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Chitosan is a polysaccharide capable of augmenting immune responses with a proven safety record in
animals and humans. These properties make it a potentially attractive agent for the prevention and treat-
ment of infectious disease. Infection by respiratory syncytial virus (RSV) is the leading cause of serious
lower respiratory disease in young children throughout the world. There is no licensed vaccine available
against RSV whereas inactivated vaccine is known to cause enhanced respiratory disease instead of pro-
tection. Here, we investigated whether chitosan administered one or three days post-infection could pro-
tect animals against RSV infection and whether it could alter immune responses or immunopathology
induced by inactivated RSV vaccine when administered twice before RSV infection. We found chitosan
could modestly protect animals against RSV infection when given post-infection, while, in conjunction
with inactivated RSV vaccine when given pre-infection, it could significantly reduce RSV infection in
mice. Further mechanistic investigation revealed that chitosan enhanced antigen-specific immune
responses through augmenting the induction of regulatory T cells, lung resident T cells and neutralizing
antibodies while reversing Th2-skewed immune responses induced by inactivated RSV vaccine but, sur-
prisingly, failing to reverse lung histopathology. Overall, this study sheds more light on the molecular
mechanisms underlying inactivated RSV vaccine-induced disease.

Crown Copyright � 2019 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Chitosan is a generic term for a family of linear polysaccharides
that is commercially available as a partially deacetylated a-chitin
produced from the exoskeletons of crustacean or the cell walls of
fungi [1–3]. It is a biocompatible, non-toxic and non-allergenic
material that has been tested for safety and toxicity in a variety
of animal species for various applications through various routes
of administration [4–6]. In solution, the positive charge of chitosan
confers it with mucoadhesive properties, which are crucial for its
use in intranasal applications [7,8]. When nasally administered
with an antigen, it has been shown to augment antigen-specific
immune responses in many animal models [9–12] and in human
subjects [9,13–16]. Interestingly, chitosan alone is also able to
enhance the immune responses against some viral infections
[10–12]. While its activities of immune enhancement have been
well documented, the molecular mechanisms remain to be fully
understood. It would be of interest to investigate whether chitosan
could alter immune responses induced by a vaccine known to be
generally less effective or even induce severe adverse reactions.

Formaldehyde-inactivated respiratory syncytial virus (FIRSV)
vaccine was initially developed to protect humans against RSV
infection known to cause severe disease in young children, elderly
and immunocompromised patients [17–20]. However, instead of
protection, the vaccine was found to be associated with severe
vaccine-induced enhanced respiratory disease (ERD), with 80% of
the participants hospitalized and 2 deaths following subsequent
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RSV infection [21–24]. It has been shown that Th2-skewed
immune responses and poorly neutralizing antibodies lead to pul-
monary inflammation, airway obstruction, and mucus hypersecre-
tion [25–29]. Moreover, cell-mediated immune responses could
also be involved in the development of ERD [30–32]. Here, we
employed chitosan to gain better insight into FIRSV-induced
immune responses, specifically its role in inducing regulatory
and tissue resident T cells which are known to be critically impor-
tant in inducing well-balanced and robust immune responses
against microbial infections.
2. Materials and methods

2.1. Cells, virus and vaccines

Hep-2 (ATCC: CCL-23) were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 1.5 g/l sodium bicarbonate,
2 mM Glutamax, 1 mM HEPES, 20 U/ml Penicillin, 0.02 mg/ml
Streptomycin, and 10% FBS.

