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Mucosal vaccination, which is shown to elicit systemic and mucosal immune responses, serves as a non-
invasive and convenient alternative to parenteral administration, with stronger capability in combatting
diseases at the site of entry. The exploration of potent mucosal adjuvants is emerging as a significant

Keywords: area, based on the continued necessity to amplify the immune responses to a wide array of antigens that
ChitOSa“ are poorly immunogenic at the mucosal sites. As one of the inspirations from the ocean, chitosan-based
AdJ”"am_ . mucosal adjuvants have been developed with unique advantages, such as, ability of mucosal adhesion,
mgfﬁf:;lﬂ; unity distinct trait of opening the junctions to allow the paracellular transport of antigen, good tolerability

and biocompatibility, which guaranteed the great potential in capitalizing on their application in human
clinical trials. In this review, the state of art of chitosan and its derivatives as mucosal adjuvants, including
thermo-sensitive chitosan system as mucosal adjuvant that were newly developed by author’s group, was
described, as well as the clinical application perspective. After a brief introduction of mucosal adjuvants,
chitosan and its derivatives as robust immune potentiator were discussed in detail and depth, in regard
to the metabolism, safety profile, mode of actions and preclinical and clinical applications, which may

Clinical application

shed light on the massive clinical application of chitosan as mucosal adjuvant.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Vaccination has arguably been the most successful and effective
medical intervention for preventing infectious diseases, resulting
in decreased mortality, extended life expectancy, and improved
quality of life [1-3]. More than 600 million vaccine formulations
are now administered by subcutaneous or intramuscular injections,
according to WHO records [4].

However, some shortcomings have persisted throughout the
development of the vaccine industry, such as needle-stick injuries,
the potential for contamination, and the need for highly trained
personnel [5]. Furthermore, most pathogens invade the body at
mucosal sites. The mucosal immune system, comprising epithe-
lial cells, mucosa-associated lymphoid tissues (MALTs), and lamina
propria, contains almost 80% of the immunocytes in the human
body [6] and constitutes the first line of defense against infection
[7]. Unfortunately, vaccination via injection fails to achieve accept-
able immune protection at mucosal sites [8].

Needle-free vaccination offers immense potential in terms of
patient compliance and ease of administration, and has attracted
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great attention recently [3,9-11]. The significance of mucosal
immunity and its potential for improving global health has inspired
research demonstrating that mucosal vaccines could be an attrac-
tive alternative to parenteral administration [6,7].

Nonetheless, the administration of antigens via mucosal routes
normally leads to poor immunogenic stimulation. To overcome
this, live pathogens have been employed in commercial vaccines
such as oral polio [12,13], oral cholera [14-17], oral rotavirus
[18-20] and nasal influenza (FluMist™ [21-23], NASOVAC™ [24]),
but these still retain some potential hazards for large-scale applica-
tion. Hence, rational design of an appropriate adjuvant system with
a potent capacity to stimulate immunity is essential [25]. Modern
manufacturing technology is obliged to meet the following require-
ments: (1) stability of the antigen in an acidic, alkaline, or enzymatic
environment [26-28]; (2) retention of the antigen despite constant
clearance at mucosal sites [10,29]; (3) potent induction of both
systemic and mucosal immunity [30]; and (4) a balance between
enhanced mucosal immunity and the possibility of immune toler-
ance when using high doses of antigen [10].

As a promising solution, chitosan possesses well-defined prop-
erties including biocompatibility, low cost [31], high levels of
tolerance, a broad antibody response, and the capacity to stimu-
late robust Th1 responses [32,33]. Chitosan has been demonstrated
to have distinct mucoadhesivity, which prolongs the antigen
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retention time at mucosal sites [5], as well as the ability to open
the tight junctions between epithelial cells to intensify the trans-
port of antigen to sites of immune induction and effector responses
[6,7,34,35]. Moreover, the versatility of chitosan enables a diversity
of formulations for chitosan-based delivery systems, such as solu-
tions, powders, micro/nanoparticles, hydrogels, and microneedle
patches, to meet the various needs of novel vaccination meth-
ods [9,10,36,37]. Recent research has proposed several promising
chitosan-based formulations that are highly suitable as mucosal
adjuvants with outstanding safety profiles. This article aims to
provide an up-to-date review of pre-clinical and clinical appli-
cations for these novel adjuvant systems. Although chitosan has
been investigated for many years as a basic material for mucosal
adjuvants, it is not yet present in any marketed vaccine formu-
lation. The main obstacles may be a lack of understanding of its
metabolism and concerns regarding safety issues. Hence, a more
comprehensive evaluation of its metabolism, safety profile, modes
of action, and clinical applications is also presented in the following
sections.

2. Chitosan & chitosan derivatives: Metabolism and safety
issues

2.1. Chitosan and its derivatives

Chitosan, a natural cationic polysaccharide, is made up of
copolymers of glucosamine ([3(1-4)-linked 2-amino-2-deoxy-
D-glucose) and N-acetylglucosamine (2-acetamido-2-deoxy-D-
glucose), and is derived by the partial deacetylation of chitin
obtained from the shells of crustaceans or the mycelium of fungi
[8]. A wide range of chitosan polymers is available with diverse
molecular weights (MW), degrees of de-acetylation (DD), and
modifications, all of which may impact on their solubility, bio-
compatibility, mucoadhesive behavior, and degradation, and thus
influence their immunogenicity [38]. Scherlief$ et al. successfully
showed that three commercialized chitosans with different MW
and DD possessed varied levels of adjuvant activity, and the impu-
rities (protein contaminants) in the chitosan were found to play
only a minor role. They also pointed out that these diverse adjuvant
effects cannot be attributed to a single factor but rather an inter-
play between molecular weight, degree of deacetylation, particle
size, and solubility [39].

