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Rationale: Chitin is a ubiquitous polysaccharide in fungi, insects,

allergens, and parasites that is released at sites of infection. Its role

in the generation of tissue inflammation, however, is not fully

understood.

Objectives: We hypothesized that chitin is an important adjuvant for

adaptive immunity.

Methods: Mice were injected with a solution of ovalbumin and chitin.

Measurements and Main Results: We used in vivo and ex vivo/in vitro

approaches to characterize the ability of chitin fragments to foster

adaptive immune responses against ovalbumin and compared these

responses to those induced by aluminum hydroxide (alum). In vivo,

ovalbumin challenge caused an eosinophil-richpulmonary inflamma-

tory response, Th2 cytokine elaboration, IgE induction, and mucus

metaplasia in mice that had been sensitized with ovalbumin plus

chitin or ovalbumin plus alum. Toll-like receptor-2, MyD88, and

IL-17A played critical roles in the chitin-induced responses, and

MyD88 and IL-17A played critical roles in the alum-induced re-

sponses. In vitro, CD41 T cells from mice sensitized with ovalbumin

plus chitin were incubatedwith ovalbumin-stimulated bonemarrow–

derived dendritic cells. In these experiments, CD41 T-cell prolifera-

tion, IL-5, IL-13, IFN-g, and IL-17A production were appreciated. Toll-

like receptor-2,MyD88, and IL-17Aplayed critical roles in these in vitro

adjuvant properties of chitin. TLR-2was required for cell proliferation,

whereas IL-17 and TLR-2 were required for cytokine elaboration.

IL-17A also inhibited the generation of adaptive Th1 responses.

Conclusions: These studies demonstrate that chitin is a potent multi-

faceted adjuvant that induces adaptive Th2, Th1, and Th17 immune

responses. They also demonstrate that the adjuvant properties of

chitin aremediated by a pathway(s) that involves and is regulated by

TLR-2, MyD88, and IL-17A.
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Chitin is a biopolymer of N-acetyl-b-D-glucosamine found in the
walls of fungi; the exoskeleton of crabs, shrimp, and insects; the
microfilarial sheath of parasitic nematodes; and the lining of
the digestive tracts of many insects (1–4). As a consequence of its
widespread distribution, chitin represents the second-most abun-
dant polysaccharide in nature, after cellulose. During infections
with parasites and other pathogens chitin is released and metab-
olized by chitinases, innate immune responses are activated, and,
eventually, adaptive Th2 and other responses are elicited. The
Th2 cytokines, in turn, stimulate chitinase production, which
generates additional chitin fragmentation, which reinforces these
responses (5). Previous studies from our laboratory demonstrated
that chitin is a potent activator of innate immune responses in

macrophages (6, 7), and studies by others (8) have demonstrated
that chitin can elicit Type 2 innate immune responses. However,
the ability of chitin to contribute to the pathogenesis of adaptive
immune responses has not been adequately defined.

In an attempt to understand the processes that lead to adaptive
immune responses, animal modeling has been undertaken. These
studies demonstrated that immune-stimulating adjuvants like alu-
minum hydroxide (alum) are frequently required to elicit appropri-
ate in vivo adaptive immunity. They also demonstrated that many
of these adjuvants mediate their effects via activating innate
immunity Toll-like receptors (TLRs) and NODs and inducing the
productionofproinflammatory cytokines (9–18).This can readilybe
appreciated in studies highlighting the important role(s) that TLRs
plays in the pathogenesis of asthma-like Th2 adaptive immune
responses (18) and studies that demonstrate that TLR-2 ligands
such as Pam-3-cys are potent Th2 adjuvants in vivo (19, 20). Recent
studies from our laboratory showed that chitin is a pathogen-
associated molecular pattern (PAMP) that activates TLR-2 and
regulates macrophage function and acute innate inflammation
in vitro and in vivo (6). These studies also demonstrated that these
chitin effects are mediated by an IL-17A–dependent mechanism.
However, the ability of chitin particles to serve as adjuvants that
contribute to the production of adaptive Th2 and other immune
responses has not been defined. In addition, the role(s) of IL-17A in
the pathogenesis of the adjuvant effects of chitin has not been
investigated.