RSV-A2 (ATCC: VR-1540) was grown in Hep-2 cells according to
supplier’s instructions and sucrose-purified for animal studies.
FIRSV was prepared with the RSV-A2 strain in Hep-2 cells as
described elsewhere [25,27]. Briefly, Hep-2 cells were infected at
a MOI of 0.02 in Hep-2 growth media. Following 2 h of adsorption,
the inoculum was removed, monolayer was washed with serum-
free growth media, and cultured in serum-free growth media for
4 days. After 4 days, more than 80% cytopathic effect was observed
and the cells along with the supernatant were harvested. The
collected harvest was clarified by low speed centrifugation. The
supernatant was collected and filtered while the pellet was
resuspended in serum-free media for freeze-thawing twice. The
freeze-thawed pellets were centrifuged at low speed to pellet the
cell debris. The supernatant was filtered and combined with the
previously collected supernatant. 100 ml of the combined filtered
supernatant was removed for plaque assay conducted the same
day. The rest of the filtrate was inactivated with formalin at a final
dilution of 1:4000 and incubated at 37 �C for 3 days. Next, the
formalin-inactivated media was ultracentrifuged at 26,000 rpm
for 1 h at 4 �C. The resulting pellets were resuspended in 1/25th
of the original volume in serum-free Hep-2 growth media. This
was then adsorbed overnight to aluminium hydroxide added at a
final concentration of 4 mg/ml. This formalin-inactivated alum-
adjuvanted material was pelleted by low speed centrifugation
and resuspended to 1/4th the volume in serum-free Hep-2 media.
Formaldehyde-inactivated cell control (FI-Mock) was prepared
alongside FIRSV using the same procedure starting with the same
number of cells and media but without the RSV infection; Hep-2
growth media without RSV was added during the 2-hour adsorp-
tion step.
2.2. Animal studies

Six-week old female Balb/c mice (Charles River, Saint Constant,
QC) were used for all animal studies. For a primary infection, mice
were infected intranasally with 5 � 105 PFU of RSV-A2 in 25 ml per
mouse. Chitosan (Sigma), also known as deacetylated chitin or poly
b-1,4-D-glucosamine, derived from shrimp shells (�75% deacety-
lated) is insoluble in water and organic solvents. Thus, chitosan
was dissolved in 25 mM sodium acetate solution (pH 5.0) to a con-
centration of 4 mg/ml [11,12] and 25 ml was administered intrana-
sally per mouse either one day or three days post RSV infection.
Mice were euthanized four days post-infection for lung collection.

Twenty mice were given FIRSV or FI-Mock at 106 PFU intramus-
cularly in 50 ml volume per mouse. Each immunization was admin-
istered twice at the same dose and route 28 days apart (Day 0 and
28). On days 39 and 41, 10 mice given FIRSV and 10 mice give FI-
Mock were administered 25 ml chitosan at 4 mg/ml intranasally. On
day 42, 10 mice vaccinated with FIRSV (5 mice treated with
chitosan) and 10 mice vaccinated with FI-Mock (5 mice treated
with chitosan) were euthanized while the rest were challenged
intranasally with 5 � 105 PFU of RSV-A2 in 25 ml per mouse. Four
days post-challenge, mice were euthanized for blood and tissue
collection.

In all animal studies, mice were intravenously injected with
1.5 mg of BV510-conjugated anti-mouse CD3 (clone 145-2C11; BD
Biosciences) in 200 ml PBS 5 min before being euthanized. During
flow cytometry analysis of the lungs, the cells that appear negative
for the injected CD3 antibody will be considered tissue-resident
[33,34].

All animal experiments were reviewed and approved by Institu-
tional Animal Care and Use Committee of Health Canada and were
conducted in accordance with Institutional Animal Care and Use
Committee of Health Canada guidelines and regulations.

2.3. Lung viral titer

Lungs were removed four days post RSV challenge and the RSV
titer was determined as described elsewhere [27]. Briefly, lungs
were collected in serum-free RPMI media and weighed prior to
mechanical homogenization using Ultra-Turrax� T25 homogenizer
at 24,000 min�1. The homogenates were clarified by centrifugation
at 2000 rpm for 10 min at 4 �C and the supernatants were frozen at
�80 �C until further use. Serial dilutions of the supernatant were
done and incubated on Hep-2 cells for 2 h at 37 �C. A 1:1 overlay
of 2x DMEM media and 0.8% agarose was added. Following 6 days
of incubation, the overlay was removed and the cell monolayer
was stained with crystal violet before counting plaques. Results
are expressed as PFU/g lung tissue.