To overcome the poor solubility of chitosan at neutral pH
[40], various chitosan derivatives have been developed by chem-
ical modification of hydrophilic groups or by simply grafting on
water-soluble polymers (e.g., polyethylene glycol) [41-43]. The
derivatization of chitosan not only enhances its water solubility, but
also improves the cationic nature of the material, which enhances
its interactions with antigens or cell membranes, boosting anti-
gen adsorption/encapsulation and cellular internalization [44], as
well as facilitating the residence time at mucosal sites [45]. Among
the water-soluble chitosan derivatives, N-trimethyl chitosan (TMC)
and N-(2-hydroxy) propyl-3-trimethyl ammonium chitosan chlo-
ride (HTCC) are the most commonly used mucosal adjuvants. The
chemical structures and main properties are summarized in Table 1
[46].

2.2. Degradation and distribution

A comprehensive understanding of the metabolism of a poly-
mer is a prerequisite for its development as a novel adjuvant [49].
As a natural polysaccharide, chitosan is usually regarded as a non-
toxic, biologically compatible polymer [50,51]. In vitro studies have
proven that chitosan can be degraded efficiently by lysozyme,
resulting in approximately a 100% decrease in the weight of the

chitosan hydrogel within 60 days [52]. Three enzymatically active
forms of human chitinases have been identified in investigations
of the degradation of chitosan and its derivatives [53], namely
acidic mammalian chitinase (AMCase), di-N-acetylchitobiase, and
chitotriosidase, which have been found in the gastrointestinal
tract, liver, and plasma, respectively [54-57]. Recent research has
revealed that the degradation kinetics depend strongly on both the
molecular weight and the degree of deacetylation [39,58]. Typi-
cally, a higher enzyme-reaction rate was found for the degradation
of high-MW chitosan. Low-DD chitosan was degraded more rapidly,
and the remaining 3 to 4 acetyl groups may serve as essential con-
tacts in the active sites of chitosanases [57]. TMC was degraded by
lysozyme at a similar rate to native chitosan, but the degradation
rate was independent of pH [59].

In a study of in vivo degradation, chitosan underwent partial
digestion and uptake by the gastrointestinal tract, and was then
deposited in tissues, or circulated in the plasma to eventually be
eliminated from the body [53]. Limited data on the degradation and
distribution of chitosan have been presented, because of difficulties
tracking trace amounts of chitosan in the living body [60]. However,
some conclusions can be deduced.

First of all, the in vivo degradation and distribution of chitosan
is largely dependent on the molecular weight. FITC-labeled chi-
tosan with a small molecular weight (3.8 kDa) was absorbed by
the gastrointestinal tract to give a significant plasma concentration.
However, chitosan with a MW higher than 230kDa (with simi-
lar DD) was excreted in the feces without any uptake [61], which
indicated that it was not chitosan polymers but chitosan oligosac-
charides that could be adsorbed in the gut. In addition, the optimal
MW of chitosan for renal clearance was estimated to be 10 kDa. If
the MW of the adsorbed chitosan oligomers was larger than that,
they would undergo further biodegradation [62].

The failure of intranasal formulations in clinical trials suggests
that toxicity may be caused by the uptake of a degradation product
by the brain and irritation of the nasal mucosa during degrada-
tion. This may lead to serious local symptoms or neurological
disorders such as Bell’s palsy, which is a facial nerve paralysis
caused by the intranasal administration of a heat-labile entero-
toxin used as an adjuvant. In the case of chitosan-based mucosal
adjuvants, understanding the distribution and degradation of chi-
tosan is vitally important for dispelling safety concerns. Recently,
Smith et al. pointed out that high-DD chitosan was degraded
much more slowly under the local pH (5.5-6.5) of the nasal cav-
ity and might guarantee that the administered chitosan would
be cleared by mucociliary movement and swallowed into the ali-
mentary tract, which might protect the body from severe adverse
effects and toxicological responses [5]. Chitosan with a high DD can
probably serve as an ideal raw material for developing intranasal
vaccines.

Most of the above results have concentrated on the metabolic
behavior of chitosan polymers. On the other hand, the metabolism
of chitosan powder and smaller particles may be a very different
story. Although trimethyl-chitosan oligomers/DNA nanoparticles
were shown to be absorbed in the gastric tract [63], there is still
insufficient evidence to support the deduction that other chitosan
formulations would be degraded in a similar manner.

