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REVIEW ARTICLE

How Are Natural-Based Polymers Shaping the Future
of Cancer Immunotherapy—A Review

Daniel B. Rodriguesa,b, Rui L. Reisa,b, and Rog�erio P. Pirracoa,b

a3B’s Research Group, I3Bs–Research Institute on Biomaterials, Biodegradables and Biomimetics,
University of Minho, Headquarters of the European Institute of Excellence on Tissue Engineering and
Regenerative Medicine, AvePark, Parque de Ciência e Tecnologia, Zona Industrial da Gandra,
Guimar~aes, Portugal; bICVS/3B’s–PT Government Associate Laboratory, Guimar~aes, Portugal

ABSTRACT
With the increasing knowledge of cancer pathophysiology, new ther-
apeutics based on the modulation of the immune system have been
developed, overcoming many of the disadvantages of traditional
pharmaceuticals. Several immunotherapy systems have in fact
become the preferred treatments to tackle particular types of cancer.
Despite these impressive clinical results, issues, such as biomolecule
susceptibility to proteolytic degradation and tumor microenviron-
ment immunosuppression need to be overcome to further increase
efficacy and safety upon use in patients. Natural-based polymers
have shown the potential to address some of these limitations.
Widely used in the field of tissue engineering and regenerative
medicine, these polymers have been increasingly incorporated in the
development of improved immunotherapeutics due to intrinsic prop-
erties, such as biocompatibility and bio-similarity. In this review, the
novelties these polymers have brought to immunotherapy and their
implementation to create new and more complex therapeutics are
outlined, and emerging trends are identified. We argue that to fully
exploit the potential of natural-based polymers, improved interaction
between clinicians and material scientists must come to the fore.
Concurrently, material scientists must intensify efforts to overcome
the problem of batch-to-batch variability in natural-based polymers
to streamline clinical application. All-in-all, we envision a bright
future for natural-based polymers in immunotherapy.

ARTICLE HISTORY
Received 9 February 2023
Accepted 3 July 2023

KEYWORDS
Immunotherapy; natural-
based polymers; cancer;
immunomodulation; antigen
presentation

1. Introduction

The impact of the tumor’s microenvironment on the efficacy of current cancer thera-
peutics has become the object of increased study.1–3 It has been established that tumor
extracellular matrix, intratumoral hypoxia, tumor resident cells, and the immunosup-
pressive capacity of cancer cells may hamper currently applied treatments. Dendritic as
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well as T-cells, responsible for conducting anti-tumoral responses, are some of the most
affected cell types4,5 and this immunosuppression leads to tumor cell expansion and
migration. This immunosuppressive capacity has led to the development of the concept
of “Immunotherapy” which was initially introduced as a form of biological therapy to
boost the natural immune response and to aid the host in responding against a certain
pathology. This was demonstrated early on by blocking the immunosuppressive effects
of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) with antibodies which in turn
resulted in the rejection of tumors in immunocompetent mice models.6 Since then, it
has been widely adopted in many forms to stop or slow tumor growth and avoid tumor
metastasis. Several different methods of immunotherapy have been developed namely
immune checkpoint inhibitors, adoptive T-cell therapy (ACT), monoclonal antibodies,
artificial antigen presenting systems, and immunological adjuvants.
While these systems have made a name for themselves, the introduction of biomateri-

als in this field has allowed the development of novel systems comprehending greater
biological similarity toward native molecules. This plays greatly in favor of increasing
the biocompatibility of these systems while additionally bringing new properties to the
table. Natural polymers are among the most promising biomaterials. They are naturally
occurring polymers readily available in nature or extracted from plants or animals.
Some examples of these natural occurring polymers are proteins, carbohydrates, or even
nucleic acids. Many of these natural materials are known for their outstanding bio-
logical performance, such as tensile strength, adhesive properties, superhydrophobicity,
toughness, self-healing, and self-assembly.7–10 The application of biomaterials in the
field of cancer immunotherapy has to some extent overlapped requirements with the
field of tissue engineering and regenerative medicine. This has helped fuel the develop-
ment of novel immunotherapeutics based on natural materials. Examples of these are
spherical micro or nanoparticles, nano, and microcapsules, micelles, artificial antigen
presenting systems, hydrogels, microneedles, scaffolds, and natural based immunoadju-
vants. These systems have been applied in a standalone manner or in combination with
more conventional therapies, such as chemo- and radiotherapy.
Throughout this review, we will address the main advantages of using natural based

systems when compared to more conventional synthetic polymers, how these systems
may play an important role in overcoming certain key issues in immunotherapy, and
how they may aid in shaping the future of immunotherapy.

2. Evolution of therapeutics in cancer immunotherapy

Immunotherapy may be defined as a form of treatment that utilizes the immune system,
either by activation or suppression, to overcome an illness. This may encompass auto-
immune diseases, hypersensitivities, and different forms of cancer. Immunotherapeutics
are considered a form of biological therapy, applied to direct immune responses. Some
of the tools used to achieve this goal include the administration of immunomodulating
agents, such as interferons, interleukins, colony-stimulating factors, monoclonal antibod-
ies, and different forms of vaccines.11–13 With the field focused on creating new more
precise and effective systems, several developments have been made over the past years
which can be grouped into two main categories: artificial antigen-presenting systems
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and immunomodulators (Fig. 1). While the first can lead to specific immune responses
toward a desired epitope or tumor associated antigen (TAA), the later focuses on mole-
cules capable of regulating immune responses in either an immunostimulatory or
immunosuppressive manner. Some commonly known types of immunomodulators are
checkpoint inhibitors, cytokines, agonists, and adjuvants. These two build on each other
as they may be used in a combined form to potentiate a desired response or pathway.

2.1. Artificial antigen presentation

Antigen presentation is the key mechanism of action by which the immune system
develops antigen-specific responses. This mechanism of action is dependent on the pres-
entation of proteins to lymphocytes in the form of short peptide fragments or antigens
by means of professional antigen-presenting cells (APCs).14 Protein antigens are broken
down into peptides and presented in conjunction with either class I or class II major
histocompatibility complex (MHC) molecules on the cell surface which will then inter-
act with the appropriate T-cell receptor to generate an effective immune response.
Additionally, complementary signaling is required, such as the cluster of differentiation
(CD)28-CD80/86 interaction, followed by cytokine production.
The understanding of how antigens are presented to immune cells and the ability of

the tumor microenvironment to suppress anti-tumor responses has led to the conceptu-
alization of artificial antigen presentation. This may be performed by one of two main
strategies (i) an indirect approach which consists in delivering a specific antigen to
circulating antigen-presenting cells, for it to be presented on their surface by MHC

Figure 1. Immunotherapy strategies for the treatment of cancer. There are 2 main approaches used
for cancer immunotherapy: (1) artificial antigen presentation (blue); (2) immunomodulators primarily
consisting of adjuvants (red—left), checkpoint inhibitors (red—center), and antagonists (red—right).
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molecules, and (ii) a direct method in which a delivery system is functionalized with
co-stimulatory molecules, such as antigen-loaded MHCI or MHCII molecules and
anti-CD28 antibodies for a direct interaction with host T-cells. It was based on the latter
that the concept of “artificial antigen-presenting cells (aAPCs)” was created. The strat-
egies used to develop these artificial antigen-presenting systems can be of cellular or
acellular nature.
Cell-based strategies may be based on various cell sources from autologous to xeno-

genic and even exosomal strategies. ACT is one of the most common immunotherapy
strategies and consists of the in vitro expansion of tumor antigen-specific T-cells which
are then infused back into their patients.15,16 One of the greatest handicaps of this sys-
tem is the lack of efficiency in terms of generating a great number of antitumor T-cells
in a short period of time.17,18 This not only renders the technique costly but also
requires an exhaustive process before clinical application. The fate of ACT in terms of
clinical efficacy is largely dependent on how the antigen-specific T-cells are stimulated
during the priming phase19–21 and dependent on downstream stimulation with c chain
receptor cytokines, such as interleukin (IL)-2, IL-7, IL-15, and IL-21.22–24 An inefficient
priming may result in hyporesponsive or anergic T-cells25 resulting in a lack of prolifer-
ation and/or loss of effector function when in contact with the respective antigen, ren-
dering the treatment ineffective. However, on the contrary, excessive stimulation of the
cells in vitro may also compromise treatment efficiency due to T-cell induced cell death
(AICD).26,27 Therefore, a fine balance is required to obtain a high number of effector
T-cells and this is where particle-based methods gain a clear advantage as these are
highly tunable systems with controllable properties. Alternative cell-based methods,
such as gene-engineered K562 cells,28 have been developed to overcome some of these
issues, as they lack the expression of endogenous human leukocyte antigens (HLA) class
I, II or CD1d, as well as of co-stimulatory molecules, such as CD86, CD83, TNF super-
family member 4 (TNFSF4), inducible T cell costimulator ligand (ICOSL) or CD40L.29