2.4. Histopathology

Four days post RSV challenge, whole lungs were collected from
the Balb/c mice and fixed in 10% neutral buffered formalin. They
were then trimmed, processed and embedded into paraffin blocks.
Four-micron Hematoxylin-Phloxine-Eosin (HPE) and Periodic Acid
Schiff (PAS) stained slides were made for evaluation. Scoring was
done by a veterinary pathologist who was blinded to the experi-
mental design. The lesion assessment protocol outlined by Weiss
et al. was adopted [35]. Perivascular leukocytic infiltration was
evaluated where 1 means within normal parameters; 2 means
small numbers of solitary cells with uncommon aggregates; 3
means multifocal small to moderate aggregates; 4 means moderate
to high cellularity with multifocal large cellular aggregates that
may be expansive into adjacent tissues. Mucus was visualized with
PAS stain and graded as follows: 1 means none; 2 means epithelial
mucinous hyperplasia with none to rare luminal mucus accumula-
tion in airways; 3 means epithelial mucinous hyperplasia with
luminal mucus accumulation in airways; 4 means there is severe
mucinous hyperplasia with airway obstruction by mucus. Total
pathological score was calculated as the average of the individual
scores.

2.5. ELISA

Serum from immunized mice was collected for determination
of IgG1 and IgG2a titer. Ninety six-well plates were coated with
0.5 mg/ml recombinant RSV fusion (F) protein (Sino Biological)
overnight at 4 �C. Next day, the plates were washed and blocked
with BSA in PBS containing 0.05% Tween 20 for 2 h at 37 �C. Serial
dilutions of the mouse serum in blocking buffer were then added
for 1 h at 37 �C. After washing, HRP-conjugated anti-mouse IgG1
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or IgG2a (Jackson Immunoresearch Laboratories) were added for
1 h at 37 �C. The plates were again washed and Tetramethylben-
zidine substrate (Cell Signaling Technology) was added for
20 min at room temperature. The reaction was then stopped with
0.16 M sulfuric acid. The plates were read spectrophotometrically
at 450 nm wavelength. The resulting OD values for IgG1 and IgG2a
for each mouse at each serum dilution were divided to calculate
the IgG1:IgG2a ratio.
2.6. Microneutralization

RSV-neutralizing ability of the serum from immunized mice
was determined. Serial dilutions of the serum were incubated with
800 PFU of purified RSV-A2 for 1 h at 37 �C, 5% CO2. The virus-
antibody mixture was added to HEp-2 cells seeded the previous
day and incubated at 37 �C. After 3 days, the cells were fixed with
ice-cold methanol for 10 min at room temperature, air-dried, and
blocked with 5% non-fat dry milk in PBS containing 0.1% Tween
20 for 2 h at 37 �C. Then, the plates were washed and a HRP-
conjugated anti-RSV (Meridian Life Science) was added for 1 h at
37 �C. The plates were again washed and Tetramethylbenzidine
substrate (Cell Signaling Technology) was added for 20 min at
room temperature. The reaction was then stopped with 0.16 M sul-
furic acid. The plates were read spectrophotometrically at 450 nm.
2.7. Flow cytometry

Cells were isolated from lungs of immunized mice using a lung
dissociation kit (Miltenyi Biotec) and a mechanical tissue homoge-
nizer. Single-cell suspensions were washed with PBS and first,
stained with Fixable Viability Stain 700 (BD Biosciences) for
30 min at 4 �C, then, with purified anti-mouse CD16/CD32 (eBio-
science) as a Fc block for 5 min. Next, cells were washed with FACS
wash buffer (PBS with 1% BSA and 0.05% sodium azide) and stained
for 30 min at 4 �C with a panel containing BV711-conjugated anti-
mouse CD127 (clone SB/199), BV650-conjugated anti-mouse CD25
(clone PC61), BV421-conjugated anti-mouse CD44 (clone IM7), PE-
Cy7-conjugated anti-mouse CD62L (clone MEL-14), PE-CF594-
conjugated anti-mouse CD103 (clone M290), FITC-conjugated
anti-mouse CD8a (clone 53–6.7), APC-H7-conjugated anti-mouse
CD4 (clone GK1.5), and AF647-conjugated CCR7 (CD197; clone
4B12). After washing the stained cells, BD PharmingenTM Transcrip-
tion Factor Buffer Set (BD Biosciences) was used as per manufac-
turer’s instructions to stain with PE-conjugated anti-mouse
Foxp3 (clone MF23). All antibodies were purchased from BD Bio-
sciences. Using a BD LSRFortessa flow cytometer, 50,000 singlet
events were recorded. FMO controls and compensation beads were
used where appropriate to correct for spectral overlap. Data anal-
ysis was completed using FlowJo X 10.0. Gating strategy is outlined
in Fig. S1.
2.8. Secreted cytokines

