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Chitosan, a biodegradable and biocompatible natural polymer composed of B-(1-4)-linked N-acetyl
glucosamine (GlcNAc) and p-glucosamine (GlcN) and derived from crustacean shells, has been widely
studied for various biomedical applications, including drug delivery, cartilage repair, wound healing, and
tissue engineering, because of its unique physicochemical properties. One of the most promising areas
of research is the investigation of the immunomodulatory properties of chitosan, since the biopolymer
has been shown to modulate the maturation, activation, cytokine production, and polarization of
dendritic cells and macrophages, two key immune cells involved in the initiation and regulation of innate
and adaptive immune responses, leading to enhanced immune responses. Several signaling pathways,
including the cGAS-STING, STAT-1, and NLRP3 inflammasomes, are involved in chitosan-induced
immunomodulation. This review provides a comprehensive overview of the current understanding of the
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DOI: 10.1035/d4ra08406¢ in vitro immunomodulatory effects of chitosan. This information may facilitate the development of

rsc.li/rsc-advances chitosan-based therapies and vaccine adjuvants for various immune-related diseases.

Moreover, investigations into the immunostimulatory aspect
of this polymer often overlook crucial factors such as accurate

1. Introduction
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Chitosan (CS) has attracted significant attention owing to its
immunomodulatory and biodegradable properties. Upon
introduction into the immune system, it stimulates the secre-
tion of various growth factors, chemokines, bioactive lipids, and
pro- and anti-inflammatory cytokines by the innate immune
cells. CS is a naturally derived, biocompatible, biodegradable,
and non-toxic cationic polymer composed of B-(1-4)-linked N-
acetyl glucosamine (GlcNAc) and p-glucosamine (GleN) (Fig. 1).
It is most often defined as chitin with a degree of deacetylation
(DDA) >50%.2 CS is obtained by the hydrolysis of acetyl groups
(deacetylation, typically performed under strong alkaline
conditions) of chitin (Fig. 1), a component of the exoskeleton of
shrimps, crabs, and fungi, and is the second most abundant
polysaccharide on earth after cellulose. The intrinsic properties
of CS, such as its DDA and average molecular weight (MW), have
been reported to potentially affect its immunostimulatory
properties.® Nevertheless, the exact influence of the physico-
chemical properties of CS, particularly its DDA and MW,
remains uncertain, as conflicting data have been reported.*™**
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Fig.1 Schematic representation of chitin and chitosan structures and
the common alkaline deacetylation process for converting chitin to
chitosan.
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and appropriate dosage, and other pertinent considerations
(e.g., insolubles, heavy metal content, and residue on ignition).
Consequently, these discrepancies can potentially yield varied
outcomes.

This review aims to offer a comprehensive understanding of
how CS and its intrinsic parameters affect specific types of
immune cells, known as myeloid antigen-presenting cells
(APCs), including dendritic cells and macrophages. Addition-
ally, this review seeks to delve into the intracellular and
biomolecular mechanisms of action of CS and to examine its
signaling cascades and immune activation abilities. The goal is
to provide an in-depth overview of the complex interplay
between chitosan and myeloid APCs at the molecular and
cellular levels. In vivo studies are beyond the scope of this
review.

1.1. Influence of chitosan's physicochemical properties on
immunomodulation

CS can be produced from chitin through partial deacetylation in
an alkaline solution, either under heterogeneous conditions (high
NaOH concentration, high temperature, short reaction time) or
homogeneous conditions (lower NaOH, moderate temperature,
longer reaction time).”*** A recent method used enzymatic
digestion followed by mass spectrometry, leveraging the specific
action of chitinosanase from Alternaria alternata.® Different
production methods may result in distinct deacetylation
patterns.”® The distribution of acetyl groups can lead to variable
chemical properties along the chitosan chain, which can affect its
solubility, thermal stability, and biodegradability.'**”

DDA is a crucial physicochemical characteristic of CS and
refers to the proportion of GlcN units with respect to the total
number of monomers. DDA can be quantified using different
methods, including infrared and ultraviolet spectrophotometry
and "H NMR.**®* DDA can influence various properties of CS,
including its solubility, degree of crystallinity, hydrophilicity,
chemical reactivity, and cellular responses.>' DDA strongly
influences the biodegradability, with high-DDA CS being more
difficult to degrade.>®** Lysozyme, an enzyme present in the
lysosomes of cells, has the ability to degrade bacterial cell walls
and extracellular materials that have been internalized by cells.
It can target GlcNAc sequences containing more than three
residues.?** However, it is incapable of breaking down GlcN or
CS that have a relatively small proportion of randomly distrib-
uted GlcNAc residues.”™* In a study investigating the impact of
the DDA on cytokine release, endotoxin-free chitosans with 80%
and 97% DDAs were incubated with mouse macrophages. No
notable difference was detected in the release of Tumor
Necrosis Factor o (TNF-o) between the two samples, and the
levels were comparable to those of the control group, which was
only exposed to media.'® However, in gene therapy applications,
CS-plasmid DNA nanoparticles with a lower DDA (80% vs. 90%)
resulted in higher antibody levels. Histological analysis
confirmed this finding, showing increased inflammatory infil-
trates in lower DDA CS, which correlated with higher antibody
titers.® In other reports, Nishimura et al.® found a link between
CS immunological activity and its DDA. They observed that CS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with a 70% DDA exhibited optimal adjuvanticity, whereas CS
with a 30% DDA resulted in lower immunogenicity. However,
recent studies have presented conflicting results. Scherlief3
et al.” demonstrated that CS with 76% DDA elicited higher
immune responses compared to CS with 81% DDA.