We hypothesized that chitin particles can act as adjuvants for
the development of adaptive immunity. To test this hypothesis,
we evaluated the ability of chitin fragments to act as adjuvants
for adaptive immune responses elicited by the aeroallergen
ovalbumin (OVA) and the effects of chitin in priming T cells
in vitro. These studies demonstrate that chitin is a multifaceted
adjuvant that contributes to the pathogenesis of allergen-induced
Th2, Th1, and IL-17 responses. They also demonstrate that
these adjuvant effects are mediated and regulated by pathways
that involve TLR-2, MyD88, and IL-17A.

METHODS

Animals

Six-week-old TLR-2 and TLR-4 null mice (from Professor R. Medzhitov,
Yale University), MyD88-null mice (from Professor S. Akira, Osaka
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University, Japan), and IL-17A null mice (from Professor Y. Iwakura,
Tokyo) were bred at Yale University. Control C57BL/6 mice were
from the National Cancer Institute (Bethesda, MD). All animals were
kept under standard conditions in Yale Animal Resource Center at
Yale University. All experiments were performed in accordance with
University guidelines and protocols were approved by the Yale In-
stitutional and Animal Care and Use Committee.

In Vivo Th2 Inflammation

As described (21, 22), mice received two intraperitoneal injections (Day
0 and Day 5) of chitin (25 mg) plus OVA (20 mg) or alum (2 mg) plus
OVA (20 mg). After 7 days, some animals were killed (time 5 0) and
others received aerosol challenge with OVA (1% w/v) or vehicle control.
During these exposures the mice were placed for 40 minutes in a plastic
chamber and the aerosol was generated via an Omron NE-U07 ultrasonic
nebulizer (Omron Healthcare, Vernon Hills, IL). Mice were killed
24 hours later and bronchoalveolar lavage (BAL), blood samples, and
tissue evaluations were collected. Total and differential cell recovery was
evaluated after Diff-quick staining (Dade Behring, Dudingen, Switzer-
land). For histologic evaluation, the entire lung was inflated to 25 cm with
Streck solution (Streck Laboratories, La Vista, NE). Hematoxylin and
eosin and periodic acid-Schiff stains were performed in the Research
Histology Laboratory in the Department of Pathology at Yale. Images of
lung sections were captured at 320 or 340 final magnification on an
Olympus (Tokyo, Japan) BH-2 microscope using a Sony DXC-760 MD
camera. Each experimental group contained 10 mice.

In Vitro Cell Culture

Bone marrow–derived dendritic cells (BMDCs) and T cells were
generated as described in the online supplement. Immature BMDCs
were incubated with OVA (50 mg/ml) for 24 hours. Bovine serum
albumin (BSA) or crude peanut extract (CPE) were used as antigen-
specificity controls. The levels of endotoxin were assessed using the LAL
assay and were less than 0.01 EU/ml (Cape Cod Inc., East Falmouth,
MA). Primed CD41 T cells were isolated from splenocytes and incubated
with 105 OVA-stimulated BMDCs (ratio 1:10, 300 ml of Click medium)
(Invitrogen, Carlsbad, CA). After 3 days, supernatants were collected
and CD41 T-cell proliferation was assessed at Day 5.

Cytokine Measurements

Concentrations of IL-1b, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-
17A, TNFa, and IFN-g were measured using multiplex kit (Upstate
Inc., Temecula, CA) and a Bio-Plex system (Bio-Rad, Hercules, CA).
The detection limit was 3.5 pg/ml.

Measurement of Serum Total and OVA-specific IgE

Total and OVA-specific IgE were measured by ELISA using BD
OptEIA kit (BD Bioscience, San Jose, CA). Briefly, plates were
coated with anti-mouse IgE mAb (clone R35-72; BD Biosciences)
and mouse IgE (27-25; BD Biosciences) was used as a standard.
Horseradish peroxidase–conjugated anti-mouse IgE (23G3; Southern
Biotechnology, Birmingham, AL) (for total IgE) and horseradish
peroxidase–labeled anti-biotin (Vector Laboratories, Burlingame,
CA) followed with biotin-labeled OVA (for OVA-specific IgE) (pro-
vided by Dr. L. Cohn, Yale University) were added to the plates.
Pooled sera with known concentrations of IgE (5,000 pg/ml) were used
as OVA-specific IgE standards. Optical density was measured with
a spectrophotometer.