2.3. Safety of the mucosal administration of chitosan

With regard to the safety profile of chitosan, cytotoxicity is
dependent on the concentration, molecular weight, and degree
of de-acetylation, with a half-maximal inhibitory concentration
(IC50) of 0.2-2.0 mg/mL in most cell models [64,53,65]. In addition,
different forms of chitosan have shown similar cytotoxic effects
[66,67]. A number of studies have shown the good tolerance and
safety performance of chitosan administered via oral routes. In
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Abbreviations: TMC: N-trimethyl chitosan, HTCC: N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride, Mel: methyl iodide, DMS: dimethylsulfate, KI: potassium
iodide, TBDMS: tert-butyl dimethylsilyl, EPTAC: 2,3-epoxypropy! trimethyl ammonium chloride.

vivo, very few adverse effects have occurred in both mouse and
rat models after oral intake of chitosan in doses of 1-15 g/kg/day
for 3 months [68]. In addition, no relevant clinical signs were
found in healthy human volunteers after taking oral doses of up
to 6.75g/day [69]. Moreover, people with shrimp allergies have
shown no allergic reactions after oral administration of shellfish-
derived glucosamine [70].

Archimedes and other groups have conducted a large number
of preclinical or clinical studies on chitosan administered via the
intranasal route. They concluded that chitosan could be well tol-
erated with no adverse effects or only mild symptoms such as
erythema, itchy nose, rhinorrhea, and sore throat [71]. In view of
the above facts, chitosan is generally thought to be a biodegrad-
able and biocompatible biomaterial with no or minor toxicity and
offers the potential to be a safe pharmaceutical material for clinical
vaccine formulations [68,69].

Consequently, the raw material should be selected carefully
with regard to the molecular weight, degree of deacetylation, and
purity. Moreover, it is worth noticing that the physiochemical and
biological properties of chitosan are also influenced by the origi-
nal raw material, the manufacturing procedure, and even by the
season and weather. Batch-to-batch consistency and stability of
the raw material are other challenges when selecting chitosan-
based adjuvants for clinical trials. The greatest difference between
vaccine adjuvants and drug delivery systems is that vaccines are
administered to healthy people, especially populations at high risk
of contracting infectious diseases such as infants and the elderly,
which means any side effects must be avoided [72] [73]. Neverthe-
less, the truth about adjuvants is that “the nearer they get to killing
you, the more effective they are”. There is an appropriate level of
inflammatory response that is undesirable in a drug-delivery sys-
tem but obligatory for immune stimulation. Future research must
manage the balance between toxicity and adjuvanticity, in order to
advance the clinical application of chitosan-based mucosal adju-
vants.

3. Mode of action

Chitosan-based formulations have been found to orches-
trate both cellular and humoral responses, and represent the
most promising candidates for adjuvant and delivery systems
for mucosal vaccines [37]. Therefore, it is essential to under-
stand the mechanisms of mucosal immunity and the mode of
action of chitosan-based adjuvants, to further the rational design
of a chitosan-based adjuvant system with a profound ability
to stimulate immunity and a distinct safety performance [9].

Numerous studies have demonstrated the potent induction of
cellular responses, activation of the innate immune system, and
positive effects on mucosal adjuvanticity [39,74,75]. In this section,
general strategies for developing chitosan into a promising mucosal
adjuvant are addressed in detail with reference to recent reports.

3.1. Activation of the innate immune system

The innate immune system not only initiates immediate and
consistent responses towards infection, but also directly triggers
the adaptive immune system. Recognition by the innate immune
system requires the activation of pattern recognition receptors
(PRRs), such as Toll-like receptors (TLRs, one of the membrane-
bound PRRs) and nucleotide-binding domain leucine-rich repeat
containing receptors (NLRs, one of the cytoplasmic PRRs), which
are specific for conserved ligands associated with cellular dam-
age (danger associated molecular patterns, DAMPs) or invading
pathogens (pathogen associated molecular patterns, PAMPs) [76].

Upon stimulation by danger signals, DCs undergo activa-
tion/maturation to an active antigen-presenting phenotype [77],
with up-regulation of co-stimulatory membrane proteins such as
CD80 and CD86, and secretion of proinflammatory cytokines such
as TNF (tumor necrosis factor), interleukin (IL)-6, or IL-12. Recent
evidence has showed that all three signals are key factors for T-
lymphocyte activation [78]. Villiers et al. have demonstrated that
chitosan induces the activation of DCs at the level of membrane-
receptor recognition. Chitosan promoted the activation of DCs via
a TLR4-dependent mechanism, with up-regulation of membrane
proteins such as CD80 and CD86 [79]. However, it failed to elicit the
robust cytokine production that activates T cells, which indicates
that chitosan alone was unable to evoke a T-cell response. Never-
theless, when combined with antigen, chitosan and its derivatives
stimulated the expression of major histocompatibility complex
(MHC) class I molecules, which profoundly up-regulate the expres-
sion of co-stimulator molecules, namely CD80, CD40, and CD86, as
well as the secretion of the cytokines IL-6, IL-12, MIP-1, and TNF-a.
[80] This led to stronger CD8* cells proliferation and cytotoxic T
lymphocyte (CTL) responses [74].

As one of the best characterized NLR family members, the
NLR family pyrin domain containing 3 (NLRP3) was shown to be
associated with potent inflammatory responses, which were acti-
vated by a multi-protein complex composed of NLRP3, the adaptor
apoptosis-associated speck-like protein (ASC), and the protease
caspase-1 (Fig. 1). Currently, chitosan particles are proven triggers
of a potent adaptive inflammatory response through the NLRP3
pathway, which facilitates the recruitment of neutrophils [81-83]
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together with NLRP3 activation. (Ag: antigen; CSP: chitosan particle.)

and maturation of APCs, and creates a pro-inflammatory environ-
ment characterized by the secretion of cytokines such as IL-1[3 and
IL-18 [84,85].