Another key parameter of CS is its molecular weight (M),
which represents the average number of monomers per chain
and influences the viscosity and solubility of CS.>® The MW of
CS should be carefully controlled and monitored during the
production process. In addition to affecting the physical prop-
erties, the MW also may influence its biological activity. Studies
have shown that low-MW CS at 1-10 ug mL ™" doses (MW: 50—
190 kDa; DDA: 75-85%) can induce proinflammatory cytokine
and chemokine (IL-6, Ifnb, and Cxcl10) production in bone
marrow-derived dendritic cells (BMDCs) earlier than high-MW
CS (MW: 310-375 kDa; DDA >75%)."* Additionally, high-MW
CS elicits higher expression of CD80, CD86, and MHC class II
in BMDCs than low-MW CS."* However, another study found
that at 2.5 and 10 pg mL~" doses, higher MW CS (50 kDa)
significantly increased COX-2 and MCP-1 expression, while
lower MW CS (3 kDa) significantly boosted anti-inflammatory
cytokine IL-10 expression.”” This suggests that low-MW CS
promotes the expression of genes associated with key molecules
in the NF-«B and AP-1 pathways."

CS can be chemically modified through its reactive -NH, and
-OH groups. Common modifications include N,N,N-trimethy-
lation,** glycol conjugation,” mannose conjugation,*® carbox-
ymethyl conjugation,” sulfate conjugation®® among others.
While these modifications may, in certain cases, influence CS's
immunogenicity, this aspect is beyond the scope of this review.

In summary, while it has been suggested that the physico-
chemical properties of CS, particularly its DDA and MW, may
influence the immune response to this polymer, the precise
effect of these parameters on immune reactions remains
ambiguous with contradictory findings reported in the litera-
ture. Nevertheless, understanding the impact of CS's physico-
chemical properties on immune cells is crucial for the
development of CS-based immunomodulatory compounds and
requires further investigation.

2. Exploring the interactions between
immune cells and chitosan

Several studies have investigated the interaction between CS and
immune cells; however, the lack of information on endotoxin
levels or other contaminants in CS preparations has hindered
data interpretation.® These studies have highlighted the
involvement of various immune sensors and receptors, including
Toll-Like Receptor 4 (TLR-4),>*° TLR-2,"*> CD14, CR3,* mannose
receptor,* NKR-P1,* megalin®® and Dectin-1,>” which can lead to
receptor-mediated phagocytosis. However, a specific cell surface
receptor for CS has not yet been identified. Additionally, CS can
interact with cells through electrostatic interactions, as its posi-
tive charge (pK, ~ 6.5) can trigger receptor-independent endocy-
tosis, such as  clathrin-mediated endocytosis  or
micropinocytosis.*® Upon entering cells, CS has been reported to
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rely on the proton sponge mechanism to burst the endosomal
membrane that surrounds the polymer. The mechanism involves
sponging protons delivered by vacuolar-ATPase, causing cationic
polymers to become protonated as endosomal pH changes
(around the pK, of polymers). This leads to endosomal swelling
and leakage, eventually resulting in membrane rupture and
allowing the polymer to escape into the cytoplasm (Fig. 2).** It has
been proposed that high-MW CS-based complexes can escape
endosomes owing to enzymatic CS degradation, which results in
the production of oligo- and monosaccharides that increase
endosome osmolarity and cause membrane rupture.** However,
high-DDA CS are less sensitive to enzymatic degradation.*” The
physicochemical characteristics of CS may influence cellular
interactions with chitosan, including endosomal escape.

2.1. Chitosan and dendritic cells (DCs)

The importance of dendritic cells (DCs) in innate and adaptive
immune responses is well known.** They are strategically
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located in tissues, such as the skin, respiratory tract, and gut,
where they identify and process antigens from pathogens. DCs
can activate T cells to initiate an immune response or induce
tolerance to prevent autoimmunity.** They also secrete cyto-
kines that modulate the immune response and influence the
fate of T-cells.*® DCs mediate innate and adaptive immunity by
activating myeloid and lymphoid cells. Immature DCs have
a high phagocytic capacity and present antigens to lymphocytes
in distal lymphoid organs. Mature DCs activate T cells via direct
contact with antigenic peptides and co-stimulatory signals.
DCs originate from hematopoietic stem cells and differen-
tiate into various subsets, such as ¢DC1, ¢cDC2, and pDC. Each
subset contains distinct transcription factors and surface
markers.** ¢cDC1 can cross-present antigens on MHC class I to
CD8+ T cells and plays a crucial role in capturing antigens and
inducing cytotoxic T-cell responses.*” cDC2s preferentially
express antigens on MHC class II molecules and activate CD4+ T
cells. All DC subsets produce cytokines and chemokines that
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Fig. 2 Suggested mechanism of chitosan endosomal escape. Chitosan enters cells through endocytosis and remains within the endosomal
vesicles. Membrane-bound V-ATPase proton pumps actively translocate protons into the endosomal lumen, which are bound by polymers with
high buffer capacity, thereby reducing endosome acidification. In response, membrane-bound V-ATPase proton pumps translocate additional
protons into the endosomal compartment, increasing ionic concentration and water intake to maintain osmolarity, while anions, such as chloride
ions, enter to balance the charge. The accumulation of water molecules inside the endosome creates osmotic pressure, which causes the
endosome to enlarge and swell. Eventually, this swelling leads to the rupture of the endosomal membrane, allowing the contents to be released
into the cytoplasm.
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activate other innate immune cells, including natural killer and
NKT cells.’>"*¢

When biomaterials are introduced into the body, dendritic
cells (DCs) interact with them, potentially leading to tolerance
or immune activation. This interaction occurs via pattern
recognition receptors (PRRs), phagocytosis, and endocytosis.
Biomaterials can modify DC function, affecting their pheno-
type, cytokine production, and antigen-presenting capacity.*’
Understanding DC-biomaterial interactions is vital for
designing biomaterials for immune activation or tolerance for
applications such as prophylactic and therapeutic vaccines
against infectious pathogens and cancer.*®