Statistical Analysis

Results are expressed as means 6 SEM. Statistical analysis was
performed with the Student t test. Values of P less than 0.05 were
considered significant.

RESULTS

Chitin Is an Adjuvant for OVA-induced Th2 Inflammation

In Vivo

To test the hypothesis that chitin can serve as an adjuvant for
adaptive pulmonary inflammation, we compared the effects of
aerosol OVA challenge in mice that had been sensitized with

OVA and chitin, alone and in combination. In these experiments,
mice that were sensitized with OVA plus chitin manifested an
impressive eosinophil-rich BAL and tissue inflammatory re-
sponse (Figure 1) that contained rare neutrophils (, 2%, data
not shown) and was associated with airway mucus metaplasia
(Figure 1) and the induction of IL-4, IL-5, and IL-13 (Figure 2).
This response was antigen-specific because similar reactions
were not elicited when OVA plus chitin–sensitized mice were
challenged with BSA or CPE (data not shown). BAL and tissue
inflammation, mucus metaplasia, and Th2 cytokine production
were also not seen in mice that were sensitized with OVA or
chitin alone before OVA challenge (Figures 1 and 2). These
studies demonstrate that chitin can serve as an adjuvant for
aeroallergen-induced Th2 responses in the murine lung.

The Adjuvant Properties of Chitin Depend on TLR-2

and MyD88 Signaling

To define the mechanisms underlying the in vivo adjuvant ef-
fects of chitin, we compared the effects of aerosolized OVA in
OVA plus chitin–sensitized wild-type (WT), MyD882/2, and
TLR-22/2 mice. As noted above, eosinophilic inflammation,
mucus metaplasia, and Th2 cytokine elaboration were seen in
OVA/chitin-sensitized and OVA-challenged WT mice. Impor-
tantly, this ability of chitin to serve as an adjuvant for adaptive
Th2 immunity was almost completely abrogated in mice with
null mutations of MyD88 or TLR-2 (Figures 1 and 2). This
response, however, was TLR-2 specific and was not due to
contaminating endotoxin because it was not altered by null
mutations of TLR-4 (data not shown). When viewed in combi-
nation, these findings demonstrate that the adjuvant effects of
chitin in adaptive Th2 immunity are mediated via an innate
immune pathway that involves TLR-2 and MyD88.

Chitin is an Adjuvant for OVA-dependent IgE Induction

Studies were next undertaken to determine if chitin is an
adjuvant for humoral immunity. This was accomplished by
comparing the levels of total and antigen-specific IgE in the
circulation of WT mice exposed to OVA and chitin, alone and
in combination. As can be seen in Figure 3, significantly
increased levels of total and antigen-specific IgE were seen in
mice sensitized with chitin and OVA in combination. Similar
induction was not seen in mice exposed to OVA, chitin, BSA, or
CPE individually or their vehicle controls (Figure 3 and data
not shown). To see if these IgE effects required TLR-2 and/or
MyD88, we also compared the levels of total and antigen-
specific IgE in WT, MyD882/2, and TLR-22/2 mice. In these
experiments, the IgE-inducing properties of chitin were almost
completely abrogated by null mutations of TLR-2 or MyD88
(Figure 3). Thus, chitin can serve as an adjuvant for antigen-
induced IgE responses and mediates these effects via a TLR-2–
and MyD88-dependent pathway(s).