Additionally, their lack of expression of inhibitory molecules like programmed death-
ligand 1 (PD-L1), PD-L2, B7 homolog 3 protein (B7H3), and B7H4,29 contributes to a
continued effector function even in an immune suppressive microenvironment. Tumor-
specific T-cell expansion, through the use of autologous dendritic cells derived from a
patient’s peripheral blood mononuclear cells (PBMCs), is another popular method to
induce tumor-specific responses. Herein, immature dendritic cells (DCs) are activated
and matured by stimulation with specific factors, such as polarizing cytokines granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) and IL-4,30 while additional
downstream re-stimulations are required to generate enough tumor-infiltrating lympho-
cytes (TIL). However, inconsistent generation of effector memory T-cells (TEM) regard-
ing function or persistence31 has been a limiting factor. Another alternative strategy has
been the creation of chimeric antigen receptor (CAR) T-cells, defined as genetically
modified T-cells that encode for transmembrane chimeric molecules with dual func-
tions: (a) immune recognition of tumor antigens expressed on the surface of tumor cells
(b) active promotion and propagation of signaling events controlling the activation of
the lytic machinery.32 Treatment efficacy is highly dependent on the: (i) choice of the
target epitope; (ii) architecture of the produced CAR; (iii) method of administration
ranging from doses to frequency; (iv) efficient tumor homing and survival in the tumor
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microenvironment; (v) patient lymphocyte depletion before administration of CAR-T-
cells.33 Yet, while promising, this system is not without its limitations namely, the lack
of specific targetable antigens and inefficient trafficking toward the tumor foci due to
the unbalanced secretion of cytokines from tumor cells, such as chemokine (C-X-C
motif) ligand 9 (CXCL9) and CXCL10.33 Additionally, the tumor microenvironment
also presents a series of obstacles related to inhospitability and inaccessibility to immune
cells due to hypoxia, low nutrients and ultimately the high concentration of acidic
metabolites that hamper T-cell proliferation and cytokine production.33

On the other side of the spectrum lie particle-based aAPCS which have fueled the
debate of whether size matters for antigen delivery.34–37 While highly dependent on the
final application of the system, studies have reported that macroparticles mimicking
APC size tend to produce better results in terms of achieving stable, tight synapse-like
contacts with the ligand-displaying microparticles. Conversely, nanoparticles offer other
advantages, such as surface area to volume ratio, the capacity to deliver therapeutic
cargo, and the ease in crossing various anatomical niches, while having been reported
to induce antigen-specific T-cell proliferation in vitro and lead to effective T-cell stimu-
lation and inhibition of tumor growth in vivo.38 Together with size, particle shape vari-
ance has also been a characteristic known to promote aAPCs/T-cell interactions.39–41

However, despite size, shape, and core material differences, all of them share common
properties, such as high tunability and reproducibility in stimulating T-cells across
batches, which makes them ideal candidates for the preparation of aAPCs when com-
pared to cell-based methods, which display numerous variability issues.

2.2. Immunomodulators

Immune adjuvants, also known as immunopotentiating agents, are a subset of agents
with unique properties capable of increasing, improving, or extending immune response
against antigens administered simultaneously, hence improving the immunogenicity of
antigens by decreasing the amount and number of immunizations. Immune adjuvants
have been around for decades with early versions consisting of aluminum precipitates.42

While the field has evolved immensely, aluminum salts continue to be widely used as
adjuvants with different chemical variations being developed commercially over time,
such as AlhydrogelVR and Adju-PhosVR , intended for human use. Other adjuvants have
come into play over the years, such as oil-water emulsion adjuvants (Freund’s Adjuvant
and Squalene), adjuvants of bacterial origin Flagellin, bacterial membranes,
Monophosphoryl Lipid A (MPL-A), Muramyl dipeptide and adjuvants from bacterial
DNA (CpG oligodeoxynucleotides). All of these systems present specific ways of inter-
action with the immune system to potentiate antigen responses. Aluminum adjuvants are
known to form precipitates that promote phagocytosis of antigens by antigen-presenting
cells, as well as to induce local inflammation via the NLRP3 inflammasome. Upon activa-
tion of this pathway, the secretion of mature IL-1b and IL-18 by dendritic cells and the
differentiation of T helper 2 (Th2) cells are triggered, promoting the activation of B cells
and the subsequent production of antibodies.43 Oil-water emulsions, such as the case of
Freund’s Adjuvants, contain inactivated mycobacteria which in turn attract macrophages
and other cells to the site of injection. Other oil-water based adjuvants, such as GLA-SE
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are known to induce strong signaling through the toll-like receptor (TLR)-4, caspase, IL-
18, and interferon (IFN)-c pathways, leading to a T helper type 1 (Th1) response.44

Regarding bacterial adjuvants, two have stood out, MPL-A and CpG oligodeoxynucleoti-
des. The former consists of structurally modified lipid A, a component of lipopolysac-
charide (LPS), which has been known to induce the maturation of DC cells, CD4þ T-cell
clonal expansion, and Th1 responses without the inflammatory effects of LPS.45

Regarding CpG oligodeoxynucleotides, these are synthetic oligodeoxynucleotides (ODN)
that contain unmethylated CpG motifs (CpG ODN). When these CpG motifs are unme-
thylated they induce macrophages to secrete IL-12, which induces IFN-c secretion by nat-
ural killer (NK) cells and therefore may induce Th1 differentiation.46

Several hallmarks of cancer are known to regulate the tumor microenvironment, pro-
moting tumor growth and survival. Two of the most studied are the capacity to escape
immune destruction and the tumor’s ability to promote angiogenesis.47 The balance
between the capacity of one’s immune system to control and abolish tumor growth
and the inherent ability of the tumor to evade the immune system dictates tumor
aggressiveness. An imbalance in these mechanisms is known as immunoediting.48 Two
key molecules expressed on activated T-cells and known as inhibitory T-cell check-
points, CTLA-4 and programmed cell death protein 1 (PD-1), are behind this mechan-
ism. Several strategies have been developed to interrupt this immune suppressive
capacity of tumor cells, namely through the development of checkpoint inhibitors, such
as antibodies with blocking potential. In the case of CTLA-4 binding, Ipilimumab has
been developed for the deactivation of the inhibitory signals toward T-cells.49 Regarding
the targeting of PD-1 and of PD-L1, antibodies, such as nivolumab, pembrolizumab,
and pidilizumab have been created to block tumor T-cell interactions.49

On the other hand, tumor survival is in a big part sustained by neo-vascularization, in
which tumor hypoxia has been shown to play an important role. In tumors, hyperprolif-
erating cancer cells overgrow their blood supply and become hypoxic. This hypoxic
microenvironment in turn creates an imbalance between angiogenic activators and inhib-
itors50 leading to rapid and chaotic blood vessel formation which tends to be of abnormal
character, underdeveloped and leaky. This continuous flow of nutrients and oxygen
ensures the continued tumor cell proliferation and angiogenesis. Several key players, such
as hypoxia-inducible factor 1-aplha (HIF-1a), phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway, mitogen-activated
protein kinases (MAPK), nuclear factor kappa B (NFjB) and equally vascular endothelial
growth factor (VEGF)-A51–53 have been tied to tumor progression and poor prognosis.
With this knowledge, angiogenic inhibitors have been introduced, for instance, CRLX101
for HIF-1a inhibition (Clinicaltrials.gov Identifier: NCT01652079), SU5416 (SemaxanibVR )
for the selective inhibition of VEGF receptor (Flk-1/KDR) through the decrease of HIF-
1a protein and VEGF mRNA via the PI3K/Akt pathway (ClinicalTrials.gov Identifier:
NCT00005642), mTOR inhibitor RapamycinVR , known to inhibit both the stabilization
and the transcriptional activity of HIF-1a in hypoxic cancer cells54 or monoclonal anti-
VEGF-A antibodies, such as bevacizumab (AvastinVR ).55

While these different strategies have shown clinical efficacy, they are not free of
immune-related adverse events. Checkpoint inhibition has been shown to lead to
impaired self-tolerance resulting from the loss of T-cell inhibition, while much broader
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complications, such as gastrointestinal, hepatic, and endocrine toxicities are many times
visible in patients. Combinatorial therapy is a promising way to overcome these issues.
By combining different therapeutic strategies, dosing may be regulated to sub-toxic lev-
els potentiating the effect of these therapeutics. Another strategy that has gained traction
over the years is targeted delivery. By delivering lower doses of these drugs to the region
of interest, the tumor microenvironment in the case of cancer, a localized effect may be
seen without systemic toxicities being achieved. Different systems have been developed
over the years to accurately deliver these agents, from polymeric to metallic nano or
micro-particles with varying shapes and structures.