CS has been studied for its potential impact on DC activa-
tion, which is a crucial step in initiating the immune response.
Evidence has shown that CS (MW: 612 kDa) promotes DC
maturation which is accompanied by an upregulation in cos-
timulatory molecules (CD80, CD83 and CDS86) and pro-
inflammatory cytokines (interferon-gamma, IFN-y).* In addi-
tion, CS-treated DCs have been shown to exhibit enhanced
antigen presentation and T-cell activation in vitro.* In a study
by Oliveira et al.,”® human monocyte-derived DCs differentiated
on CS films (DDA: 87-88%, M,: 324 + 27 kDa) exhibited
significant upregulation of CD86, a co-stimulatory molecule,
and partial, non-significant upregulation of CD83, a DC acti-
vation marker. The use of CS also reduced IL-10 production and
increased TGF-B1, TNF-a, and interleukin-1 beta (IL-1B) (p <
0.001) levels. These results suggest that CS modulates immune
response by influencing DC activation.

Nod-like receptor pyrin domain-containing 3 (NLRP3) is an
intracellular protein that functions as a sensor for diverse
classes of stimuli, such as pathogens, internal stress signals,
and environmental irritants. NLRP3 can be activated by
multiple signals, such as the efflux of potassium ions (K') or
chloride ions (Cl7), influx of calcium ions (Ca®"), lysosomal
disruption, mitochondrial dysfunction, metabolic changes, and
trans-Golgi disassembly.* Its activation triggers the formation
and stimulation of the NLRP3 inflammasome, which in turn
elicits the release of inflammatory cytokines, including IL-18
and IL-18, as well as a mode of gasdermin D regulated pro-
grammed cell death called pyroptosis.** The inflammasome can
be primed by the recognition of pathogen-associated molecular
patterns (PAMPs) or danger-associated molecular patterns
(DAMPs) that bind to pattern recognition receptors (PRRs) and
by cytokines such as TNF, which stimulate the transcription
factor NF-«B and gene expression. Priming also stimulates
a metabolic shift from oxidative phosphorylation to glycolysis,
which indirectly upregulates the transcription of IL-1B. An
important revelation by Bueter et al. in the context of CS
immunoactivation was the confirmation that the strong IL-1B
response elicited in murine BMDCs relies on the NLRP3
pathway explained above.*

In their work, Mori et al.>* compared the inhibitory effects of
various adjuvants on TLR agonist-induced IL-12 production
from DCs. Among the adjuvants tested, alum was found to
strongly inhibit IL-12 secretion, whereas CS (DDA of 75-90%
and MW of 150-400 kDa) did not exhibit such inhibitory effects.
The authors proposed that the alum-driven PI3 kinase signaling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pathway may be responsible for the observed inhibition, which
could explain why alum is not efficient in promoting Th1
responses. When combined with the TLR9 agonist CpG, CS
enhanced the secretion of Th1 (IL-12) and Th17 (IL-6 and IL-23)
cell-polarizing cytokines by DCs. Notably, CpG-chitosan
demonstrated superior efficacy in promoting these immune
responses compared with CpG-alum when co-administered
with OVA.**> This study underscores the significance of select-
ing the right adjuvant in vaccine development, as it can greatly
impact the nature and strength of the immune responses
generated.

In another study, Carroll et al.*® investigated the effect of CS
(DDA-75-90% and MW-150-400 kDa) on BMDCs. When
exposed to increasing doses of CS (2, 4, or 8 ug mL™ "), the
expression of activation markers and co-stimulatory molecules,
such as CD40 and CD86, was elevated on the surface of BMDCs.
Interestingly, activation was found to be dependent on type I
IFN receptor (IFNAR). High levels of IFN-o. and IFN-B were
detected, whereas pro-inflammatory cytokines such as IL-12p40
and IL-6 were absent.

Villiers et al.*® and Zhang et al.** demonstrated that CS can
activate DCs through a TLR4-dependent mechanism at the
membrane level indicated by the upregulation of membrane
proteins, including MHC class II molecules and co-receptor
molecules, CD80 and CD86, comparable to Lipopolysaccha-
ride (LPS) stimulation. The authors showed that CS-induced DC
activation was impaired in TLR4 '~ DCs, further demonstrating
a TLR4-dependent mechanism. However, CS was unable to
induce the production of cytokines, such as I1L-12, IL-10, IL-1B,
TNF-a, and IL-6, indicating that DCs activated by CS were
unable to stimulate T cells.

Challenging the findings of Villiers et al.>® and Zhang et al.,*
Carroll et al.>® showed that CS was capable of inducing the
upregulation of CD40 in cells with defective TLR4 signaling,
indicating that CS can promote DC activation through a TLR-4
independent pathway.*® In their study,” CS was found to
promote the transcription and secretion of type I interferons.
Interestingly, when exposed to CS, IFNAR-deficient mice
(Ifnar~'~) showed a remarkable reduction in serum antibody,
cytokine, and chemokine release (IFN-y and CXCL10), IgG2c
antigen-specific antibody responses, and decreased expression
of co-stimulatory markers.” These findings highlight the
importance of the IFNAR signaling pathway in regulating the
immune response to CS exposure.