As shown in Fig. 1, the disruption of lysosomes is thought to trig-
ger the chitosan-particle-induced NLRP3 response. After rupture,
the leakage of lysosomal enzymes such as cathepsin B, which can
prompt the assembly and activation of NLRP3 complex, stimulates
the secretion of IL-13 and subsequent inflammatory responses
[86-88]. Recent research has suggested that the activation of the
inflammasome by chitosan particles (CSPs) is dependent upon the
physiochemical properties of CSPs, such as particle size, charge
[88,89], and surface texture [90]. Neumann et al. found that only
positively charged chitosan nanoparticles and alum induced sig-
nificant IL-1[3 secretion after pre-incubation with LPS to activate
TLR4 in vitro [91].

3.2. Cross-presentation

Cellular immunity, which is caused by CD 8* T-cell activation,
is vital for the success of prophylactic and therapeutic vaccines
[92]. Typically, exogenous antigens are endocytosed by profes-
sional antigen presenting cells (APCs), and are then degraded into
short peptides within their endosomes. These degraded peptides
are loaded onto MHC class Il molecules to present antigen to CD4*
helper T cells, which leads to humoral immunity. Only some of
the intracellular antigens would escape from the endosome and
be presented to CD8* T lymphocytes through the MHC class I path-
way, to stimulate cellular immune responses. Traditional adjuvant
systems using Alum, MF59, and ASO03, failed to elicit potent cellu-
lar immunity [93]. On the other hand, chitosan particles possess a
robust capacity to elicit cross-presentation of exogenous antigens
and induce potent cellular immune responses.

Cross-presentation can be induced by several means such as TLR
activation [94,95], mannose receptor-mediated uptake [96], and
up-regulation of the expression of heat shock proteins [97,98]. In

the case of CSPs, tuning the cellular trafficking of antigen is trig-
gered by the “lysosome escape” pathway, which indicates that the
internalized chitosan particles can disrupt the lysosome [99,100]
and escape into the cytoplasm through a “proton sponge effect”
[101]. As shown in Fig. 1, the protonation of amino groups present
on the chitosan chains leads to an extensive inflow of ions and water
into the lysosome. When the “proton sponge effect” becomes strong
enough, the entrapped components (CSP and antigen) are released
by rupture of the lysosomes [ 102,103 ]. The escaped exogenous anti-
gen can be cross-presented through the MHC class I pathway, like
endogenous antigens, to prime CD8"* T cells and evoke robust CTL
responses [100,104].

3.3. Mucosal adjuvanticity

Briefly, mucosal surfaces are constructed of a single layer of
epithelial cells joined by tight junctions [ 11], which acts as a natural
barrier to protect the body from the outside world. When pathogens
frequently breach the epithelial barrier, epithelial tissues are acti-
vated and serve as sensors for detecting danger signals through
pattern-recognition receptors such as TLRs [105,106]. They respond
by releasing chemokines and cytokines to recruit MALT-resident
immunocytes and trigger innate and adaptive immune responses
[6]. Recently, chitosan-based adjuvant systems have been proven
to have mucoadhesive qualities and the unique ability to open the
tight junctions between epithelial cells at natural portals, which
stimulates a robust mucosal immune response by facilitating the
transport of antigens via an alternative yet effective route for anti-
gen delivery [5,30,39,74,75].

Numerous studies have confirmed the mucoadhesive proper-
ties of chitosan that prolong the residence time of formulations at
mucosal sites, including the nasal mucosa [8,10,29,107], gastroin-
testinal surfaces [ 108], and rectal and genital tracts [ 109]. Our group
employed an in vivo imaging system to evaluate the ability of a
thermo-sensitive HTCC hydrogel to prolong the residence time of
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Cy5 labeled H5N1 antigen in the nasal cavity. As shown in Fig. 2a,
no fluorescent signal was detected in the PBS/H5N1 group 1 h post
administration. However, strong fluorescence intensity could be
observed in the HTCC/H5N1 group. More than 54% of the adminis-
tered antigens persisted in the nasal cavity after 2 h (Fig. 2b), which
shows the ability of chitosan to offer a sustained antigen-mucosal
interaction without being cleared away [45].

The distinguishing trait of chitosan to mimic pathogen entry
by opening tight junctions between epithelial cells has also been
investigated in recent research [73,110]. Artursson’s group sug-
gested that the ability to open junctions was due to the positively
charged amino group on the C-2 position of chitosan, which could
interact with the negatively charged mucosal surface [111]. In
another study, they compared differences in the transport of [14C]-
mannitol, among three chitosan-derivative solutions, including
chitosan hydrochloride, chitosan glutamate, and TMC, all with a
similar degree of de-acetylation. In the intestinal epithelial cell line
Caco-2, the transport of [4C]-mannitol was increased 34-fold by
chitosan hydrochloride, 25-fold by chitosan glutamate, and 11-fold
by TMC at 0.25% w/v concentrations in vitro, compared with the
administration of mannitol alone [112]. By determining the change
in transepithelial electrical resistance to indicate the tightness of
the junctions and using confocal laser scanning microscopy in vitro,
they further demonstrated the interactions between chitosan and
zona occludens (ZO)-1 protein, which is regarded as the target of

chitosan and its derivatives [113-115]. Hsu et al. elucidated the
signaling mechanism underlying the opening of tight junctions by
chitosan in Caco-2 cell monolayers. As shown in Fig. 3, the cas-
cade of tight-junction opening is accompanied by the clustering of
integrins (ay[33) along the cell periphery, which led to the phos-
phorylation of focal adhesion kinase (FAK, also known as protein
tyrosine kinase 2, PTK2) and Src (a family of non-specific tyrosine
kinases). This also resulted in the regulation of tight-junction per-
meability via the redistribution of CLDN4 (a tight-junction protein)
from the cell membrane to the cytosol and its eventual degradation
in lysosomes [116,117].