Cells were isolated from lungs using a lung dissociation kit (Mil-
tenyi Biotec) and a mechanical tissue homogenizer. The cells were
then stimulated with an immunodominant H-2Kd-restricted RSV
F85-93 peptide (KYKNAVTEL; ProImmune) at 5 mg/ml for 48 h at
37 �C, 5% CO2. Supernatants were collected following centrifuga-
tion and stored at �80 �C for later analysis. A ProcartaPlex Mouse
Cytokine Panel (eBiosciences) was used to determine the levels
of IL-5 and IL-13 in the supernatants. The samples were read on
a Luminex 200 System (xMAP Technology). Data analysis was per-
formed using MILLIPLEX Analyst version 5.1 for determining the
pg/ml of each cytokine.
2.9. Statistical analysis

Analysis was conducted using one-way or two-way ANOVA
where appropriate. Bonferroni posttest was used to adjust for mul-
tiple comparisons between different test groups. Tests were done
at a 5% significance level. All statistical analyses were performed
using GraphPad Prism 7 software.
3. Results

3.1. Chitosan enhances induction of resident effector T cells and
regulatory T cells following RSV infection

We first investigated whether chitosan administered therapeu-
tically could afford protection against RSV and the underlying
mechanism. To that end, Balb/c mice were infected with RSV-A2
and intranasally inoculated with chitosan either one day or three
days post-infection [10]. A ‘no chitosan’ control was included
where mice were infected with RSV but did not receive any chi-
tosan. Four days post-infection, all mice were injected with a
fluorophore-conjugated anti-mouse CD3 antibody [33,34] and
euthanized five minutes later for lung collection (Fig. 1A). Mini-
mally lower RSV titer, albeit statistically significant, was observed
in mice given chitosan one day post-infection (Fig. 1B), while chi-
tosan treatment on day 3 failed to significantly inhibit viral repli-
cation. Notably, we found that the decreased levels of viral
replication in chitosan treated mice was accompanied by signifi-
cantly increased T cell populations known to be crucial for protec-
tion against RSV [30,36–39]. Specifically, treating with chitosan
one-day post RSV infection significantly increased the number of
lung-resident CD8+ and CD4+ effector T cells compared to day 3
and no treatment groups (Fig. 1C and D). In addition, the popula-
tion of CD4+ regulatory T cells (Tregs) expressing transcription fac-
tor box P3 (Foxp3) also increased considerably in mice treated with
chitosan one day post-infection compared to day 3 and no chitosan
treatment groups (Fig. 1E). As expected, due to the use of a low-
dose RSV primary infection, lung histopathological presentations
associated with severe RSV disease [40] were not observed in the
infected mice. As such, we did not observe the effects of chitosan
on RSV-induced histopathology. Collectively, these results indicate
that chitosan augments the induction of tissue-resident effector T
cells and Tregs, and the timing of chitosan administration follow-
ing infection has a profound effect on T cell activation.
3.2. Chitosan augments viral clearance elicited by inactivated RSV
vaccine

Previous studies have demonstrated the use of chitosan in
increasing neutralizing antibody levels and promoting a balance
between Th1 and Th2 responses during viral infections when used
as a vaccine adjuvant or a therapeutic treatment [9,41–44]. FIRSV,
however, has been shown to induce skewed immune responses
with high levels of Th2 antibodies with poor RSV neutralizing abil-
ity [28]. Therefore, we investigated if chitosan treatment of
FIRSV-immunized mice prior to RSV challenge may enhance
FIRSV-induced protection. To that end, Balb/c mice were twice
immunized with FIRSV or formaldehyde-inactivated cell control
(FI-Mock) and given chitosan intranasally twice before RSV chal-
lenge (Fig. 2A). As previously reported, the time points for chitosan
treatment that provided the most effective protection against influ-
enza [10] were chosen. Four days post-challenge, lung viral titer
was significantly lower in FIRSV-immunized mice treated with chi-
tosan compared to all other treatment groups (Fig. 2B). Similar to
other studies, mice vaccinated with 105–106 PFU of FIRSV and chal-
lenged with 105–106 PFU RSV had lung viral titer of 104 PFU/g