To assess the performance of CS-stimulated DCs, Villiers
et al.”® used a mixed lymphocyte reaction and showed that both
CS-stimulated and immature DCs were unable to activate T
cells, whereas LPS-activated DCs were able to do so. The
researchers also found that CS activation of DCs does not lead
to the production of cytokines, such as IL-10, IL-12, IL-18, TNF,
and IL-6. Further investigation revealed that T cell activation by
CS-stimulated DCs did not produce TGF-f, IL-10, IL-4, IL-12,
and IL-6, and very low IFN-y and IL-2 secretion. Overall, this
study suggests that CS-induced DC activation has limited
functional effects on T-cell activation. Based on their results,
CS's TLR4-dependent mechanism may explain the lack of
cytokine production and limited T-cell activation, indicating

RSC Adv, 2025, 15, 896-909 | 899
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Fig. 3 Proposed mechanisms for the activation of various signaling pathways in dendritic cells (DCs) in response to chitosan. Chitosan is internalized
by dendritic cells and accumulates within the endosome/lysosome. At an acidic pH, chitosan escapes from the endosome by sequestering protons,
leading to lysosomal swelling, leakage, and eventual rupture. Enzymatic degradation of chitosan also occurs, further destabilizing the lysosome and
releasing lysosomal enzymes such as cathepsin B; moreover chitosan also induces ion channel-mediated decreases in cytosolic potassium (K*),
causing K* efflux, leading to the activation of the NLRP3 infammasome (1). Chitosan induces mitochondrial stress (2) by releasing mtDNA and
mtROS, which interact with NLRP3 infllammasome components to activate them. Additionally, cGAS recognizes intracellular DNA ligands,
undergoes conformational changes, and produces cGAMP from ATP and GTP. cGAMP is detected by STING, transported to the Golgi complex, and
activates TBK1 and IKK complexes, leading to the transcription of type | interferon and pro-inflammatory genes.
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that further research is required to fully understand its poten-
tial as an immunomodulatory agent.

When DCs were treated with multiple doses of CS for 24 h,
followed by LPS treatment to verify the effect of CS on cytokine
production or secretion, CS did not block cytokine production.
However, a CS-induced alteration in the IL-10/IL-12 balance was
observed in the cytokine profile of stimulated cells, indicating
that although CS does not impede the restimulation of DCs, it
reorients their cytokine profiles.”

Collectively, these results provide important insights into the
mechanisms underlying CS-induced DC activation and matu-
ration. Although Villiers et al. suggested that CS activates DCs
through a TLR-4-dependent mechanism, Carroll et al. showed
that CS promotes DC activation through a TLR-4-independent
pathway. Furthermore, Carroll et al. demonstrated that CS-
induced DC activation is dependent on IFNAR signaling via
the IFN 1 pathway, which is a more unique mechanism than
other conventional mechanisms." These findings highlight
conflicting results in the literature and underscore the need for
further research to understand the precise mechanism of CS on
DCs. Such investigations are crucial for the development of
chitosan-based immunostimulatory biomaterial.

The ability of different organisms to recognize foreign DNA is
crucial for their immunity. This critical function is predominantly
carried out via the cyclic GMP-AMP synthase (cGAS)-stimulator
of interferon genes (STING) pathway in mammalian cells. Upon
binding to cytosolic double-stranded DNA, cGAS undergoes
structural changes leading to its activation. Once activated, cGAS
converts ATP and GTP into cyclic dinucleotides known as 2/,3'-
cyclic GMP-AMP (cGAMP), which is then detected by a cyclic
dinucleotide sensor located on the endoplasmic reticulum called
the Stimulator of Interferon Genes (STING). Once cGAMP binds
to STING, it is transported to the Golgi complex where it activates
TANK-binding kinase 1 (TBK1) and the IkB kinase (IKK) complex.
These kinases then phosphorylate two transcription factors,
namely, interferon 3 regulatory factor (IRF3) and nuclear factor
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(NF)-B. IRF3 and NF-«B then form dimers and are transported to
the nucleus, where they initiate the transcription of type I inter-
feron and proinflammatory genes, respectively.** In summary,
upon recognition of intracellular DNA, cGAMP is produced from
¢GAS, leading to the activation of TBK1 and IKK, which in turn
activates IRF3 and NF-kB to initiate type I interferon and proin-
flammatory gene expression (Fig. 3).

The study from Carroll et al.®® found that CS activates the
c¢GAS-STING signaling pathway because CS-induced type I IFN
response and the expression of costimulatory molecules were
significantly diminished in DCs derived from cGAS™ or STING ™
mice. This study further found that CS internalization in DCs
caused mitochondrial stress and led to the production of reac-
tive oxygen species (ROS).> It was hypothesized that the release
of mtDNA (mitochondrial DNA) was due to the opening of the
mitochondrial permeability transition pores, which were trig-
gered by mitochondrial stress (Fig. 3). This hypothesis was
validated when the response was found to be inhibited in cells
treated with DNase 1.

Taken together, these findings highlight the significant
involvement of the cGAS-STING pathway and mtDNA release in
CS-triggered maturation of DCs. This pathway has been recog-
nized as a vital mediator for regulating immune responses, with
its agonists demonstrating robust immune defenses against
infections and cancer.’® These findings suggest promising
possibilities for the development of potent CS-based immu-
nostimulatory agents (Table 1).

2.1.1 Summary of reported findings.

e Chitosan (CS) promotes dendritic cells (DCs) activation
and maturation, leading to enhanced antigen presentation and
T-cell activation.

e CS induces DCs activation via TLR4-independent pathways,
with IFNAR and cGAS-STING signaling playing significant roles.

e CS enhances costimulatory molecules (e.g., CD80, CD86)
and selectively affects cytokine profiles, such as increasing IFN-
Y, TNF-a, and IL-1B while limiting IL-12 production.

Table 1 Overview of key studies on the effects of chitosan on dendritic cells

Chitosan Cell type Dose

Main outcomes Ref.