4. Chitosan employed as immune potentiator in
pre-clinical research

In pre-clinical and clinical research, chitosan and its deriva-
tives have demonstrated low-toxicity, mucoadhesive capabilities,
the ability to enhance the internalization of antigens by APCs,
and immune-stimulatory properties, which makes them promis-
ing candidates for effective mucosal adjuvants [5]. The current
evidence supporting chitosan as a potent mucosal adjuvant is
summarized and recapitulated in Table 2, in a multitudinous
array of vaccine formulations, different chitosan types, dosage
forms, model animals, and routes of administration. In the follow-
ing section, applications for adjuvant systems based on chitosan
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Table 2
Pre-clinical application of chitosan-based adjuvant systems.
Antigen Chitosan type Dosage form Other Model animal Routes Results References
adjuvant
Chitosan particles
Tetanus toxoid (TT) CS (23-38kDa, NP (150-450 nm); - BALB/c in Increasing and long-lasting humoral [118]
DD =87%) Encapsulation immune response (IgG & IgA levels)
Diphtheria toxoid (DT) CS & CS-PEG (100kDa, PEG-modified NP - BALB/c in Profound IgA & IgG level; But CS-PEG is [119]
DD =86%) (100-500 nm), more significant in adjuvant
encapsulation performance, which may due to the
controlled releasing of antigen
H3N2 subunit antigen TMC (40-177 kDa, NP (350 nm); - C57Bl/6 in Higher IgG & IgA levels than i.m [120]
DD =26%) encapsulation administration of antigen alone;
balanced cellular and humoral
immunity
Dermonecrotoxin MCM (mannosylated MP (3-5 pm); - BALB/c in In vitro, target on macrophages, in vivo [121]
(BBD) chitosan microspheres) adsorption significantly higher IgA responses, IL-6
and TNF-a concentration
DT T™MC MP (1-6 pm), - Guinea pigs pulmonary High IgA and IgG titer compared with [122]
(177 kDa, DD =93%) encapsulation Alum s.c group
PDNA(SARS-CoV) CHS Biotin and bfFp - BALB/c in/im Increasing IgG1, IgG2a, IgG2b titers and [123]
modified NP (200 nm); IFN-vylevels in both i.n and i.m groups.
encapsulation But i.n group is lower than i.m group
OVA TMC (120kDa, NP (300 nm); - BALB/c Intraduodenal Boosting M-cell dependent uptake of [124]
DD =92%) CS encapsulation antigen; activation on DCs; High IgG
(120kDa, DD =92%) response
Chitosan hybrid particles
HBsAg CHS (Seacure 210, CS modified PLGA MP - BALB/c in Achieve the comparable IgG levels [125]
DD =83%); PLGA (40 (1-10 pm); with alum groups; potent secretion of
kDa-75kDa) encapsulation IgA and cytokines and IFN-vy in spleen
homogenates
HBsAg CS (DD=95%) NP (300-600 nm); CpG BALB/c in Robust IgG, slgA and IFN-y production, [126]
encapsulation Thl response; but The generation of
Th1-biased antigen-specific systemic
antibodies was observed only when
HbsAg loaded NP were applied
together with Class B CpG ODN
Recombinant Influenza CS (190kDa, DD > 75%); NP (125 nm); - BALB/c in/i.m Humoral (both systemic and mucosal) [127]
Avirus HIN1 PCL (14.8 kDa) encapsulation and cellular immune responses upon
i.n administration; comparable results
between i.n and i.m administration
Urease/BSA TMC, CS (200 kDa, NP (180-330nm), - Kunming oral Good performance on transepithelial [128]
DD =95%) alginate encapsulation mice electrical resistance (TEER) value; High
IgG titer and IgA titer
OVA TMC-SH (43 kDa, NP (300 nm); mixture - BALB/c infid High stability; thiol sensitivity; [129]
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HBsAg

HBsAg

CS (hydrochloride salt,
125kDa, DD = 86%);
Miglyol 813; soybean
lecithin

CS (110-150kDa); GC
(250 kDa); PLGA
(40-50 kDa, 50:50);

CS (DD =95%); alginate
(18kDa)

Other delivery system based on chitosan

Anthrax rPA

OVA

H5N1 split

OVA

Adenovirus

CG (Protasan UPG 213)

(&

(viscosity <200 mPa)

HTCC

(&

HTCC

Core-corona NP
(200 nm); adsorption

NP (175 nm);
encapsulation

NP (1 wm); adsorption

Dry powder, mixture

Microneedle;

encapsulation

Hydrogel; mixture

Powder encapsulation

Hydrogel; mixture

imiquimod
(TLR 7
agonist)