Fig. 1. Chitosan treatment following RSV infection leads to enhanced induction of resident T cells and Tregs. (A) Schematic diagram of the RSV infection and chitosan
treatment timeline. (B) Lung viral titer determined using plaque assay 4 days post infection (n = 5). Flow cytometry was used to determine the number of lung resident T
effector cells and Tregs. (C) Resident CD8+ T effector cells are CD3� CD8+ CD44+ CD62L� CCR7� CD103+, (D) resident CD4+ T effector cells are CD3� CD4+ CD44+ CD62L�
CCR7� CD103+, and (E) Tregs are CD3� CD4+ CD127� CD25+ Foxp3+ in mice that were intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy.
Data shown is mean ± SEM; n = 7 per group; *p < 0.05, **p < 0.01 (one-way ANOVA with Bonferroni posttest). The Day 1 chitosan group was compared to Day 3 chitosan and
No chitosan groups in panels B, C, D and E. PFU: Plaque forming units.
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4 days post-challenge [28,31]. Although some studies have reported
better clearance of RSV in FIRSV-immunized mice, these studies
used different immunization schedules and doses along with higher
challenge doses resulting in either undetectable lung viral titer
[45,46] or low lung viral titer of 102–103 PFU/g lung [47,48]. It is
interesting to note that chitosan treatment prior to RSV challenge
did not reduce virus replication (FI-Mock+Chitosan; Fig. 2B), an
observation different from that with treatment one day after RSV
challenge (Fig. 1B). These results collectively suggest that chitosan,
when used alone or in the absence of antigen administration, has a
small time window to effectively inhibit RSV replication, whereas
FIRSV itself shows minimal inhibition of virus but FIRSV in conjunc-
tion with chitosan can significantly suppress virus replication.

As FIRSV can induce exacerbated lung inflammatory reaction,
we investigated whether chitosan treatment could reduce lung
pathology. To this end, lung tissues from the animals were HPE
and PAS stained for histopathological analysis of interstitial dis-
ease, edema, perivascular aggregates of leukocytes and mucus,
respectively. All groups except the naïve group showed some
histopathological changes, which was also reported by others
[40]. Specifically, other studies showed RSV challenge of wild-
type RSV primed animals resulted in mild perivasculitits and peri-
bronchiolitis in the animals, which peaked 2 days post-challenge
and diminished to undetectable levels by day 9; there was no sign
of interstitial inflammation or alveolitis in these animals. Impor-
tantly, all FIRSV-immunized mice regardless of chitosan treatment
exhibited severe ERD as demonstrated by significantly higher
perivascular cell infiltration and mucus cell hyperplasia with
mucus in the bronchiolar lumen (Fig. 2C and D), while vaccination
with FI-Mock resulted in minimal cellularity and mucus irrespec-
tive of the chitosan treatment. These findings suggest that the
exacerbated pulmonary inflammation is unrelated to virus replica-
tion but is greatly influenced by other immunopathological mech-
anisms (see below for more discussion).

3.3. The effect of chitosan on specific anti-RSV antibody responses

Having observed chitosan in conjunction with FIRSV signifi-
cantly reduced viral loads in the lung, we set out to determine
the antibody responses in these animals. As shown in Fig. 3A, a
high RSV F-specific IgG1 to IgG2a ratio indicative of a Th2 skew,
and a hallmark of FIRSV [28], was observed exclusively in the FIRSV
group without chitosan treatment (Fig. 3B), whereas chitosan was
able to restore the balance between IgG1 and IgG2a in FIRSV-
immunized mice. As expected, a 1:1 ratio between IgG1 and IgG2a
was observed in the other two control groups. Importantly, neu-
tralizing antibody levels were significantly higher in the FIRSV
group with chitosan treatment compared to other groups