DDA: 87-88%, M,:
324 kDa

Human monocyte- N/A

derived DCs

Bone marrow-derived
DCs (BMDCs)

DDA: 75-90%, M,,:
150-400 kDa

2, 4, or 8 ug mL

- Upregulation of CD86 50
- Increased TGF-1, TNF-a, IL-1B

- Reduced IL-10 production

- Increased expression of CD40 and CD86 53
- High levels of IFN-a. and IFN-f3

- Dependent on IFNAR signaling

- Activate cGas-STING pathway

DDA: 76%, M,,: high BMDCs 0.1 mg mL™* - Strong IL-1P response observed 39
- NLRP3 pathway is essential for IL-1B release
DDA: 75-90%, My BMDCs 2 ug mL™* - Enhanced secretion of IL-12 (Th1) 52
150-400 kDa + CpG and IL-6, 1L-23 (Th17)
- Superior immune response with CpG
- No inhibition of IL-12
DDA: >85% M,,: >40 kDa BMDCs 5, 10, 20,40 pg mL - Activation via TLR4 mechanism 29

© 2025 The Author(s). Published by the Royal Society of Chemistry

- Upregulation of MHC II, CD80, CD86
- Altered IL-10/IL-12 balance

- CS reorients cytokine profiles

by IL-10/IL-12 balance
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e CS activates DCs through mitochondrial stress, triggering
the release of reactive oxygen species and mitochondrial DNA,
which drives immune signaling pathways.

2.2. Chitosan and macrophages

Leukocytes, also known as white blood cells, are crucial
components of the human immune system that protect the
body against foreign invaders, such as pathogens. Leukocytes
are classified into monocytes, neutrophils, eosinophils, baso-
phils, and lymphocytes, based on their morphology and func-
tion. Monocytes, which are key players in the early stages of the
immune response, are recruited in response to biomaterials
and biopolymers, such as implants and scaffolds, and undergo
differentiation into macrophages and DCs.

Macrophages are phagocytic cells that engulf and digest
foreign particles including biomaterials and pathogens. They
are involved in the primary (acute) inflammatory response
triggered by the release of proinflammatory cytokines and
chemokines.?” Macrophages release cytokines and chemokines
such as TNF-a, IL-1B, and IL-6, which activate other immune
cells and alter their activity and metabolism, leading to the
recruitment of additional immune cells, such as neutrophils
and lymphocytes, to the site of injury or infection.”® Macro-
phages also play a key role in the clearance of exogenous anti-
gens via phagocytosis.

Macrophages can adjust their phenotype in response to their
microenvironment, with three major polarized macrophage
subsets: M0, M1, and M2. This phenotypic plasticity allows
macrophages to exhibit either pro-inflammatory or anti-
inflammatory features depending on the cues they receive.*®
MO macrophages are precursors of M1 and M2 macrophages,
have a noninflammatory phenotype, and are capable of
phagocytosis and antigen presentation.

M1 macrophages are pro-inflammatory and triggered by
pathogens. They secrete pro-inflammatory cytokines, such as IL-
6 and TNF-a, which aid in the elimination of pathogens and
infections.®® M2 macrophages, on the other hand, are associ-
ated with an anti-inflammatory response and are usually
encountered in wound healing to resolve inflammation. M2
macrophages are initiated by various cytokines and immune
complexes, releasing high concentrations of anti-inflammatory
cytokines such as IL-1ra and low concentrations of pro-
inflammatory cytokines.*®** There are multiple subtypes of M2
macrophages including M2a, M2b, M2c, and M2d.

The interaction between biomaterials and macrophages
involves various receptors (e.g., TLRs, scavenger receptors, and
complement receptors), leading to signaling events, such as
cytokine release, ROS production, and surface marker expres-
sion (CD80 and CD86).** Understanding these interactions is
crucial for developing immunomodulatory biomaterials, and
immunoengineering strategies, such as surface modifications
and bioactive molecule incorporation, can modulate macro-
phage responses to biomaterials and provide insights into
inflammation-associated diseases.®**

Bueter and colleagues® found that CS (DDA of 76%) could
stimulate the secretion of IL-1f in macrophages at all stages of
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differentiation (M1, M2, and intermediate). However, the
response was found to be more significant in M1 macrophages,
which were differentiated in vitro using granulocyte-
macrophage colony-stimulating factor (GM-CSF) and IFN-v,
compared to M2 macrophages, which were differentiated using
macrophage colony-stimulating factor (M-CSF).>* This suggests
that CS has a stronger effect on pro-inflammatory M1 macro-
phages than on anti-inflammatory M2 macrophages, with
a potential implication on the modulation of the immune
response under certain conditions.

Researchers have investigated the process of inflammasome
activation by CS and found that it is dependent on two factors
namely, cellular K efflux and acidification-dependent lyso-
somal destabilization.** Furthermore, they found that the acti-
vation of the NLRP3 inflammasome by CS requires the presence
of mitochondrial ROS. The NLRP3 inflammasome, once acti-
vated, cleaves pro-IL1p into its bioactive form using caspase 1.
In summary, CS stimulates the NLRP3 inflammasome through
a process that involves K" efflux, lysosomal destabilization, and
mitochondrial ROS, resulting in the activation of caspase 1 and
cleavage of pro-IL1p into its bioactive form.