3. Basics of natural polymers

Polymers are chemical compounds made up of small molecules otherwise known as
monomers, arranged in simple repeating structures bonded chemically through covalent
bonds to form a large molecule or chain.56 These compounds can be generally of three
main sources, synthetic, semi-synthetic, or of natural origin. The latter occurs in nature
and can be extracted from plants, animals, and even bacteria. Natural polymers are crucial
for human existence as these encompass proteins and nucleic acids, cellulose, natural rub-
ber, starch, or even honey and wool. The advantages and disadvantages of natural vs. syn-
thetic polymers in several fields have been a recent topic of interest.57–60 While structure
controllability and reproducibility are two important features of synthetic polymers, the
bio-similarity, biodegradability, biocompatibility, and environmental friendliness of nat-
ural polymers are very appealing properties to the biomedical community. Several natural-
based polymers have been adopted in the biomedical field, namely in tissue engineering
and regenerative medicine, being also selected in the design of novel immunotherapeutics.

3.1. Chitin/chitosan

Chitin is a marine-origin natural polymer and can be found in a wide variety of arthropod
shells, being collected essentially from crustaceans. Structure-wise, it resembles cellulose,
being a linear, high molecular weight crystalline polysaccharide composed of N-acetylated
glucosamine (2-acetylamino-2deoxy-D-glucopyranose) units linked by b-(1 ! 4) glyco-
sidic bonds61 which contribute to its strength. Chitosan is a popular chitin derivative due
to features, such as hydrophilicity and ready solubility in dilute acids. It can be obtained
through the partial alkaline deacetylation of chitin and displays a semi-crystalline cationic
structure, comprised of b-1,4-linked 2-amino-2-deoxy-D-glucose.62 It proves insoluble in
aqueous solutions with a pH higher than 7 and soluble in dilute acids (pH 6) due to its
free amine groups which become protonated. What makes it an attracting natural polymer
is its non-toxicity, biodegradability, biocompatibility, and antibacterial properties.63

3.2. Cellulose

Cellulose is a well-known natural polymer that is heavily used in the paper and textile
industries. It is widespread and can easily be found in the cellular wall of plants, more
specifically within the stems, stalks, or trunks.64 Additionally to its presence in plants,
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some microorganisms have been known to equally express this polymer, namely gram-
negative bacterium Acetobacter xylinum.65 Cellulose is composed of b-D-glucopyranose
units linked by (1 ! 4) glycosidic bonds which are formed through the polymerization
of glucose residues from substrates, such as uridine diphosphate glucose (UDP)-glu-
cose.66 These glycosidic links possess a specific stereochemistry that creates linear glucan
chains that enable precise and ordered interactions between different chains.
Structurally, this polymer exists in the form of microfibrils, consisting of various chains
strongly linked by hydrogen bonds conferring to this natural polymer a rigid struc-
ture,67 consequently accounting for a high degree of crystallinity, low solubility, and
poor degradation in vivo. However, features like its high strength in the wet state and
its biocompatibility make it an appealing natural polymer.

3.3. Alginate

Alginate is an anionic natural polymer that can be found in brown algae.68 Structurally,
it comprises (1–4)-linked b-D-mannuronic acid and a-L-glucuronic acid units, organ-
ized in regions of sequential mannuronic acid units, guluronic acid units, or through a
combination of both.69 One of the key elements that make alginate such an interesting
polymer for the biomedical field is its ease of gelification in the presence of divalent cat-
ions (Ca2þ, Mg2þ, or Ba2þ). Crosslinking occurs between the carboxylic groups present
in the alginate backbone, therefore forming hydrogels.70 Its well-known structure has
allowed its chemical modification through the carboxylic groups present in the gulur-
onic acid residues, such as in the case of functionalization with arginylglycylaspartic
acid (RGD) peptides to increase cell-material interactions.71 Additionally, its low toxicity
has also contributed to its increased demand as an alternative to synthetic polymers.

3.4. Hyaluronic acid

Hyaluronic acid (HA), or hyaluronan, is a non-sulfated linear negatively charged poly-
saccharide that consists of alternating repeating units of the b-1,4-D-glucuronic acid–
b-1,3-N-acetyl-D-glucosamine disaccharide.72 It may originate from several sources,
however, the most predominant are rooster combs and bacterial expression systems in
Streptococcus.73

Variations in the source lead to different rheological properties. Attributes, such as its
solubility in water and its shear-dependent viscosity, which allows for it to be injected
through a small gauge needle, make this polymer interesting for biomedical applica-
tions.74 Additionally, its amenability to enzymatic degradation75 by HAase and papain
contributes to its biodegradability which makes it compelling for in vivo applications.
HA is a main component of the extracellular matrix and promotes both cell motility

and proliferation.76 Two main forms of HA have been described,77 a low-molecular
weight HA which triggers proinflammatory responses, and a high-molecular weight HA
which has been associated with anti-inflammatory cues. Its role comes through the inter-
action with several types of immune cells, endothelial cells, fibroblasts, and keratinocytes
via cell surface receptors, such as receptor for HA-mediated motility (RHAMM), CD44s,
TLR-4, TLR-2, Stabilin-1 (HARE), and lymphatic vessel endothelial hyaluronan receptor-
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1 (LYVE-1).78 The interaction of HA with its receptor CD44 which in turn is highly
expressed in many cancers and is capable of regulating the metastatic process,79,80 has
allowed for the development of tumor-targeting systems as in the case of vaccines.
Additionally, its ability to undergo enzymatic degradation makes it an enticing natural
polymer for the development of several immunotherapeutic strategies. Since HA became
a widely studied polymer over the years, modifications in its chemical structure were fre-
quently introduced,81 such as the formation of esters through the esterification if its car-
boxylic groups82 which promotes resistance to a range of conditions and facilitates
processing into membranes, spheres, particles and porous structures.

3.5. Gellan gum

Gellan gum (GG) or gellan is a quite common natural polymer used in the food indus-
try. It is a linear anionic polysaccharide composed of tetrasaccharide repeating units of
1,3-b-D-glucose, 1,4-b-D-glucoronic acid, 1,4-b-D-glucose, 1,4-a-L-rhamnose, contain-
ing one carboxyl side group.83 This polymer is known to exist under two forms, acety-
lated—which is its original form produced by the Sphingomonas paucimobilis bacterial
strain—and the deacetylated—the most widely available and able to undergo process-
ing.84 Similarly, to others, it is capable of ionotropic gelation. Its gelation is strongly
influenced by the chemical nature and amount of cations present in the solution, being
promoted in a stronger manner in the presence of divalent cations when compared to
monovalent cations.85 Upon crosslinking through the presence of these divalent cations,
the gelation occurs via chemical bonding between the cation and two carboxylate
groups belonging to glucuronic acid molecules in the GG chain.86 However, tempera-
ture shifts induce structural changes which account for the thermoreversible nature of
the polymer.87

4. Novel developments in cancer immunotherapy driven by systems using
natural polymers

The development of novel systems for the vaccination, artificial presentation of TAA’s,
or the delivery of immunomodulatory molecules has been proven challenging due to
issues related to antigen or protein stability. When developing new platforms for deliv-
ery, it has to be considered how liable these peptides are to mechanical clearance and
proteolytic degradation in the microenvironment, which may lead to antigen denatur-
ation and loss of antigenicity.88