Fig. 2. Chitosan enhances FIRSV-induced viral clearance without reversal of ERD. (A) Schematic diagram of the immunization, chitosan treatment, RSV challenge and
necropsy timeline. (B) Lung viral titer determined using plaque assay 4 days post infection. (C) Pathological scoring of lung tissue. Perivascular leukocyte infiltration and
mucus were scored using HPE and PAS stained slides, respectively, 4 days post-challenge. An average of the two scores is shown. (D) Representative images of HPE and PAS
stained mouse lungs post-challenge at 20X magnification. In the HPE slides, the arrows point to the extensive cell infiltration and in the PAS stained slides, the arrows point to
the mucus-positive cells and mucus in the bronchiolar lumen. Data shown is mean ± SEM; n = 5 per group; *p < 0.05, **p < 0.01 (one-way ANOVA with Bonferroni posttest).
FIRSV: Formaldehyde-inactivated RSV, FI-Mock: Formaldehyde-inactivated cell control, PFU: Plaque forming units.
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(Fig. 3C, Fig. S2). It is understood that chitosan itself would not
change the structure of the viral antigens in the FIRSV preparation;
it would be worthy studying its adjuvant effects on native RSV
antigens, which have not been inactivated (more in discussion).
Overall, interestingly, chitosan was able to have an effect on
FIRSV-induced serum antibody isotype and neutralizing titer in
only 3 days post treatment. The exact mechanism remains to be
fully understood.
3.4. Chitosan increases FIRSV-elicited Tregs

Next, we examined the cell influx in the lungs of immunized/
chitosan-treated mice (Fig. 4A). The number of total lung-
resident CD4+ T cells was drastically increased in FIRSV-
vaccinated mice following chitosan treatment compared to other
groups (Fig. 4B), while the highest levels of CD4+ Tregs were
observed following FIRSV vaccination in conjunction with chitosan
treatment (Fig. 4C). It is of note that FIRSV immunization alone sig-
nificantly decreased total tissue-resident CD4+ T cells and CD4+
Tregs compared to FI-Mock immunization (Fig. 4B and C), accom-
panied by a significant increase in RSV F protein specific Th2
cytokines, IL-5 (Fig. 4D) and IL-13 (Fig. 4E). These FIRSV-induced
pulmonary T cells responses were altered with chitosan treatment
as demonstrated by the significant increase in the number of
tissue-resident CD4+ T cells and Tregs compared to the other treat-
ment groups as well as decreased levels of IL-5 and IL-13, similar to
that of the FI-Mock control group. Taken together, chitosan exerts
its adjuvant activity by increasing pulmonary resident CD4+ T cells
and Tregs (Fig. 4) and inducing higher levels of neutralizing anti-
body (Fig. 3C, Fig. S2).
4. Discussion

Because of its proven safety record and a variety of
immunomodulatory properties, chitosan has been extensively
studied for its potential as a vaccine adjuvant. Not only does it have
a profound effect on humoral immunity [9,44], it also affects cell-
mediated immunity [49]. Several lines of evidence prompted us to
conduct the current study in which FIRSV vaccine was used as a
model vaccine to study the mechanisms of chitosan as a therapeu-



Fig. 3. FIRSV-induced antibodies are significantly enhanced with chitosan treatment. (A) Schematic diagram of the immunization, chitosan treatment and necropsy timeline.
(B) RSV F-specific IgG1/IgG2a ratio in the serum before challenge was determined using ELISA. (C) RSV neutralizing ability of the mice serum pre-challenge. The serum
dilution at which 50% neutralization is achieved is shown. Data shown is mean ± SEM; n = 5 per group; *p < 0.05, **p < 0.01, ****p < 0.0001 (two-way ANOVA (B) or one-way
ANOVA (C) with Bonferroni posttest). The FIRSV group was significantly different from all the other treatment groups.
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tic. First, although the role of chitosan in stimulating NK cells and
macrophages is well established [10,49], its effect on tissue-
resident T cells still remains to be understood. This is an important
issue as tissue resident effector/memory T cells play a vital role in
tissue-specific protection. By secreting cytokines and chemokines,
these cells recruit innate and adaptive immune cells into the
infected tissue [34,50]. Indeed, these cells are believed to be the
first line of defense against infection mainly due to their ability
to proliferate rapidly and kill infected cells directly as well as
through immune cell recruitment [51–54]. Although macrophages,
dendritic cells, B cells and other immune cells can contribute to
viral clearance by secreting antibodies, presenting antigens, induc-
ing phagocytosis and other antibody or cell-mediated responses,
tissue-resident T cells are crucial for effective protection against
infection. Secondly, the effect of chitosan on regulatory T cells
(Tregs) remains unknown. These cells play important roles in reg-
ulating the balance between effective antimicrobial immune
responses and excessive effector T cell activation or antigen-
presenting cell maturation and functionality [55–59] during
immune response against infections. Third, by employing FIRSV
vaccine as an model antigen to study the adjuvant activity of chi-
tosan, we could gain better insight into chitosan-mediated
immune enhancement, given FIRSV is known to induce skewed
immune responses and poorly neutralizing antibodies, and that
lung resident T cells are critical for robust RSV virus clearance
and early establishment of cell-mediated responses [30]. More-
over, following RSV infection, Tregs have been shown to accumu-
late in the lungs and mediastinal lymph nodes in mice and
recruit RSV-specific CD8+ cytotoxic T cells to the lungs thereby
facilitating viral clearance [36,38,39]. Given these considerations,
we conducted animal studies to investigate how chitosan could
alter immune responses in the RSV vaccine model.