Fong et al.*® investigated whether CS (81.5% DDA, 132 kDa,
2.02 PDI, block-acetylated) could stimulate macrophages in
different polarization states to release functional mesenchymal
stem cell (MSCs) chemokines, primarily anabolic factors (e.g.,
MCP-1, IP-10 and MIP-1p). The latter invokes a chemoattractive
response that leads to MSC migration to the affected area,
where they can facilitate tissue regeneration and repair in
response to injury or inflammation. In their study, conditioned
medium from MO and M2a macrophages stimulated with CS
induced 2-fold more chemotaxis from MSC than low-serum
control medium, whereas conditioned medium from CS-
induced M1 macrophages failed to induce MSC chemotaxis.
Furthermore, their findings showed that CS activated the
NLRP3 inflammasome, resulting in IL-18 and IL-18 responses
in murine bone marrow-derived macrophages, however when
used as scaffold (85% and 96% DDA) in Vasconcelos et al.*” CS
did not trigger the NLRP3 inflammasome activation in macro-
phages. CS was highly phagocytosed, leading to an increase in
the release of anabolic factors from M0 and M2a macrophages,
including MCP-1, IP-10, MIP-1B, IL-1ra, IL-10, and platelet-
derived growth factor (PDGF). It also induced IL-1p release,
with a much higher amount of IL-1ra than that of IL-1B. CS
stimulation of M1 macrophages increased the expression of
pro-inflammatory cytokines, such as IL-1p, IL-6, IL-8, and IP-10,
as well as decreased levels of vascular endothelial growth factor
(VEGF) and MCP-1, relative to M0 and M2a cells. Furthermore,
M1 macrophages showed increased secretion of TNEF-
o compared to M2a cells, but a lower level of TNF-a. secretion
compared to MO cells. The secretion of IP-10 was induced by the
STAT-1 signaling pathway and delayed when triggered by 82%
DDA-chitosan. The activation of STAT-1 relies on the activation
of protein kinase-C agonists, which have not yet been identified.
One crucial factor is DDA, as it was observed that 80% DDA CS
activated the STAT-1 pathway, whereas 98% DDA did not,
leading to unpaired release of IP-10; the reason for this is not yet
clear.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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They also ruled out the possibility that 80% DDA CS trig-
gered the release of IL-1ra via the IL-4/STAT-6 signaling axis in
experiments conducted on PMA-differentiated U937 macro-
phages (M0). Moreover, they found that the enhanced release of
IL-1ra caused by 82% DDA CS was not dependent on paracrine
IL-4 and IL-10 signaling or IL-1P release, indicating that this
effect is mediated by signaling pathways that require further
investigation. These findings imply that CS can be tailored to
induce specific cytokine responses while avoiding others,
including IL-1ra release while inhibiting IL-1P release (Fig. 4).

Another study by Vasconcelos et al.®* aimed to explore how
the DDA in 3D porous CS scaffolds influences the macrophage
response in vivo, particularly with respect to M1/M2 phenotypic
polarization profiles. Using a rodent air pouch model, the DDA
of the CS scaffolds was found to exert a significant effect on
macrophage activation and polarization where CS scaffolds
with 95% DDA showed decreased adhesion of inflammatory
cells. Furthermore, the predominant phenotype of the adherent
macrophages was M2. The exudates had a higher number of F4/
80+/CD206+ cells (M2 macrophages) than F4/80+/CCR7+ cells
(M1 macrophages). Additionally, lower levels of pro-
inflammatory cytokines and higher levels of anti-
inflammatory cytokines were detected in inflammatory
exudates.®* Conversely, when CS scaffolds with a DDA of 85%
were utilized, opposite results were obtained. In this instance,
M1 macrophages were the principal macrophages present in
the adherent scaffold and exudates, and elevated levels of
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proinflammatory cytokines were observed. Overall, this study
emphasizes the significance of considering the deacetylation
property of CS scaffolds when designing biomaterials for
biomedical applications because it has the potential to signifi-
cantly influence the macrophage response and, consequently,
the overall success of the biomaterial.

Building on what was previously done, Fong et al.®® examined
a range of CS doses and discovered that the effect of CS is
influenced not only by the DDA but also by the dose and poly-
dispersity of the polymer. It was observed that chitosan can
elicit two distinct cytokine responses that are mutually exclu-
sive, which is attributable to varying levels of lysosomal
disruption. Certain chitosan preparations (10 or 190 kDa with
80% DDA, and 3, 5, or 10 kDa with 98% DDA) induced macro-
phages to release CXCL10 and IL-1ra at 5-50 mg mL ', or
activated the inflammasome to release IL-18 and PGE2 at 50—
150 mg mL~ "%

At low doses, CS causes mild lysosomal disruption, which in
turn triggers a type 1 IFN response and phosphorylation of
STAT-1/STAT-2. This cascade of events ultimately leads to the
release of IL-1ra, which counteracts the effects of IL-13 and
CXCL10/IP-10, leading to an anti-inflammatory response
accompanied by the suppression of the pro-inflammatory
response. In another study, stimulation with =100 pg mL~" of
80% DDA CS caused unprimed primary macrophages to release
anti-inflammatory IL-1ra without triggering inflammasome
activation or IL-1p release.’®”® However, increasing the dose to

Fig. 4 Summary of the impact of chitosan (CS) dose and macrophage activation state. Chitosan exhibits distinct effects on macrophages, which
are contingent on their activation state and the dose of chitosan administered. In MO macrophages, low doses of chitosan stimulated the
production of type 1 IFN, resulting in augmented release of IL-1ra and CXCL10/IP-10, and decreased levels of IL-1B and PGE2. In contrast, high
doses of chitosan activated the NLRP3 inflammasome, leading to enhanced release of IL-18 and PGE,, and suppressed the release of IL-1ra and
CXCL10/1P-10. Furthermore, chitosan amplifies the secretion of proinflammatory cytokines in M1 polarized macrophages. Conversely, in M2
state macrophages, chitosan amplifies the secretion of anti-inflammatory cytokines. The corresponding figure has been adapted from ref. 68.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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500 ug mL ™" resulted in the secretion of IL-1 and CCL5/
RANTES suggesting a role of dose of CS in its influence on
inflammatory and immune responses.” These findings were
confirmed by Chou et al.,” who used CS with a high DDA (>90%)
and varying molecular weights (50 000, 150 000, or 300 000 Da)
at doses of 1, 2.5, 12.5, or 62.5 jig mL ™', They also observed that
this anti-inflammatory response was achieved by suppressing
cyclooxygenase-2 (COX-2), which in turn inhibits the production
of PGE,. Yoon et al.”> also reported similar outcomes using CS
oligosaccharides with a MW of less than 10 000 Da and a DDA of
90-95%. When administered at higher doses, CS caused greater
lysosomal disruption, activating the inflammasome and the
subsequent release of IL-18 and PGE,. The release of IL-18 and
PGE, suppresses the type 1 IFN response, resulting in a pro-
inflammatory response.* Additionally, lysosomal disruption
caused galectin-3 (a marker for vacuole lysis) recruitment to
vesicles containing CS, which in turn led to slowed autophagy
flux. Overall, these findings suggest that different CS doses have
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varying effects on immune responses, promoting anti-
inflammatory responses at low doses and a proinflammatory
response at higher doses. These effects are likely due to the
different levels of lysosomal disruption induced by the different
doses of CS.