Similarities and Differences in Chitin- and Alum-induced

In Vivo Responses

To further understand the properties of chitin, we compared the
OVA-induced inflammatory and antibody responses that were
seen in mice treated with chitin and alum. As can be seen in
Figure 4, alum and chitin both served as adjuvants for OVA-
induced BAL and tissue inflammation, eosinophilic infiltration,
and OVA-specific IgE induction (Figures 4A–4D). In accord
with what was seen with chitin, MyD88 and IL-17 played critical
roles in these responses (Figure 4). In contrast, TLR-2 had
a more limited role with only modest decreases in OVA plus
alum-driven BAL and tissue inflammation, eosinophil accumu-
lation, and IgE induction being noted in its absence (Figure 4).
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These studies demonstrate that chitin and alum are both
adjuvants for antigen-induced eosinophilic inflammation and
highlight similarities and differences in the pathways that they
use in these inductive responses.

Chitin Contributes to Antigen-induced Lymphocyte

Proliferation In Vitro

Dendritic cells are professional antigen-presenting cells and
play a key role in the development of adaptive Th1 or Th2
immune responses. To further understand the adjuvant proper-

ties of chitin observed in vivo, studies were undertaken to
determine if chitin induces T-cell proliferation in response to
OVA. CD41 T cells from WT mice sensitized with OVA and
chitin were isolated from splenocytes and cocultured with OVA-
stimulated BMDCs. As presented in Figure 5A, OVA induced
antigen-specific proliferation of these T cells. As comparison,
similar responses were observed with T cells from mice sensi-
tized to OVA using alum (Figure 5A). In addition, proliferation
was not observed in experiments that used CD41 T cells iso-
lated from mice sensitized with OVA alone, chitin alone, or

Figure 1. Adjuvant respiratory effects of chitin in vivo.

MyD88 and Toll-like receptor 2 (TLR-2) sufficient (1/1; 1)

and deficient (2/2; 2) mice received two intraperitoneal

injections (Days 0 and 5) with a mixture containing

ovalbumin (OVA) (20 mg), chitin (25 mg), OVA complexed

with chitin, or its vehicle controls. One week later the mice

received aerosolized OVA for 3 days, and 1 day after the

last challenge the mice were killed, bronchoalveolar

lavage (BAL) was undertaken, and lung sections were

prepared. The effects of these treatments on (A) BAL total

and (B) eosinophils recovery, and (C ) tissue histology

(hematoxylin and eosin and periodic acid-Schiff [PAS]

stains,320 and340 of original magnification, respectively)

were evaluated. Results are presented as the mean 6 SEM

of a minimum of six mice per group. ***P , 0.001. Arrow

in C indicates PAS-positive airway mucus.

Figure 2. Adjuvant effects of chitin on

bronchoalveolar lavage (BAL) Th2 cyto-

kines in vivo. MyD88 and Toll-like re-

ceptor 2 (TLR-2) sufficient (1/1; 1) and

deficient (2/2; 2) mice were sensitized

at Day 0 and boosted at Day 5 with in-

traperitoneal injections containing oval-

bumin (OVA) (20 mg), chitin (25 mg), OVA

complexed with chitin, or their vehicle

controls. One week later the mice received

aerosolized OVA for 3 days, and 1 day after

the last challenge the mice were killed and

BAL was undertaken. Concentrations of (A)

IL-4, (B) IL-5, and (C) IL-13 in BAL were

measured by ELISA. Results are presented

as the mean 6 SEM of a minimum of six

mice per group. ***P , 0.001.

1484 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 182 2010



alum alone (data not shown) and experiments that used CD41

T cells isolated from TLR-22/2 mice sensitized with OVA plus
chitin (Figure 5B). In combination, these studies demonstrate
that chitin is an adjuvant for T-cell proliferation in vitro and that
this effect is dependent on TLR-2.

Chitin Contributes to Antigen-induced Th2 Cytokine

Production In Vitro

The ability of chitin to induce a Type 2 immune response was
assessed using the same in vitro system. In these experiments,

OVA stimulated the production of IL-4, IL-5, and IL-13 by
OVA/chitin-primed T cells (Figures 6A and 6B and data not
shown). In comparison, similar responses were observed with T
cells from mice sensitized to OVA using alum (Figures 6A and
6B). In addition, augmented cytokine elaboration was not seen
in OVA-stimulated cocultures that contained T cells from mice
that were sensitized with OVA alone or chitin or alum alone
(data not shown). To clarify the mechanism(s) of this response,
we also performed experiments using CD41 T cells isolated
from OVA plus chitin–sensitized WT and TLR-22/2 mice.

