038/s41563-018-0147-9
https://doi.org/10.1016/j.biomaterials.2016.09.034
https://doi.org/10.1002/adfm.201802847
https://doi.org/10.1002/jps.20728
https://doi.org/10.1073/pnas.1018382108
https://doi.org/10.1039/C8BM00588E
https://doi.org/10.1166/jbn.2018.2605
https://doi.org/10.1038/ncomms15008
https://doi.org/10.1016/j.biomaterials.2019.03.037
https://doi.org/10.2147/IJN.S249252
https://doi.org/10.1021/nn500216y
https://doi.org/10.1016/j.jconrel.2008.05.005
https://doi.org/10.1021/acsnano.7b09041
https://doi.org/10.1002/wnan.1590
https://doi.org/10.3892/mmr.2019.10218
https://doi.org/10.1021/acsnano.6b04989
https://doi.org/10.1016/j.biomaterials.2017.07.001
https://doi.org/10.1016/j.biomaterials.2013.12.024
https://doi.org/10.1097/CJI.0b013e3181eb826d
https://doi.org/10.1002/jcp.26361
https://doi.org/10.1016/j.ejpb.2017.03.013
https://doi.org/10.1038/nnano.2016.168
https://doi.org/10.1172/JCI96791
https://doi.org/10.1016/j.biomaterials.2017.01.010
https://doi.org/10.1038/s41596-019-0249-0
https://doi.org/10.1016/j.biomaterials.2018.05.015
https://doi.org/10.1021/acsnano.7b04955
https://doi.org/10.1016/j.vaccine.2013.\penalty -\@M {}
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Thakur et al.

Nanoparticles as Carriers for Cancer Immunotherapy

Zhong, D., Zhao, J., Li, Y., Qiao, Y., Wei, Q.,, He, J.,, et al. (2019). Laser-
triggered aggregated cubic a-Fe203@ Au nanocomposites for magnetic

resonance imaging and photothermal/enhanced radiation synergistic
therapy.  Biomaterials  219:119369. doi:  10.1016/j.biomaterials.2019.1
19369

Zhou, Q., Zhang, Y., Du, J, Li, Y, Zhou, Y, Fu, Q. et al. (2016).
Different-sized gold nanoparticle activator/antigen increases dendritic

cells accumulation in liver-draining lymph nodes and CD8+ T
cell responses. ACS Nano 10, 2678-2692. doi: 10.1021/acsnano.5b
07716

Zhuang, Y., Ma, Y., Wang, C,, Hai, L., Yan, C., Zhang, Y., et al. (2012). PEGylated
cationic liposomes robustly augment vaccine-induced immune responses: role
of lymphatic trafficking and biodistribution. J. Control. Release 159, 135-142.
doi: 10.1016/j.jconrel.2011.12.017

Zou, W. (2005). Immunosuppressive networks in the tumour environment and
their therapeutic relevance. Nat. Rev. cancer 5, 263-274. doi: 10.1038/nrc1586

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Thakur, Thakur, Chatterjee, Das and Sil. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

24

December 2020 | Volume 8 | Article 597806


https://doi.org/10.1016/j.biomaterials.2019.119369
https://doi.org/10.1021/acsnano.5b07716
https://doi.org/10.1016/j.jconrel.2011.12.017
https://doi.org/10.1038/nrc1586
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Thakur et al.

Nanoparticles as Carriers for Cancer Immunotherapy

GLOSSARY

APCs, antigen presenting cells; aAPCs, artificial antigen
presenting  cells; ADCC, antibody-dependent  cellular
cytotoxicity; BMDCs, bone marrow-derived dendritic cells;
BSA, bovine serum albumin; CCMYV, cowpea chlorotic
mottle virus; CDNPs, cyclodextrin nanoparticles; CHP,
cholesterol-bearing pullulan; Clec9A, C type lectin receptors;
CNTs, carbon nanotubes; CpG-ODNSs, cytosine-phosphate-
guanine oligodeoxynucleotides; CPMV, cowpea mosaic virus;
DCs, dendritic cells; DC-Chol, 3p- (N- [NN’-dimethyl
aminoethane]-carbamoyl) cholesterol; DDA, dimethyl diocta
decylammonium; DINP, dual immunotherapy nanoparticle;
DMSA, dimercaptosuccinic acid; DOTAP, 1,2-dioleoyl-3-
trimethylammonium-propane; PPPA-1, short D-peptide
antagonist of programmed cell death-ligand 1; ECM,
extracellular matrix; EPR, enhanced permeability and retention;
GDMON, glutathione depletion dendritic mesoporous
organosilica nanoparticles; GDR, galactosyl dextran-retinal;
GNPs, gold nanoparticles; GSH, glutathione; HDL, high density
lipoprotein; HMGA1, high-mobility group protein Al; HPV 16,
human papillomavirus 16; ICBT, immune checkpoint blockade
therapy; IDO, indoleamine 2,3- dioxygenase; Kyn, kynurenine;
LNG, lipid nanocapsules; LPH, liposome-protamine-hyaluronic
acid; MAGE-A3, melanoma antigen gene family-A3; mDCs,
myeloid dendritic cells; MDSCs, myeloid-derived suppressor
cells; MHC, major histocompatibility complex; MIP 3a,
macrophage inflammatory protein-3 alpha; MMP, matrix
metalloproteinases; MRI, magnetic resonance imaging;
MSN, mesoporous silica nanoparticle; 1MT, 1-methyl-DL-
tryptophan; MWCNT, multiwalled carbon nanotube; NEs,
nanoemulsions; NK cells, natural killer cells; NPs, nanoparticles;
NY-ESO-1, new york esophageal squamous cell carcinoma-1;
OVA, ovalbumin; PCL-PEG, polycaprolactone-polyethylene
glycol; PCL-PEIL, polycaprolactone-polyethylenimine; PD-1,
programmed death-1; pDCs, plasmacytoid dendritic cells;
PD-L1, programmed death ligand-1; PDT, Photodynamic
therapy; PTT, Photothermal therapy; PEG, poly (ethylene
glycol); PEG-PLA, poly(ethylene glycol)-block-poly(D,L-
lactide); PEI, poly ethylenimine; PGA, poly (g-glutamic
acid); PHMs, polymeric hybrid micelles; PLG, poly (D,L-
lactide-co-glycolide); PLGA, poly (D, L-lactic-coglycolic acid);
PLHMGA, poly (lactic-co-hydroxymethyl-glycolic acid); Poly
(I:C), polyinosinic:polycytidylic acid; ROS, reactive oxygen
species; siRNA, small interfering RNA; SLPs, synthetic long
peptides; SPIONSs, superparamagnetic iron oxide nanoparticles;
TAAs, tumor-associated antigens; TAMs, tumor associated
macrophages; TDLN, tumor draining lymph nodes; Thl cells,
T helper type 1 cells; TILs, tumor infiltrating lymphocytes;
TLR, toll-like receptor; TMC, trimethyl chitosan; TME, tumor
microenvironment; Tregs, regulatory T cells; Trp, tryptophan;
TSAs, tumor specific antigens; TUSC 2, tumor suppressor
candidate 2; VLPs, virus like particles; WNV, west Nile virus.
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