The ¢cGAS-STING pathway described by Carroll et al.** is also
relevant to macrophages, where it is responsible for activating
the type 1 IFN response to release CXCL10/IP-10. However, it is
worth noting that when exposed to high doses of CS, M1
polarized macrophages are at a greater risk of pyknosis, a state
characterized by chromatin condensation, ultimately resulting
in apoptosis.®®

When Oliveira and colleagues® differentiated human
monocyte-derived macrophages on CS films without exogenous
cytokines, CS (DDA 88-89%, MW 324 kDa) induced phenotypic
polarization of macrophages, similar to the M2 state. This was
evidenced by the significant percentage of cells displaying
CD206 (an M2 phenotype cell surface marker) and reduced
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Fig. 5 Proposed mechanisms for the activation of signaling pathways in macrophages by chitosan. Chitosan's capacity to trigger two separate,
mutually exclusive cytokine responses is linked to different degrees of lysosomal disruption. At high doses (1), chitosan causes significant
lysosomal disruption, triggering the inflammasome and resulting in the release of IL-1B and PGE,. This leads to a pro-inflammatory response,
which suppresses the type-I| IFN response. Conversely, at low doses (2), chitosan causes mild lysosomal disruption, leading to a type-I| IFN
response and the release of IL-1ra and CXCL10/IP-10. IL-1ra antagonizes the effects of IL-1B, whereas CXCL10/IP-10 promotes an anti-
inflammatory response. This ultimately results in an anti-inflammatory response achieved through the suppression of COX-2 and inhibition of

PGE, production.
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expression of MHC-II (HLA-DR) and CD86, which are traditional
M1 phenotypic markers. During the initial three days of incu-
bation with CS, pro-inflammatory cytokines (TNF-o and IL-1B)
were induced by macrophages. However, between days 3 and 10,
there was a decrease in these cytokines, with a concurrent
upregulation of anti-inflammatory cytokines (IL-10 and TGF-
B1), compared to the control. Additionally, CS enhanced MMP9
activity in macrophages, but not in DCs, which is believed to
increase the migratory behavior of macrophages but does not
affect DCs. Overall, these findings highlight the dynamic cyto-
kine profile induced by CS films on macrophages, which is
characterized by a gradual shift from pro-inflammatory to anti-
inflammatory cytokine expression. The selective enhancement
of MMP9 activity in macrophages further suggests a role of CS
in regulating macrophage migration. Proposed mechanisms of
chitosan's effects on macrophage activation are summarized in
(Fig. 5).

According to Wu et al.,”® the viability of RAW264.7 macro-
phages remained unaffected at concentrations of 2.5, 10, and 40
ug mL ™" of low-MW CS (3 kDa and 50 kDa). However, low-MW
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CS significantly increased the pinocytic activity of cells in
a dose-dependent manner. Interestingly, 3 kDa CS at 10 and 40
pg mL~" doses prompted stronger pinocytic activity compared
to 50 kDa chitosan at the same dose, suggesting that CS induces
pinocytic activity of macrophages in a MW and dose-dependent
manner. Cytokine profiling showed that low-MW CS led to
a dose-dependent increase in TNF-a secretion. Additionally, 3
kDa chitosan significantly increased IFN-y and IL-6 levels,
whereas 50 kDa CS did not. Furthermore, the addition of low-
MW CS resulted in a concentration-dependent increase in
inducible nitric oxide synthase (iNOS) secretion, indicating
a potential M1 polarizing effect. In another study,* the GlcNAc
unit of the CS molecule was found to be responsible for
macrophage nitric oxide (NO) secretion, as opposed to the GlcN
residue. In summary, these studies show that low-MW CS has
a greater stimulatory effect and pinocytic activity on macro-
phages, and leads to increased secretion of pro-inflammatory
cytokines and iNOS, potentially promoting M1 polarization via
the GIcNAc unit of CS. These results provide important insights
into the potential immunomodulatory interactions between CS

Table 2 Overview of key studies on the effects of chitosan on macrophages

Chitosan Cell type Dose

Main outcomes Ref.