Figure 3. Role of chitin in sensitization to ovalbumin

(OVA) in vivo. MyD88 and Toll-like receptor 2 (TLR-2)

sufficient (1/1; 1) and deficient (2/2; 2) mice were

sensitized by two intraperitoneal injections (Days 0 and 5)

of a mixture containing OVA (20 mg), chitin (25 mg), OVA

complexed with chitin, or their vehicle controls. One week

later the mice received aerosolized OVA for 3 days and 1

day after the last challenge were killed and serum was ob-

tained. The levels of (A) total and (B) OVA-specific IgE were

assessed by ELISA. Results are presented as the mean 6

SEM of a minimum of six mice per group. ***P , 0.001.

Figure 4. Similarities and differences in chitin- and alum-

induced in vivo responses. MyD88, Toll-like receptor 2

(TLR-2), and IL-17A sufficient (1/1; 1) and deficient

(2/2; 2) mice received two intraperitoneal injections

with a mixture containing ovalbumin (OVA) (20mg) plus

chitin or alum or appropriate vehicle controls. One week

later the mice received aerosolized OVA for 3 days, and 1

day after the last challenge the mice were killed. The

effects of these treatments on (A) bronchoalveolar lavage

(BAL) total and (B) eosinophils recovery, (C ) tissue histol-

ogy (hematoxylin and eosin stains, 320 of original

magnification), and (D) OVA-specific IgE were evaluated.

Results in A, B, and D are presented as the mean 6 SEM of

a minimum of six mice per group. C is representative of

three similar experiments. ***P , 0.001.
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These studies demonstrated that TLR-2 plays a critical role in
the production of IL-5 and IL-13 in this OVA plus chitin–driven
system (Figures 6C and 6D). In combination, these studies
demonstrate that chitin is a Th2 adjuvant that mediates its
effect(s) via a TLR-2–dependent mechanism(s).

IL-17A Plays an Important Role in the In Vivo Adjuvant Effects

of Chitin

Previous studies from our laboratory demonstrated that IL-17A
plays a critical role in chitin-induced acute innate inflammation
in vivo (6). We therefore used WT and IL-17A2/2 mice to
evaluate the role(s) of IL-17A in the adjuvant effects of chitin in
adaptive immune responses. As noted above, BAL and tissue
eosinophilic inflammation, airway mucus metaplasia, IL-4, IL-5,
and IL-13 production, and increased levels of total and OVA-
specific IgE were seen in OVA/chitin sensitized and OVA-
challenged WT mice (Figures 7 and 8). Importantly, the ability
of chitin to serve as an adjuvant for these responses was almost
completely abrogated in IL-17A null mice (Figures 7 and 8).
These findings demonstrate that a TLR-2–dependent pathway
involving IL-17A mediates the adjuvant effects of chitin.

IL-17A and TLR-2 Play Different Roles in the In Vitro Adjuvant

Effects of Chitin

To further understand the mechanism(s) of the in vitro Th2
adjuvant response, we evaluated the cytokine production and
proliferation of CD41 T cells isolated from OVA plus chitin–
sensitized WT mice and mice with null mutations of TLR-2 or
IL-17A. These studies demonstrated that TLR-2 plays a major,
and IL-17A plays a significant, but lesser, role in the production
of IL-5 and IL-13 in this OVA plus chitin–driven system
(Figures 9A and 9B) Interestingly, TLR-2 also played a critical
role in T-cell proliferation, whereas IL-17A did not (Figure 9C).
Overall, these studies demonstrate that TLR-2 and IL-17A
contribute to the in vitro Th2 adjuvant effects of chitin and do
so via different mechanisms.

Chitin Is an Adjuvant for Antigen-induced IFN-g

and IL-17A Production

To understand the spectrum of the adjuvant effects of chitin,
studies were undertaken to determine if chitin is an adjuvant for
Th1 and Th17 immune responses. To accomplish this, we eval-
uated the levels of IFN-g and IL-17A in supernatants from

Figure 5. Effects of chitin in ovalbumin (OVA)-induced T-

cell proliferation ex vivo. (A) Cocultures were prepared

containing T cells (Tc) from wild-type (WT) mice immu-

nized with OVA complexed to chitin (left pair) or alum

(right pair) and OVA- or vehicle control–stimulated bone

marrow–derived dendritic cells (BMDCs) from WT mice.