The use of natural polymers for the development of these systems has allowed not
only to exploit properties, such as biocompatibility and biodegradability but also other
key aspects, such as ionotropic gelation capability or their structural resemblance with
human extracellular matrix proteins. This allowed room for the development of systems
based on, e.g., micro- and nano- particles and injectable hydrogels which can ensure the
protection of key molecules from the hostile tumorigenic environment while potentiat-
ing immune-stimulatory effects, therefore increasing their half-life upon administration.
Here, we will review some of the most recent systems developed in the field of
immunotherapy involving the use of natural polymers (Fig. 2).
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4.1. Gel-based systems

While the use of cross-linkable natural polymers in the field of tissue engineering and
regenerative medicine (TERM) is widespread, this technology is fairly young in the
development of immunotherapeutics. An in situ cross-linkable hydrogel for immuno-
therapeutic use has been described using alginate.89 This polymer was used as a delivery
system for catalase (Cat) and CpG oligonucleotides for cancer therapy (Cat/ALG). The
rapid gelation of the system by intra-tumoral Ca2þ allowed for both a homogeneous
distribution of 131I-Cat throughout the tumor as well as a long-term entrapment of 131I-
Cat without leakage into the surrounding healthy tissues. Hence, the decomposition of
the tumor endogenous hydrogen peroxide (H2O2) was triggered, contributing to higher
intra-tumoral oxygenation values maintained over 72 hr. This originated greatly reduced
levels of HIF-1a upon Cat/ALG treatment. When assessing the potential of the system
in radioisotope therapy (RIT) using a 4T1 murine tumor model, 131I-Cat/ALG resulted
in tumor-free animals with prolonged survival without any deaths. A patient-derived

Figure 2. Natural polymer-based systems for the development of immunotherapeutics.
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xenograft (PDX) mouse tumor model was also used to better represent real human
patient tumors where the 131I-Cat/ALG led to 100% elimination of PDX tumors. When
tested in a larger animal model of rabbits bearing VX2 tumors, a similar effect was seen,
where 131I-Cat/ALG injection resulted in complete tumor regression within 2weeks and
sustained survival for over 150 days. When CpG oligonucleotides were mixed with the
131I-Cat/ALG system and used in combination with intravenous administration of a
CTLA-4 antibody, suppression of distant tumor growth was seen. Additionally, the ratio
of CTL/regulatory T-cells (Treg) was significantly increased, resulting in increased TNF-
a and IFN-c secretion. Long-term immunological memory was confirmed through a
higher number of TEM (CD3þCD8þCD62L�CD44þ) residing in both lymphoid and
non-lymphoid tissues as well as protection when animals were rechallenged with sec-
ondary tumors. Other injectable hydrogel-based systems relying on alginate have also
been reported for cancer immunotherapy as the case of the introduction of a persistent
luminescence material (PLM) and an immunoadjuvant (R837) into alginate-Ca2þ gels90

which allowed to develop a system that would allow to amplify the immunogenicity of
tumor-associated antigens originating from persistent luminescence sensitized photoim-
munotherapy (PDT) therefore leading to a more robust immune response to suppress
tumors in vivo. In another study, alginate was conjugated to a triphosphate (ATP)-spe-
cific aptamer hybridized with CPG to produce a hydrogel that would form in situ.91

This smart hydrogel upon low doses of chemo-/radiotherapy would trigger the release
of CpG. Verbeke and colleagues have also contributed to alginate-based injectable
systems for the recruitment and activation of immune cells.92,93 In a similar fashion,
GG was used to develop an injectable hydrogel for combinatorial photothermal-
immunotherapy of cancer.94 GG co-loaded with Dawson-type polyoxometalate (POM)
and Toll-like receptors agonist resiquimod (R848), exhibited high photothermal conver-
sion efficiency eliciting a high tumor inhibition rate of 99.3% together with significantly
elevated TNF-a, IL-2, and IL-6.
Nucleic acid-based vaccines have made their way into the field of immunotherapy

due to their several advantages when compared to more traditional protein-based vac-
cines. This was clearly evidenced recently with the use of this technology to develop
two of the first United States Food and Drug Administration (FDA) approved mRNA
vaccines to deal with the COVID-19 pandemic, namely the vaccines developed by
BioNTech95 and Moderna.96 The use of pDNA or mRNA-based vaccines allows the
development of CD8þ T-cell responses while not being subject to neutralization through
immunosuppression, therefore allowing for repeated antigen challenging. Natural ori-
gin-based polymers can further contribute to develop more efficient, biocompatible, and
biodegradable delivery systems for these vaccines. For both BioNTech and Moderna
vaccines, lipid nanoparticles consisting of ionizable lipids were used for the safe and
efficient delivery of mRNA encoding SARS-CoV-2 S(2P).97,98 Injectable hydrogels have
also aided the administration of DNA vaccines. Injectable N-succinyl chitosan (S-CS)
with oxidized alginate (O-Alg) gel scaffolds have been applied for the local delivery of
ovalbumin (OVA) mRNA lipoplexes.99 Through the introduction of hydrophilic suc-
cinic anhydride side groups onto the chitosan backbone, the water solubility of the nat-
ural polymer was significantly increased. Oxidation of alginate also led to an increased
solubility of the polymer. Crosslinking between the two polymers was achieved through
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a Schiff-base reaction followed by a lyophilization step. The Schiff-base reaction allowed
for a reasonably slow sol-to-gel phase transition which in turn translated into a rehy-
drated gel scaffold that could easily be injected through a needle. During the rehydra-
tion step, the mRNA can be easily loaded into the system. When mRNA was used
complexed to a nanoparticle system, a slower degradation rate of the gel was seen,
when compared to empty gels, where a steadier release of the nucleic acids was meas-
ured overtime. These results were justified through additional crosslinking points occur-
ring between the mRNA and the hydrogel polymer, therefore increasing the system
overall stability. Regarding in vivo local mRNA-mediated protein expression, when
using a Luc reporter gene, only the conditions where the injectable gel system was
applied displayed local transfection in vivo. Transient expression of Luc was seen to
peak at �8 hr. Subsequently, OVA mRNA was used with the system to understand
whether a relevant immune response could be triggered with the system. When looking
into humoral immune responses using the injectable Chitosan-Alginate-OVA system, a
significant increase in OVA-specific IgG levels was detected. An alternative injectable
smart hydrogel (ISH) composed of HA functionalized with levodopa- and poly(e-capro-
lactone-co-lactide)ester was developed for the delivery of OVA-expressing plasmid and
GM-CSF for the local recruitment of DCs.100 These displayed a slow degradation pat-
tern while sustaining a controlled release of both polyplexes and GM-CSF in vitro and
in vivo. The transfection efficiency assays showed that ISH were capable of effectively
priming immune cells as seen through the expression of OVA in mice (Fig. 3a). Single
subcutaneous injection of ISH in mice enhanced the recruitment of DCs, and of other
immune cells, including macrophages and neutrophils. In turn, ISH generated strong
antigen-specific humoral responses, and mice that received hydrogel-based vaccination
did not develop tumors or had delayed tumor onset.
Efficient expansion of T-cells while avoiding T-cell exhaustion has been deemed a