DDA 76% M1, M2

macrophage

N/A

DDA 81.5%, M,, 132 kDa MO, M1, M2a

Macrophage

5,50 pg mL™*

Rodent
macrophage

DDA 95%, 85% N/A

DDA 80%, M,, 10/190 kDa Macrophage 5-150 mg mL ™"

DDA 88-89%, M,, 324 kDa Human N/A

monocytes

RAW264.7
macrophage

M,, 3, 50 kDa

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.5,10,40 pg mL ™"

- IL-1P secretion stimulated in all macrophage 39
types, more in M1

- NLRP3 inflammasome activation dependent on K"

efflux, lysosomal destabilization, and

mitochondrial ROS

- Pro-inflammatory M1 response stronger than M2

- CS-induced conditioned media increased MSC 66
chemotaxis for MO and M2a, but not for M1

- Activation of NLRP3 inflammasome led to IL-1,

IL-18 responses

- Higher IL-1ra compared to IL-1f; M1 produced
pro-inflammatory cytokines (IL-1f, IL-6, TNF-o)

- DDA 95% scaffold led to M2 polarization, 61
anti-inflammatory cytokines

- DDA 85% scaffold led to M1 polarization,
pro-inflammatory cytokines

- DDA in scaffolds significantly influences M1/M2

responses

- Low dose (5-50 mg mL ") led to anti-inflammatory 69
cytokine (IL-1ra) release

- High dose (50-150 mg mL ") activated

inflammasome, released IL-1

- Higher dose triggered pro-inflammatory response

due to lysosomal disruption

- Initial pro-inflammatory cytokine release 50
(TNF-a, IL-1pB), switched to anti-inflammatory

(IL-10, TGF-B1)

- CS induced M2 polarization in monocytes without

external cytokines

- Increased MMP9 activity for macrophage

migration

- CS increased pinocytosis in a dose-dependent 73
manner

- 3 kDa CS induced higher pro-inflammatory

cytokines (TNF-o, IFN-y) than 50 kDa

- GIcNAc unit responsible for nitric oxide secretion,
promoting M1 polarization
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and macrophages. Findings from key studies on the effects of
chitosan on macrophages are summarized in (Table 2).

2.2.1 Summary of reported findings.

e Chitosan (CS) influences macrophage polarization, with
deacetylation degrees (DDA) affecting cytokine profiles.

e CS stimulates NLRP3 inflammasome activation in macro-
phages through mechanisms like K* efflux, lysosomal destabi-
lization, and mitochondrial ROS, leading to IL-1B secretion.

e CS activates the STAT-1 pathway, which is involved in the
regulation of pro-inflammatory cytokines such as IP-10.

e The GlcNAc component of CS is implicated in stimulating
nitric oxide (NO) secretion from macrophages.

3. Conclusion

In conclusion, although chitosan has been extensively studied for
its biomedical potential, there is still a lack of consensus on the
nature and strength of its immune responses. CS is a family of
polymers with a range of DDA and MW, which complicates the
comparison of studies; the impact of these properties on the
immune response remains to be fully clarified. Further research
is needed to fully understand the mechanisms underlying the
complex effects of CS on the immune system.

It is necessary to highlight the following features of this
research to date:

Firstly, it is essential to address the characterization of CS in
research. Often, properties such as the DDA and MW are only
partially characterized or presented as ranges, leading to
potential biases and errors. To ensure the suitability of CS for
biomedical studies, thorough characterization of these proper-
ties, as well as other relevant properties,”*”> should be
a minimum requirement.

Secondly, there is potential for enhancing interdisciplinary
coordination within CS research. Involving disciplines such as
biomaterial chemical engineering, biomedical/medical engi-
neering, immunology, vaccinology, and polymer chemistry
could improve the quality and relevance of studies in medical
and biomedical fields.

Thirdly, attention to the degree of purity of CS is crucial, with
special attention to endotoxin content. Overlooking the poten-
tial for cross-contamination with endotoxins can lead to dis-
torted conclusions and significant errors in the research
outcomes. Recognizing and accounting for endotoxin content
will help to ensure the integrity and accuracy of the findings.

Lastly, when conducting in vitro studies with CS, careful
consideration should be given to factors such as the cell line
used, exposure to stimuli for cell differentiation, and the
phenotype of the cells. The immune response to CS can vary
based on these cellular characteristics, making it essential to
account for these characteristics to ensure accurate and reliable
research results.

This review highlights the significance of CS dosage in
biomedical applications. It is essential to carefully consider the
appropriate CS dose for a given application because the efficacy,
activation, and immune cell polarization of the treatment may
depend on the administered dose. Therefore, proper attention to
the chitosan dosage is critical for successful biomedical outcomes.
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In a broader context, the use of CS in biomedical and
immune-engineering applications has the potential to influence
these fields. However, to realize this potential fully, it is critical
to address the issues outlined above. To fully unlock the
potential of CS as an effective tool for the development of novel
immunostimulatory biomaterials, more research is needed to
systematically understand its immunomodulatory capacity. The
ability to finely tune chitosan polymers to elicit specific types of
immune responses could be highly valuable but requires
a deeper understanding of the underlying mechanisms
involved. Therefore, continued investigation of the immuno-
modulatory properties of chitosan is essential for the develop-
ment of innovative biomedical applications.
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APCs Antigen-presenting cells

ATP Adenosine triphosphate

BMDCs Bone marrow-derived dendritic cells
CD Cluster of differentiation

cGAMP 2/,3'-Cyclic GMP-AMP
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CS Chitosan

DAMPs Danger-associated molecular patterns
DCs Dendritic cells

DDA Degree of deacetylation

DNA Deoxyribonucleic acid

GleN p-Glucosamine
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IFN Interferon

IFNAR Interferon-alpha/beta receptor

IL Interleukin

iNOS Inducible nitric oxide synthase

MHC Major histocompatibility complex

MW Average molecular weight

NaOH Sodium hydroxide

NF-kB Nuclear factor-kappa B

NLRP3 Nod-like receptor pyrin domain-containing
NMR Nuclear magnetic resonance

NO Nitric oxide

PAMPs Pathogen-associated molecular patterns
PDI Polydispersity index

PRRs Pattern recognition receptors

ROS Reactive oxygen species

STAT Signal transducer and activator of transcription
STING Stimulator of interferon genes

TBK1 TANK-binding kinase 1

TLR Toll-like receptor

TNF Tumor necrosis factor
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