CPG

MPL-A

BALB/c

BALB/c

BALB/c

NWR

SD rat

BALB/c

C57B1/6

BALB/c

oral

Ability to enter macrophages evoked
more secretion of pro-inflammatory
cytokines (IL-1a, IL-10, IL-6 and
TNF-a); increasing IgG levels over
time, elicited both cellular and
humoral immunity

GC-PLGA exhibited the best mucus
adhesion ability and induced highest
1gG & IgA titer as well as IL-4, IL-2,
INF-y

High IgG titer with more secretion of
IL-2; Activation of CD4+ and CD8+ T
cells in the spleen

Significant anti-rPA IgG, IgA titers.
distinct increace in survivor
proportions to a mean aerosol
challenge, nine weeks after
immunization

CS microneedle can remain in the
epidermis and dermis (approximately
600 pm) for 14 days to sustained
delivery of antigen. Antigen depot
effect. Significant higher antibody level
lasts for 6 weeks via single vaccination
than intramusclar administration
Gelate at body temperature on the
surface of nasal mucosa in a short
time; Enhanced antigen uptake; robust
serum and mucosal antibody levels,
secretion of cytokines and potent
response of antigen-specific memory
CD8+T cells

The local cellular immune response in
the cervical lymph nodes was modest
and only for the CSMP and the agarose
NP was there a significant difference
compared to s.c. injection of ovalbumin
in alum

Simultaneously induced systemic and
humoral immunity; upgrade the
secretion of cytokines (IL-12, IFN-y)
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Abbreviations: CG: chitosan glutamate, CHS: chitosan hydrochloride salt, HA: hyaluronic acid, MP: microparticle, NP: nanoparticle, SIV: swine influenza virus, SARS-CoV: severe acute respiratory syndrome coronavirus, rPA:
recombinant protective antigen, NWR: new zealand rabbit, i.n: intranasal, s.c: subcutaneous, i.m: intramuscular, i.d: intradermal, i.t: intratumoral, bfFp: functionalized with biotin and bifunctional fusion protein, LHRH:
luteinizing hormonereleasing hormone, DD: degree of deacetylation, GC: glycol chitosan, TNF-a:: tumor necrosis factor-o, IL-2: interleukin-2, IFN-y: interferon-y, HTCC: N-[(2-hydroxy-3-trimethylammonium) propyl] chitosan
chloride, TNF: tumour necrosis factor.
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Fig. 3. The signaling mechanism of CS-mediated TJ opening [83].

and its derivatives are reviewed with regard to their routes of
administration.

4.1. Oral delivery

Since the adoption and widespread administration of the sabin
oral polio vaccine (OPV) [13], oral delivery has been considered
the preferred route of administration for vaccines, especially for
children [8]. Recently, chitosan has been extensively studied as
a promising candidate for oral administration to promote the
internalization of antigen and activate both systemic and mucosal
immunity [110].

Several studies have demonstrated that associating the antigens
with CSPs can enhance their uptake by M cells and reduce the risk
of vaccine degradation. Van der Lubben et al. reported that the size
of microparticles (MPs) should be 10 wm for efficient uptake by M
cells [34]. They also found that fluorescently labeled chitosan MPs
can be taken up by M cells in Peyer’s patches at intestinal surfaces
[137]. In later research, van der Lubben et al. further showed that
antigen was released from MPs after its uptake by M cells [138].
Moreover, a dose-dependent immune reaction was revealed for
mice vaccinated with different doses of antigen associated with chi-
tosan MPs [139], which proved the ability of chitosan to promote
the internalization of vaccines.

With the aid of an enteric coating, chitosan delivery systems
can be protected from stomach acid and released from within
the enteric coating after reaching the intestine [140]. Hori et al.
developed ovalbumin (OVA)-containing chitosan MPs (Chi-OVA),
and coated them with Eudragit L100 (ER-Chi-OVA). Compared to
an uncoated Chi-OVA delivery system, significantly higher intesti-
nal mucosal IgA and systemic IgG responses were detected after
oral administration of coated Chi-OVA. [141]. In another study,
Cho et al. presented a mucoadhesive and pH-sensitive thiolated
Eudragit-coated chitosan microparticle, with an enhanced capacity
for retaining the structural integrity of the encapsulated pro-
tein [142]. Recently, HBsAg-loaded chitosan microparticles were
formulated. To overcome the limitations imposed by enzymatic

degradation and permeation barriers, bacitracin was introduced
as a protease inhibitor, which resulted in better protective levels
of immunity after oral administration compared with aprotinin as
a protease inhibitor. Moreover, the MPs remained stable at room
temperature for up to four months [143].

4.2. Nasal delivery

The nasal route is an excellent alternative to conventional
forms of vaccination, and is effective at inducing systemic and
mucosal immunity in not only the upper and lower respiratory
tracts, but also the gastric and genital tracts via cross-protection
[25,29]. As mentioned above, the chitosan-based adjuvant sys-
tem can provide effective immune stimulation through potent
enhancement of antigen retention, mucosal permeability, cellular
uptake, and protection of the antigen [144], as well as a good safety
profile [145].