complex task that has captured the attention of the scientific community. Natural poly-
mers have been applied in this regard. Alginate has been recently proposed for the
development of a suspended culture method consisting of microscale hydrogel tubes
(AlgTubes).101 To evaluate the potential of the system, industry approved CD3/CD28
Dynabeads from Invitrogen and tetrameric anti-CD3/CD28/CD2 antibodies from Stem
Cell Technologies were selected as controls. These tubes, while capable of protecting the
cells from hydrodynamic stresses and compacting cells to ensure efficient cell mass
transport, also created a cell-friendly microenvironment that allowed for high viability,
low DNA damage, high growth rate, high purity, and high cellular yield when compared
to the respective controls (Fig. 3b). Beyond the use of naturally sourced polymers for
the in vitro expansion of T-cell, they have also been developed to deliver cells into
resected tissue spaces or subcutaneously via small surgical procedure. A report has
described the use of microporous alginate scaffolds together with a synthetic collagen-
mimetic peptide (CMP) that binds to lymphocytes for biomaterial-supported lympho-
cyte delivery.102 To promote the expansion of T-cells after implantation co-stimulatory
cues, anti-CD3, anti-CD28, and anti-CD137 antibodies, were coupled to bilayered
microspheres together with the superagonist IL-15 yielding a system that not only sup-
ports tumor-targeting T-cells but also reduces tumor relapse. Other similar systems
have also emerged for the adoptive transfer of NK cells103 and CAR T-cells.104
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Figure 3. Natural-based hydrogels used in immunotherapeutic strategies. (a) Polyplexes released from
the hydrogels induce priming of DC 2.4 mouse DCs and RAW 264.7. Adapted with permission from
Ref.100 Copyright 2020, Elsevier. (b) T cells cultured in AlgTubes first associate to form small clusters
that subsequently grow until the tube is filled Adapted with permission from Ref.101 Copyright 2018,
John Wiley and Sons. (c) Characterization of alginate scaffolds containing various amounts of
embedded MAGS. Adapted with permission from Ref.105 Copyright 2019, John Wiley and Sons.
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Alginate has also been used for the stimulation of autologous antigen-presenting cells,
such as dendritic cells. Its capacity to be ionically cross-linkable has allowed for the pro-
duction of 3D scaffolds embedded with reduced graphene oxide (MAGS) and loaded
with OVA and GM-CSF that have been proposed as a vaccine delivery platform for in
situ long-term activation of antigen-presenting DCs (Fig. 3c). MAGS were capable of effi-
ciently loading both OVA and GM-CSF through direct pipetting onto the surface of the
scaffold and the interaction between the reduced graphene oxide and the immunomodu-
lators was strong enough to promote a slow and sustained release over time. When
implanted subcutaneously, a significantly higher CD11cþ DC recruitment was confirmed
when GM-CSF-doped scaffolds were used, which was sustained over 30 days post-
implantation. Antigen presentation efficiency was also increased when GM-CSF and
OVA were co-loaded since the number of CD11cþSIINFEKL-MHC-Iþ cells
was significantly greater. This in turn was translated into a larger number of activated
IFN-cþ CD8þ T-cells and IFN-cþ CD4þ T-cells in the lymph nodes of stimulated
C57BL/6 mice. The MAGS-GM-CSF-OVA system also showed capability as a tool
for vaccination. After completing 30 days post-vaccination, animals were challenged with
OVA-expressing B16 melanoma (B16-OVA) cells and a delay in tumor growth was seen
with high percentages of CD11cþCD86þ cells. When determining the effect of central
and effector memory T-cells, mice that had been vaccinated with the system produced
significantly higher numbers of these cells. Similarly to alginate, which is known for its
biodegradability, the MAGS scaffolds showed in vivo a gradual loss of the interconnected
structure over time, contributing to its biocompatibility in an in vivo setting.105

Growth-factor and cytokine encapsulation using tools, such as nanoparticle systems or
drug-releasing hydrogels have in fact been widely used for tumor therapeutics develop-
ment. However, over the past few years, increased focus has been placed on developing
alternatives to these pre-loaded systems, such as cell encapsulation for the in situ produc-
tion of cytokines at physiological concentrations. These living release systems could be
used to either boost or improve immune responses or to directly combat tumors. Several
of such immuno-protective cell encapsulation systems have already been reported.
Alginate has been used in combination with K562 cells for the production and release of
GM-CSF.106 In other reports, for the release of IL6, genetically modified CHO cells were
loaded into an alginate system to be used in a rat model of hepatocellular carcinoma.107

Additionally, an alginate poly-L-lysinealginate (APA) copolymer was also reported for
the microencapsulation of genetically modified mouse myoblasts (C2C12) for the delivery
of angiostatin and IL-2 fusion protein (ssFvIL-2).108 HEK293 cells were transfected with
several cytokines and chemokine expression vectors for GM-CSF, IFNc, and hIL-15 and
encapsulated in alginate for further use in anti-tumor therapy experiments.109 Atik et al.
have described an HA-based low-viscosity hydrogel to serve as a vehicle for the delivery
of tumor-specific CAR T-cells in convection-enhanced delivery (CED).110 The hydrogel-
based carrier presented a significantly higher CAR T-cell delivery rate when compared to
saline while preserving the capacity of the CAR T-cells to migrate outward of the hydro-
gel and therefore exhibiting a significantly superior tumor-specific killing of glioma cells
vs. saline after CED. Cellulose sulfate has been described as an encapsulation material for
over 2 decades.111 Cellulose when used as a mean of encapsulating mammalian cells, has
been shown to protect cells from immune rejection, retain cells in the site of

14 D. B. RODRIGUES ET AL.



implantation, provide long-term cell survival, and allow for the circulation of biomole-
cules.112 A cellulose sulfate encapsulating system for Hut-78 cells to produce IL-2 for
immunotherapeutic use has been reported.113 Cellulose sulfate beads comprise a gelated
membrane with interconnecting pores which restricts molecule circulation. Molecule
properties, such as size, structure, flexibility, and charge end up playing a determinant
role in their release from these particle systems. In this sense, small molecules have the
upper hand regarding ease of escaping these 3D structures, while larger molecules are
more dependent on their other characteristics. Salmons et al verified that upon stimula-
tion with PMA and ionomycin, the encapsulated HUT-78 cells displayed the capacity to
produce detectable levels of IL-2 as early as 3 days after encapsulation. Other authors
have described similar systems comprised of gelatin hydrogels enzymatically crosslinked
via microbial transglutaminase for the encapsulation of genetically engineered HEK293
to secrete human IL2.114

4.2. Microneedle-based systems

Vaccination is an established method to explore long-term immunization and is used to
prevent a variety of pathologies of either bacterial or viral origin or even for the sensitiza-
tion against TAAs in the case of cancer. Despite the well-known advantages of vaccin-
ation, needle-based immunization still presents issues, such as the risk of infection due to
needle reuse and low patient compliance due to pain and fear. Microneedles (MNs) have
been described as an optimal system for the dermal delivery of antigens as they can easily
pierce the skin and deliver the antigen in the epidermis and dermis, ultimately in a pain-
free delivery manner (Fig. 4). Mns take advantage of the several antigen-presenting cells
present in skin, namely Langerhans cells (LCs) and dermal dendritic cells (dDCs).115

These cells display the capacity to capture antigens and migrate to draining lymph nodes
where they can present these antigens to T-cells, triggering a phenotypical switch to anti-
gen-specific T-cells and B-cell activation. Dissolving microneedles (dMNs) in particular,
consist of fast-dissolving excipients which can be polymers or sugars. When inserted in
the skin, these needles dissolve and proceed to release bioactive compounds previously

Figure 4. Representative scheme of a transdermal microneedle delivery system. A biphasic delivery
system comprises a fast-dissolving biodegradable polymer tip, as the case of HA, which rapidly leads
to the release of the desired molecule/proteins into the dermis or epidermis, followed by a slower
biodegrading base that contributes to sustained release overtime.
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added to the system making them a reliable system for intradermal (ID) vaccination.
With this in consideration, several works have been recently proposed regarding micro-
needle-based approaches for vaccination. A chitosan MN system with a patch-dissolvable
design has been reported for low-dose immunization.116 Herein, an antigen-loaded chito-
san MN was supported by an array patch of hydrophilic polyvinyl alcohol/polyvinylpyr-
rolidone (PVA/PVP) to provide additional strength upon MN insertion, overcoming the
skin’s inherent elasticity and deformation when exerting pressure. Upon complete inser-
tion in the skin, the supporting array would then dissolve, reducing patch-induced skin
irritation. This system showed that through ID implantation, a sustained release of -OVA
was verified for up to 28 days. An in vivo rat model showed that a low-dose immunization
with this system still led to persistently high antibody levels over an 18-week period
which was deemed higher than that achieved through conventional intramuscular
immunization. HA has been proposed for the development of dMNs for the ID delivery
of OVA.117 Through the fine-tuning of the loaded OVA peptide and the ratios of HA, a
stable system was developed with an optimal penetration efficiency followed by gradual
dissolution over a period of up to 20min. When applied in vivo in the skin of female
BALB/c (H2d) mice, an overall increase in IgG serum levels was detected. Another
example of a recently developed microneedle vaccination system comprises a sodium hya-
luronate (HA)/chitosan composite as the building block. This biphasic system was
designed to allow for both a rapid and sustained release of antigens mimicking more con-
ventional prime-boost immunization regimen when compared to traditional bolus injec-
tion or the previously described chitosan MN alone. For this effect, the authors developed
an MN system composed of an antigen-loaded HA tip and chitosan base, which was com-
bined with a PVA/PVP supporting structure.118 The HA/chitosan composite MN when
inserted in porcine cadaver skin and rat skin showed to pierce through the stratum cor-
neum and reach the dermal layer. The dissolvable HA tip dissolved within the skin for
rapid release of the encapsulated antigens, therefore priming the immune system, while
the biodegradable chitosan base remained in the dermis for a prolonged antigen-release
over 4 wk, further boosting the antigen-driven responses for up to 16 wk. Immunization
with the HA/chitosan MN containing OVA was shown to stimulate both Th1 and Th2
immune responses in Sprague�Dawley rats when compared to more traditional two-
dose or double-dose subcutaneous vaccination. Another MN immunotherapy system has
been developed for the transdermal delivery of tumor antigens aided by near-infrared
(NIR) light emission. Herein, a methacrylated hyaluronic acid solution was used together
with GM-CSF, homogenized B16F10 tumor lysate, and melanin to make the MN sys-
tem.119 Melanin when combined with NIR led to heat generation which in turn promoted
tumor-antigen uptake by DCs that were locally driven by the release of GM-CSF.
Additional works making use of the biodegradable and hydrogel-forming properties

of HA and chitosan for the development of microneedle delivery systems have also
been reported.120–124