We report for the first time the effect of chitosan on Tregs and
tissue-resident T cells following a RSV infection and FIRSV immu-
nization. Specifically, we found that chitosan given post RSV infec-
tion resulted in a significant increase in pulmonary resident CD8+
and CD4+ T effector cells, and Tregs. Furthermore, the reversal of
FIRSV-induced Th2-skewed immune responses by chitosan could
be mediated by elevated levels of resident CD4+ T cells and CD4+
Tregs, leading to a decrease in Th2 cytokines (Fig. 4). These func-
tional activities of chitosan, along with the capacity of substantially
facilitating antigen-specific neutralizing antibodies (Fig. 3C), could
have contributed to the significant inhibition of RSV replication
(Fig. 2B).

While we are able to gain some insight into the mechanisms
relating to the adjuvant activity of chitosan, it remains to be under-
stood as to why chitosan failed to reduce exacerbated pulmonary
inflammatory reactions or ERD in animals following FIRSV vaccina-
tion even if diminished Treg responses and increased Th2
responses have been implicated in ERD development [28,31,60].
However, it is unlikely that the development of ERD was correlated
to the level of viral replication, as the viral loads were the lowest in
FIRSV/chitosan group.

Our findings provide some mechanistic insight into chitosan-
induced balanced host responses between Th1 and Th2. In agree-
ment with studies that have shown that Tregs could downregulate
Th2 responses [61,62], we show that chitosan upregulates Tregs,
resulting in decreased levels of pulmonary Th2 cytokine produc-
tion. The acute effects of chitosan on modulating Tregs, IgG iso-
types and neutralizing antibody titers were observed under our
experimental conditions where the host was primed with FIRSV
or live RSV. Clearly, such speculation would need more data to
be substantiated.

In conclusion, through this study, we have gained some mech-
anistic insight into the functional activities of chitosan as a poten-
tial treatment/adjuvant in the context of FIRSV-immunization and
RSV infection. In addition to some well-characterized functional
pathways reported by others, we show that chitosan can substan-
tially augment antigen-specific immune responses through
upregulating critical tissue-specific resident T cells and Tregs while
significantly stimulating generation of neutralizing antibodies.
Nonetheless, the exact molecular mechanisms remains to be



Fig. 4. FIRSV-elicited Tregs are improved with chitosan treatment leading to a decrease in Th2 cytokines. (A) Schematic diagram of the immunization, chitosan treatment and
necropsy timeline. Flow cytometry was used to determine the number of lung resident CD4+ T cells and Tregs before RSV challenge. (B) Resident CD4+ T cells are CD3� CD4+
CD103+, and (C) Tregs are CD3� CD4+ CD127� CD25+ Foxp3+ in mice that were intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy. Secreted
levels of IL-5 (D) and IL-13 (E) were determined using the Luminex system in the lungs of mice collected before challenge following 48-hour ex-vivo stimulation with RSV
F85-93 peptide. Data shown is mean ± SEM; n = 5 per group; *p < 0.05 (one-way ANOVA with Bonferroni posttest). The FIRSV group was significantly different from all the
other treatment groups.
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elucidated; further studies are necessary to delineate the definitive
roles of Tregs and resident T cells induced by chitosan with respect
to protection against RSV infection.
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