The past few years have witnessed the wide application of
chitosan-based adjuvants in pre-clinical research on intranasal
vaccines. Vila et al. prepared tetanus toxoid-encapsulated chi-
tosan nanoparticles as an intranasal antigen delivery system,
which resulted in an increasing and long-lasting humoral immune
response (IgG and IgA levels) [118]. The controlled release of anti-
gen by chitosan particles is another important factor contributing
to adjuvanticity. Mokarram et al. has demonstrated the effect of PEG
(polyethylene glycol) modifications on the immune-stimulating
performance of chitosan nanoparticles, using diphtheria toxoid-
loaded chitosan nanoparticles with or without PEG modifications
(CS-PEG and CS). In the study, CS-PEG and CS nanoparticles both
elicited profoundly higher IgA and IgG levels compared with fluid
antigen. In addition, the performance of CS-PEG as an adjuvant was
significantly better, which may be due to the controlled releas-
ing of antigen [119]. Scherlief3 et al. proposed a novel spray-dried
and B-irradiated sterilized vaccine with outstanding stability for
intranasal administration against influenza A(H1N1)pdmO09 in non-
human primates, and employed chitosan and a stabilizing and
protecting solution (SPS). The chitosan in the formulation not only
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examinations by immunohistochemistry method [44].

served as an inducer of immunity, but also stabilized the anti-
gen, especially in combination with SPS. The seroconversion results
revealed that the effectiveness of the pilot formulation was compa-
rable to Pandemrix®. Moreover, the hemagglutination-inhibition
titer of the group administered sterilized vaccine showed no dif-
ference from the group administered unsterilized vaccine [146].

Chitosan derivatives, such as TMC [120], CG [133], and chi-
tosan hydrochloride salt [123], have also been employed in the
intranasal delivery of antigen. Our group has developed a thermo-
sensitive hydrogel formulated from the chitosan derivative HTCC
and o, 3-glycerophosphate (a,[3-GP) as an intranasal vaccine deliv-
ery system for the H5N1 split antigen [107]. This hydrogel was
designed to gelate in a short time at body temperature on the
surface of the nasal mucosa, which significantly reduced mucocil-
iary clearance and prolonged the antigen residence time in the
nasal cavity. Using confocal laser scanning microscopy and scan-
ning electron microscopy, we observed the stained nasal epithelia
after intranasal administration of chitosan hydrogel, and have pro-
vided significant evidence for the disorganization of ZO-1 protein
in nasal epithelial tissue. The thermo-sensitive hydrogel facilitated
the transportation of antigen into the sub-mucosa via the paracel-
lular pathway rather than the endocytosis pathway (Fig. 4). When
employed in the intranasal delivery of H5N1 split antigen [45] and
adenovirus antigen [136], the hydrogel system enhanced robust
serum and mucosal antibody levels, the secretion of cytokines, and
a potent response by antigen-specific memory CD8* T cells.

When chitosan and its derivatives were added to a hybrid
system, an increase in the adjuvanticity of other biodegradable
polymers was observed. Jaganathan et al. reported that intranasal
administration of chitosan hydrochloride-modified PLGA MPs led
to significantly higher anti-HbsAg IgG and IgA titers and levels of
cytokines (IL-2 and IFN-v) in spleen homogenates than unmodified
PLGA MPs [125]. In another study, Pawar et al. prepared uncoated
PLGA nanoparticles, chitosan-modified PLGA NP (CS-PLGA), and
Glycol chitosan-modified PLGA NP (GC-PLGA) for encapsulation of
the antigen, and administered these via the nasal tract. The results
showed that GC-PLGA exhibited the highest level of mucus adhe-
sion and elicited the highest IgG and IgA titers, as well as the
secretion of IL-4, IL-2, and INF-y [131]. Vicente et al. developed
a polymer/oil-based core-corona nanocapsule, formulated with an
oily core of Miglyol® 812, a neutral oil composed of triglycerides
of medium chain fatty acids, and a positively charged shell of chi-
tosan [75]. Through co-delivery of rHBsAg antigen and the TLR7
agonist Imiquimod, the vaccine orchestrated greater secretion of
pro-inflammatory cytokines (IL-1a, IL-6, and TNF-a), increasing
IgG levels over time and boosting both cellular and humoral immu-
nity [147].

4.3. Other routes of administration

Chitosan-based adjuvant systems have also been employed
in mucosal vaccination via other routes. Chen et al. developed
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a novel transdermal delivery system consisting of embeddable
chitosan microneedles with a supporting array composed of
a polylactic acid (PLA) polymer, for the sustained delivery of
encapsulated antigen, which in this case was OVA. The chi-
tosan microneedle remained in the epidermis and dermis (at
a depth of approximately 600 wm) for 14 days as the chitosan
degraded (Fig. 5). The antibody levels were significantly higher
in the microneedle group than the intramuscular-administration
group [134].

For pulmonary administration, microparticles containing diph-
theria toxoid (DT) and chitosan were prepared using a spray-drying
technique with a supercritical mixture of carbon dioxide (CO;)
and ethanol. After immunization, a strong immune response was
observed in the group receiving chitosan-DT, with higher IgM, IgG,
IgG1, and IgG2 titers than the group receiving alum-absorbed DT,
which supports the potential of chitosan as a potent delivery system
for pulmonary vaccines [122].

5. Clinical applications of chitosan-based systems

In the food industry, chitosan has been designated generally-
recognized-as-safe (GRAS) in the US, Japan, and Italy [148].
However, chitosan has still not been utilized in any marketed vac-
cine formulations. Only a few studies have been published on the
clinical applications of chitosan as an adjuvant.