4.3. Film-based systems

As aforementioned, the topical delivery of proteins is a good alternative to more trad-
itional invasive delivery methods and while natural-based polymers, such as GG have
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been explored to develop films for the dressing of early-stage cancer or as wound care
after surgery in late-stage of oral cancer treatment,125 ID through intact skin comes not
without its own setbacks, as it may be rather restrictive depending on the size, stability
or even hydrophilic properties of the molecules to be delivered. A method to overcome
some of these issues resides in the use of fractional ablative laser microporation, in
which pulsed infrared lasers are used to induce a thermal ablation of tissue in micron-
sized columns with a diameter of 30–200lm. Engelke et al.126 described water-soluble
dry films to be used as a drug delivery system in laser microporated skin (Fig. 5).
Blends of PVA with carboxymethyl cellulose (CMC) were used for the production of a
hydrophilic polymer with the purpose of solubilization of the films directly on laser
microporated skin, given the enhanced water transport from the tissue through the
porated skin into the film under occlusion. The PVA/CMC blend films were shown to
dissolve within <6 hr when attached on top of laser-generated micropores, facilitated by
the generation of a liquid depot between the skin surface and the occlusive tape used
for film fixation, which in turn led to the efficient delivery of both RD70 and PS-par-
ticles into and through excised pig skin.126 While the application of such natural poly-
mers for the production of immunotherapeutic films hasn’t been explored extensively,
the use of these polymers for the transdermal delivery of drugs has resulted in several
bodies of work that can easily be adapted for immunotherapeutics. Some of these rely
on combinations of chitosan with GG,127 HA,128 or PVA.129

4.4. Nanotubes-based systems

The use of chitosan as an adjuvant for photothermal therapy (PTT) was recently
described.130 For the effect, previously a single-walled carbon nanotube (SWNT) modi-
fied with glycated chitosan (GC) system had been reported131 (Fig. 6a). This system was
then used was used in combination with a-CTLA4 as an anti-tumor therapy strategy
(Fig. 6b). This combinatorial treatment was capable of significantly increasing ROS pro-
duction in 4T1 tumor cells, despite not displaying any direct cytotoxic activity.
However, results showed that by the combined use of the SWNT-GC with laser irradi-
ation a significant increase in killing of 4T1 tumor cells was visible, which resulted from

Figure 5. Schematic representation of the use of polymer-based films as a transdermal immunothera-
peutic strategy. Water-soluble dry films were developed through blends of PVA, namely with chem-
ically modified cellulose. These films are solubilized when applied directly on microporated skin,
facilitated by enhanced water transport from the tissue, which allows for the delivery of small mole-
cules and antigens of interest. Adapted with permission from Ref.126 Copyright 2018, Elsevier.
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a more pronounced temperature increase when SWNT-GC was used in comparison to
laser alone. Regarding the immunomodulatory effect of the system, when SWNT-GC
was placed in a culture with dendritic cells, a higher increase in the expression of CD40
and CD80 could be verified by flow cytometry. Moreover, in the presence of 4T1 tumor
cells, an even higher DC activation could be verified as well as increased secretion of
TNF-a. When tested in tumor-bearing mice, not only did the SWNT-GC system lead to
a higher temperature increase inside the tumor under laser irradiation but also lead to a
significant reduction in tumor size and number of metastases. Ultimately, when com-
bined with checkpoint inhibition, a significant increase in mice survival time was veri-
fied as well as in the production of IFN-c by splenocytes.

4.5. Particle-based systems

One of the main features of chitosan as a base system for the development of immuno-
therapeutic strategies is its spontaneous self-assembly in micro- or nanoparticles when
ionically crosslinked with charges of opposite nature. Complexes of different natures
may also be formed when using anionic crosslinking substrates. Recently, the effect of
chitosan nanoparticles on Vc9Vd2 T-cells has been studied.132 This particular subset of
T-cells was shown to recognize stress-induced phosphonate antigens presented by both
cancer cells and pathogen-infected cells in an MHC-independent manner. Chitosan
nanoparticles where shown, as a standalone system, to be capable of enhancing the kill-
ing potential of Vc9Vd2 T-cells via upregulation of killing molecule NKG2D expression
as well as of FasL and CD56. This system was also shown to have immunomodulatory
properties through the enhancement of perforin secretion which is involved in cytotoxic
T-cell responses. Ultimately, killing potential was confirmed in vitro through direct cul-
ture with leukemia cells, which showed an increased killing rate of Vc9Vd2 T-cells
when pretreated with the chitosan nanoparticle system. Other studies used this natural

Figure 6. Application of SWNT as a delivery method of GC’s aided by laser irradiation. (a) Simulation
snapshots of the GC adjuvants wrapped around SWNTs with different diameters, (A) 12.20, (B) 16.27,
and (C) 20.34 Å, respectively. Adapted under the terms of license CC BY-NC 4.0 from Ref.131 Copyright
2018, the authors. (b) Schematics representing a laser immunotherapy system for the effective treat-
ment of metastatic cancers. SWNTs functionalized with GC are co-administered with checkpoint inhibi-
tors, anti-CTLA-4 antibodies, in conjunction with laser irradiation to enhance tumor antigen uptake
and presentation. Adapted with permission from Ref.130 Copyright 2019, Elsevier.
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polymer for the development of antigen delivery tools in the form of chitosan-modified
poly(lactic-co-glycolic acid) (PLGA) nanoparticles (CS-AHPP/OVA).133 While retaining
excellent stability, these particles were shown to induce strong cellular immune
responses as seen through the evaluation of lymphocyte proliferation, while also being
capable of inducing the secretion of IFN-c and TNF-a. T-cell polarization was also
assessed through the production of IgG1 and IgG2a antibodies associated, respectively
Th2 and Th1-polarized immune responses. Both IgG1 and IgG2a antibodies were highly
induced upon stimulation with the CS-AHPP/OVA system. The potential use of chito-
san as an effective adjuvant for DNA vaccines was also explored through the develop-
ment of a chitosan nanoparticle comprising human papilloma virus (HPV)-16 E7 DNA
and IL-12 gene.134 Chitosan nanoparticles as a standalone system have been shown to
display immunostimulatory activity.135 Moreover, their use as co-adjuvants for cytokine
therapy, was proven to increase local cytokine retention and bioactivity.136 The chito-
san-E7 DNAþ IL-12 system was shown to enhance the proliferative response of T-cells
to the system. Moreover, an increased cytolytic activity was verified by lactate dehydro-
genase (LDH) assay. Mice immunized with this system also presented a significantly
higher production of IFN-c and IL-4 and a decrease in the production of the immuno-
suppressive cytokine IL-10. When looking into the in vivo effect in a mouse tumor
model, a reduction in tumor volume was seen upon immunization with chitosan-E7
DNAþ IL-12.134 Additional chitosan-based adjuvant systems have been presented. Choi
et al., described a Chitosan-RNA adjuvant system for immune modulation where nano-
scale polyplexes of TLR-3-recognizing RNA adjuvants and high molecular weight chito-
san (RA/CTS) were formed by ionic crosslinking.137 Through the subcutaneous
injection of the RA/CTS polyplexes in an OVA tumor mouse model, it was possible to
show that this system exerted a preventative effect upon challenge with B16-OVA cell
line. A greater inhibitory effect was also verified when a second challenge was per-
formed in comparison with other treatments, which was associated with a higher tumor
antigen-specific humoral and cellular immune response and with a greater infiltration
of CD4 helper T-cells as well as CD8 T-cells into tumor tissues. Other reports have also
used chitosan as a delivery system for RNA-targeting cancer therapy. Chitosan-coated
selenium nanoparticles (SeNPs) with a folic acid targeting moiety were developed for
Fluc mRNA delivery to cancer cells.138 These particles were capable of not only success-
fully binding mRNA but also of conferring significant protection to the nucleic acids.
This allowed for a stable delivery of the mRNA cargo when tested in vitro, and a further
uptake of the FA-targeting system when tested in folate receptor-positive cells.
Additionally, other studies have shown that chitosan may reduce the pro-oxidative
activity of selenium, which was shown to lead to DNA damage. A polyethylene glycol
(PEG)-chitosan-lactate (PCL) nanoparticle system has recently been developed for the
delivery of A2AR-specific mRNA,139 which is known to interfere with the differentiation
and function of T-cells and has also been associated with significant tumor regression
in tumor-bearing mice.140 This A2AR siRNA delivery system displayed a high transfec-
tion efficiency in T-cells while yielding low toxicity in the several cell lines that were
tested and an elevated concentration in the tumor zone when biodistribution was tested.
T-cells stimulated with the A2AR siRNA-loaded nanoparticles demonstrated a sup-
pressed expression of A2AR which in turn was associated with increased T-cell
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proliferation, reduced apoptosis, and increased production of IFN-c while reducing the
secretion of inhibitory cytokine IL-10. Additionally, differentiation of T-cells into Treg’s
was blocked by using A2AR siRNA-loaded nanoparticles in tumor-bearing mice.
Block co-polymerization has been extensively applied in the field of TERM to develop