Mills et al. have reported the safety and immune-stimulatory
capacity of a chitosan-glutamate intranasal delivery system for the
diphtheria toxoid antigen CRM197, among healthy volunteers. In
Phase A of the study, three groups of subjects were administered
intranasal diphtheria vaccine (50 p.g of CRM1g97 with 9.5 mg of chi-
tosan glutamate 213, and 2.5 mg of mannitol), antigen alone (on
Day 0 and 28), or alum-adsorbed diphtheria toxoid vaccine via
intramuscular injection (single administration on Day 0). Serum
IgG and IgA from nasal wash were collected on Days 27 and 42. The
results suggested that the chitosan intranasal formulation was well
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tolerated with only transient mild-to-moderate adverse effects
(AEs), such as nasal discharge, blockage, and discomfort. There were
no significant differences in the circulating antibody titers of the
groups after first administration, but the antibody levels of the
group receiving CRM197 and chitosan intranasally were boosted
after a second vaccination [149].

Norovirus infection is the most common cause of viral gas-
troenteritis in humans [150,151]. Parra et al. developed a norovirus
virus-like particle (VLP) vaccine, which orchestrated distinct
immune responses in the rabbit after intranasal vaccination [152].
The vaccine (NV-VLP) was formulated as spray-dried powder,
which was composed of chitosan (ChiSys™) and norovirus VLP
antigen, with MPL (monophosphoryl lipid) as an immune enhancer.
ChiSys™ is a drug delivery technology based on chitosan, which is
provided by Archimedes Development Limited.

In Phase I clinical studies, two randomized, double-blinded, con-
trolled studies of NV-VLP vaccine have been performed. Healthy
volunteers (18-49 years old) were randomized to receive two
intranasal administrations of NV-VLP or act as controls (with a
interval of 21 days). In study 1, 5 pg, 15 g, and 50 g dosages of
Norwalk antigen and chitosan alone were evaluated. In study 2, four
groups of healthy subjects were administered MPL/chitosan (50 or
100 g VLP per dose, as a powder), chitosan only, or placebo (puff
of air). The symptoms were recorded for 7 days after vaccination,
and the safety evaluation was followed up for 180 days. Samples
of serum and peripheral blood mononuclear cells were also col-
lected. Theresults indicated that the most common symptoms were
nasal stuffiness and discharge, and sneezing. No vaccine-related
serious adverse effects (SAEs) were observed. The most significant
immune response was found for the 100-g dose, with IgG and IgA
titers increased by 4.8 and 9.1-fold, respectively. All subjects who
received the vaccine dose of 50 or 100 pg produced IgA antibody-
secreting cells (ASCs), with surface molecules that are associated
with homing to mucosal and peripheral lymphoid tissues (CD19+,
CD27+,CD62L—, integrin oy /37+,CD19+,CD27+,CD62L+, and integ-
rin a4 /B7+). The results indicated that intranasal administration of
NV-VLP may evoke IgA secretion by intestinal mucosal tissues (the
entry site of norovirus) [153].

In other studies, healthy adults (18-50 years of age) were ran-
domized and received primary and booster injections of either
vaccine (100 wg VLP per dose) or placebo, administered 3 weeks
apart. Three weeks after the second injection, the subjects were
challenged with Norovirus. Serology data were collected and the
clinical efficacy was assessed by the occurrence of infection, the
onset severity, and the duration of the illness caused by Norovirus.
AEs of nasal stuffiness, nasal discharge, and sneezing were also
reported in this trial, and occurred with similar frequency among
vaccine and placebo recipients. A significant IgA response (a
4-fold increase) was detected in 70% of vaccine recipients. More-
over, the occurrence of norovirus-induced gastroenteritis (69% of
placebo recipients vs. 37% of vaccine recipients, P=0.006) and
virus infection (82% of placebo recipients vs. 61% of vaccine recip-
ients, P=0.05) was significantly reduced by NV-VLP vaccination
[154,155].

6. Conclusion and perspectives

Chitosan-based adjuvant systems have been developed with
versatility in formulation, excellent tolerance, distinct mucoad-
hesivity, and a robust capacity to stimulate cellular and humoral
immunity in both clinical and pre-clinical studies. Application of
these adjuvant systems would significantly improve vaccine devel-
opment to meet the needs of reduced cost, increased stability,
and easier administration. However, only a few chitosan adjuvant
systems have been approved for clinical trials (15 on-going clin-
ical experiments), and none of them have yet been included in a

licensed vaccine product. Numerous challenges are still hindering
the development of chitosan-based mucosal adjuvant systems in
humans.

Diverse types of chitosan at different concentrations with vari-
ous DD and MW are now being studied by separate research groups
using a diverse range of antigens (Table 2), which could also lead
to controversy and confusion regarding its potential application in
human medicine. Future research is needed to investigate the mode
of action of chitosan, based on its different aforementioned prop-
erties, and establish criteria for advancing chitosan development.

We envisage a booming future for chitosan as an adjuvant in
novel mucosal vaccine formulations. Although there are hurdles
that still need to be overcome, it is reasonable to expect that it
will not be very long before chitosan-based delivery systems for
vaccines are released onto the market.
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