more advanced materials with more appealing characteristics and features. Block co-pol-
ymers possess a linear arrangement of “blocks” of repeating units with varying mono-
mer compositions. Recently, this technology has made its way into immunotherapy for
the development of new delivery systems. A novel co-polymer consisting of sodium
alginate modified with b-cyclodextrin (Alg-b-CD), methoxypolyethylene glycol (mPEG-
Fc) containing ferrocene (Fc), and a-cyclodextrin (a-CD) was developed. The non-cova-
lent co-polymer Alg-b-CD/mPEG-Fc/a-CD was then self-assembled into nanoparticles
for controlled drug delivery, as these nanoparticles display the capacity to disassemble
in the presence of H2O2.

141 This is relevant since glucose oxidase (GOD) can oxidize
glucose to produce H2O2 and has been tied to tumorigenesis.142 To determine the cap-
acity of the system to be used for controlled delivery, bovine serum albumin (BSA) was
added to the mixture before the complexation with a-CD yielding BSA-loaded nanopar-
ticles. A high degree of encapsulation was confirmed in the Alg-b-CD/mPEG-Fc/a-CD
when compared to the b-CD free counterpart. Regarding release profile, when tested in
a solution fitted with GOD and glucose, the Alg-b-CD/mPEG-Fc/a-CD/BSA shared a
significantly higher release of pilot molecule BSA.
The combinatorial use of inorganic materials with natural origin polymers has been

used to achieve certain relevant properties otherwise unachievable. Given the interaction
of HA with its receptor CD44, metal-organic frameworks have been functionalized with
HA for the delivery of hypoxia inducible factor signaling inhibitor (ACF) and CpG143

(Fig. 7a). As expected, a targeted delivery to cancer cells overexpressing the CD44 recep-
tor was achieved as well as increased internalization. This system was applied in the con-
text of photodynamic therapy which is known to aggravate tumor hypoxia therefore
leading to tumor survival and metastasis of remaining cancer cells through the upregula-
tion of certain factors, such as VEGF, B-cell lymphoma-2 (BCL-2), and metalloproteinase
(MMP)-9. When applying the PCN-ACF-CpG@HA system, a decrease of these factors
was confirmed which in turn led to a significantly lower cell viability upon laser irradi-
ation. Furthermore, tumor suppression increased levels of intra-tumoral IL-12p70, IFN-c,
and TNF-a, and ultimately more infiltrating CD8þ and CD4þ T-cells were confirmed at
the tumor site. Several other systems have been developed with the targeting capabilities
of HA in mind. Reports have explored the use of HA for the coating of novel polypyrrole
nanoparticles using the near-infrared dye IRDye800CW with camptothecin (CPT) for
synergistic chemo-PTT144 (Fig. 7b). These particles showed enhanced tumor targeting
when used in combination with laser irradiation and anti-PD-L1 immunotherapy, com-
plete tumor eradication, with no recurrence during the entire 24-day observation period,
could be seen, while no lung metastasis were found. Additionally, levels of immunomo-
dulatory cytokines TNF-a, IFN-c, IL-1b, IL-2, IL-4, and IL-6 were significantly increased
when treated by this method. Other strategies describe the use of HA for the coating of a
liposomal nanoparticle system for the targeting of tumor-expressing CD44 cells based on
synthetic aminoxy lipids,145 which showed an increased internalization over 24 hr when
tested in CD44 expressing tumor cell lines (human non-small cell lung carcinoma H1299
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and cervical carcinoma HeLa cells). Extracellular vesicles (EV) are known as an optimal
system for the delivery of biomolecules as they originate from the cell membrane and
therefore display fewer side effects than synthetic counterparts like liposomes. An EV-
based vaccine system, referred to as HDEA@EVAT, has been achieved through coupling
with HA, 3-(diethylamino)propylamine (DEAP), the immunomodulator monophos-
phoryl lipid A (MPLA) and mucin 1 (MUC1) antigen.146 This system displayed a DC tar-
geting potential derived from the high expression of CD44 in these cells, which led to
improved endocytosis rates and hence a greater DC activation rate seen by increased

Figure 7. HA as an adjuvant for the development of nanoparticles for immunotherapy. (a) Concept
for the preparation of PCN-ACF-CpG@HA nanoparticles to be used as an in situ tumor vaccine by inte-
grating PDT, antihypoxic signaling, and CpG adjuvants. Adapted with permission from Ref.143

Copyright 2019, John Wiley and Sons. (b) Illustration of the formation of CD44 protein targeting
P@CH nanoparticles, capable of combined chemo-photothermal therapy. Adapted with permission
from Ref.144 Copyright 2019, Elsevier. (c) Schematic illustration of the production of mPEG-g-HA/VES-
g-PEI micelle for the targeted delivery of OVA and the triggering of CTL-mediated killing of tumor
cells. Adapted with permission from Ref.147 Copyright 2019, Elsevier.
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CD86 levels and in turn translated into increased levels of TNF-a followed by higher lev-
els of IFN-c production by CD8þ T-cells. Other vaccine systems have also been devel-
oped considering the affinity of HA toward CD44. This was the case of pegylated HA
which has been developed for the coating of multifunctional micelles loaded with OVA
peptide147 (Fig. 7c). These antigen delivery micelles when functionalized with HA-
induced high cellular uptake by B16-F10 cells when compared to non-modified particles,
thus proving once again CD44 targetability. As CD44 may be expressed on the surface of
several cells, other works have taken advantage of this for the targeting of macrophages.
Recently, HA-decorated superparamagnetic iron oxide nanoparticles (HIONs) have been
developed for the artificial reprogramming of macrophages,148 thus allowing for a higher
particle internalization into macrophages leading to increased production of inflamma-
tory factors NOS and TNF-a and increased levels of CD80þ macrophages. Additionally,
when tested in vivo, HION-reprogrammed macrophages were capable of reeducating
neighbor M2 phenotype to shift toward activated M1 macrophages mainly due to the
cell-to-cell communication.
The targeted delivery of Granzyme B (GrB) has trigged interest due to its cytotoxic

efficacy and action in a variety of apoptosis-inducing mechanisms.149 Considering the
alluring properties of HA for the delivery of key molecules in the tumor microenviron-
ment, nanoparticles have been developed for the targeted delivery of GrB containing a
cell-penetrating peptide TAT (GrB-T) capable of inducing cell apoptosis.150 In vivo, this
system showed that this mechanism led to the extracellular release of GrB-T, which
enters the cell cytoplasm and triggers subsequent extrinsic apoptosis pathways, resulting
in a significant anti-tumor effect. Other systems have embraced the same concept to
take advantage of the biodegradable nature of HA. A nanoplatform-based system com-
prised of Chlorin e6 (Ce6)-conjugated HA, dextro-1-methyl tryptophan (1-mt)-conju-
gated polylysine (PM), and anti-PD-L1 monoclonal antibodies was developed151 as a
technique to tackle, in one step, the 3 pathways that comprise the immunological cas-
cade (antigen presentation, lymphocyte activation and proliferation/differentiation, and
tumor elimination. In this case, the enzyme rich tumor microenvironment triggered the
release of the indoleamine 2,3-dioxygenase (IDO) inhibitor 1-mt and anti-PD-L1. This,
in turn, promoted DC maturation, lymphocyte activation, the inhibition of the IDO
pathway (enhancement of proliferation/differentiation), and the blocking of the PD-
1/PD-L1 pathway (boosted tumor elimination), ultimately leading to an increased sur-
vival rate of tumor-induced mice.
Imidazoquinolines (IMQs) have become of interest in the immunological field due

to their ability to activate TLR-7 and TLR-8, which in turn induces the secretion of
pro-inflammatory cytokines that promote innate immune responses. However, while the
systemic administration of these compounds has not yet been approved, a need for novel
systems capable of delivering IMQs while reducing systemic inflammation and toxicity has
been identified. For this purpose, HA has been conjugated to tocopherol (vitamin E) to be
used as a nanocarrier for the delivery of the R848-Toco prodrug.152 When tested in vitro,
the R848-Toco/HA-Toco system triggered a higher TLR-7 activity when compared to con-
trols with higher levels of secreted TNF-a. Upon in vivo administration in a tumor mouse
model, R848-Toco/HA-Toco significantly suppressed tumor growth when compared to an
HA-Toco vehicle over time and generated an increase of CD8a, CD11c, and CD11b.
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Combination therapy, which consists of the simultaneous administration of trad-
itional chemotherapeutics with novel immunotherapy strategies, is being explored for
application in cancer therapy. Systems comprising natural polymers with biodegradable
properties are bring used in the development of novel and more advanced forms of
applying these combinatorial therapeutics. A nanoparticle-based doxorubicin (DOX)
delivery system with an MMP-sensitive peptide (CPLGLAGG) for enzyme-activated
drug release comprising a HA tumor targeting moiety (HA-Psi-DOX) was described153

to be used in combination with anti-PD-1L therapy. When tested in vivo, the system
showed a clear homing ability, while also presenting a good retention ability when in
circulation. This, in turn, translated into increased intra-tumoral content of IFN-c and
PD-L1, which ultimately led to significant inhibition of tumor growth, a higher number
of tumor-infiltrating lymphocytes, and an improved antimetastatic capability.
Natural polymers can many times be heavily modified to yield synthetic complexes

with biological response-modifying properties. Such is the case of cellulose, which has
been used to develop the TLR-3 agonist Poly-ICLC (Polyinosinic-Polycytidylic acid stabi-
lized with polylysine and carboxymethylcellulose).154 Poly ICLC is a synthetic double-
stranded RNA complex used as an immunostimulant and has been tested over several
studies and clinical trials (Clinicaltrials.gov Identifier’s: NCT01984892, NCT03721679)
and more recently has been used in combination with Flt3L and radiotherapy to yield an
in situ vaccine (ISV) currently undergoing clinical testing (Clinicaltrials.gov Identifier:
NCT01976585).155 Pre-clinical settings showed that upon treatment with the ISV, a
marked accumulation of intratumoral cross-presenting DC’s was confirmed, which in
turn led to a higher uptake of TAAs generating systemic tumor-specific CD8þ T-cell
responses. Through the combinatorial effect of PD-1 blockade, an increased remission
rate of up to 40% was verified. Patients with Indolent Non-Hodgkin’s Lymphoma
enrolled in the phase I trial displayed similar expansion of DC subsets, upregulation of
checkpoint molecules, and durable regressions of distant (untreated) tumors.

5. The future of natural polymers in cancer immunotherapy

While combination therapy has created advances in the field of immunotherapy through
the requirement of more advanced forms of antigen presentation, key issues, such as
the susceptibility for proteolytic degradation of immunotherapeutics as the case of CAR
ubiquitination156,157 or even the effect of microenvironment immunosuppression,158–160

has raised concerns in the field. And while efforts have been made to attenuate several
concerns in the use of immunotherapeutics as minimizing off-target effects and reduc-
ing off-tumor toxicity through the development of novel systems as the case of probod-
ies,161–163 CAR masking164 or even through the development of hypoxia-responsive
CAR T-cells,165 issues continue to appear when attempting different therapeutic strat-
egies over the course of the disease.
This has opened the door for new developments based on technologies typically used

in other areas like polymer and tissue engineering. A chief example is the creation of
polymer-based advanced delivery systems to aid in shielding biomolecules from the
microenvironment.166–168
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The introduction of natural polymers came naturally due to several advantages associ-
ated with them, namely their biodegradability, biocompatibility, accessibility, little for-
eign body response, and interaction with adhesive receptors and cell signaling169

ultimately overcoming synthetic polymers. However, despite the already significant pres-
ence of natural polymers in the field of immunotherapy, their use will grow even more
in the future. As seen throughout this overview, several novel systems based on natural
polymers have been recently developed and while several of these systems still comprise
blends with synthetic polymers or are used in a combinatorial fashion, this marks a
starting point of transition toward a broader use of naturally occurring polymers.
Many of these systems are still at a proof-of-concept stage using test molecules like

-OVA to assess basic biological behavior.170–173 Upon in vitro and in vivo assessment of
their efficacy with TAA, some of these systems may be in clinical trials in the next few
years in areas like vaccination. Certain natural polymers like chitosan and alginate salts
can in fact serve as great natural platforms to develop vaccination tools due to their
action as natural immunoadjuvants.91,170,174,175 Furthermore, hybrid systems taking
advantage of key features of different polymers, natural or otherwise, will constitute an
important portion of what the field of polymer engineering may give to immunotherapy.
As a better understanding of the basic mechanisms underlying immune-associated

pathologies is achieved, more efficiently well-known or even unexplored natural poly-
mers may be applied and new hybrid polymer systems created. Such example is the,
repeated amount of interest that has spiked around HA and its affinity for CD44 and
RHAMM allowing the development of tumor-targeting drug delivery systems and
immunotherapeutics176–179 and hence compelling the necessity to uncover unknown
interactions of natural polymers with biological systems.
While many of the aforementioned systems throughout this review are still in what is

considered an early stage of development, several polymer-based systems have already
made into clinical trials as the case of BP-C2 which makes use of the natural polymer
liganin (Clinicaltrials.gov Identifier: NCT04186585), IP-001 which consists of 1% N-
dihydro-galacto-chitosan (Clinicaltrials.gov Identifier: NCT03993678) or the administra-
tion of GC (Clinicaltrials.gov Identifier: NCT03202446). Additionally, having some of
these natural polymers already been approved by the FDA for different applications as
the example of chitosan in AxiostatVR for use as a hemostatic, modified cellulose as in
the case of AQUACELVR dressing or even HA which has been widely used in the cos-
metic industry for several years and allows for a faster clinical translation of some of
these systems as several safety requirements have been already proved.
While it is crucial to produce qualitative data that supports the advance of these sys-

tems to clinical trials, it is also important to keep in mind manufacturing issues that
may take place when attempting to upscale many of these systems when developing
these novel therapeutics. Batch-to-batch variability is a concern that must be addressed
to streamline these naturally-sourced polymers into clinical application. Additional
issues like failure in simulating original laboratory conditions, complex experimental
design that may hamper large-scale manufacturing processes, and difficulty in meeting
quality control standards for clinical use are just a few. Therefore, it is critical that these
issues are considered when designing platforms to be translated clinically to the
bedside.
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Therefore, adopting the use of natural polymers to develop new systems or further
enhance currently used ones brings clear benefits. The exploration of novel sources of
these polymers, such as marine-based natural polymers,180,181 will open the doors to the
creation of new materials with novel properties and characteristics that will further
advance the field. However, one must keep in mind that this novelty comes with a
tradeoff regarding the required path for regulatory approval. Therefore, while an effort
to source even more accessible and cheaper polymers from different natural origins is
welcomed, it must be accompanied by a matching effort to establish their safety in pre-
clinical and clinical trials.
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