(B) Identical cocultures were prepared using Tc from Toll-

like receptor 2 (TLR-2)-sufficient and -deficient (TLR22/2Tc)

mice. Proliferation of carboxyfluorescein diacetate succi-

nimidyl ester (CFSE)-labeled CD41 T cells (vs. CD3

expression) was analyzed using flow cytometry at Day 5.

Daughter cell generation is shown in the square box

compared with undivided parental generation and is also

represented as a percent of proliferative cells (histograms).

One representative out of five independent experiments

performed is shown. Results are presented as the mean 6

SEM of a minimum of six mice per group. *P , 0.05.
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cocultures of OVA-stimulated BMDCs and WT OVA/chitin or
OVA/alum-primed CD41 T cells. T cells from mice sensitized
to OVA in the presence of chitin produced elevated levels of

IFN-g and IL-17A when restimulated with OVA in vitro
(Figures 10A and 10B). They were also chitin specific because
similar responses were not seen when alum was used as an

Figure 6. Effects of chitin on ovalbumin (OVA)-

induced cytokine production by T cells ex vivo.

Cocultures were prepared that contained CD41

T cells from wild-type (WT) mice (A and B)

immunized with OVA complexed to chitin

(OVA1Chitin T cells) or alum (OVA1 Alum T

cells) and OVA (50 mg/ml; OVA1) or vehicle

control–stimulated (OVA2) bonemarrow–derived

dendritic cells. Supernatants were collected

after incubation for 3 days. CD41 T cells from

OVA/chitin-stimulated TLR-2 sufficient (1/1)

and deficient (2/2) mice (C and D) were also

used. The levels of IL-5 (A and C ) and IL-13 (B

and D) were measured by Bioplex ELISA. Results

are presented as the mean6 SEM of a minimum

of six mice per group. *P , 0.05, **P , 0.01,

***P , 0.001.

Figure 7. Roles of IL-17A in the adjuvant

effects of chitin in vivo. Wild-type and

IL-17A2/2 mice were sensitized with

OVA and chitin and then challenged with

ovalbumin (OVA). (A) Total bronchoal-

veolar lavage (BAL) cell and (B) eosinophil

recovery, (C) tissue inflammation (hema-

toxylin and eosin, 320 final magnifica-

tion), and mucus metaplasia (periodic

acid-Schiff [PAS], 340 final magnifica-

tion), and the levels of (D) BAL IL-4, (E )

IL-5, and (F ) IL-13 were evaluated.

Supernatant cytokines were measured

using ELISA. The results are expressed

as the mean 6 SEM of a minimum of six

mice per group. ***P , 0.001. The arrow

in C indicates PAS-positive airway mucus.
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adjuvant (Figures 10A and 10B). These studies demonstrate
that chitin is also a strong adjuvant for both Th1 and Th17
immune responses.

TLR-2 and IL-17A Play Important Roles in the Th1 and Th17

Adjuvant Effects of Chitin

To define the roles of TLR-2 and IL-17 in the Th1 and Th17
priming induced by chitin, we compared the production of IFN-
g and IL-17 by cocultures of antigen-stimulated BMDCs and
CD41 T cells from WT, TLR-22/2, and IL-17A2/2 mice that
had been immunized with chitin and OVA. Compared with WT
cells, cells from TLR-2 null mice produced significantly less
IFN-g and IL-17 (Figures 10C and 10D). In contrast, CD41 T
cells from IL-17A2/2 mice produced significantly greater amounts
of IFN-g than cells from similarly treated WT animals (Figure
10C). When viewed in combination, these studies demonstrate
that the Th1 and Th17 priming effects of chitin are directly

linked to TLR-2 signaling. They also demonstrate that IL-17A
down-regulates the production of IFN-g, which can favor the
development of Th2 immune responses.

DISCUSSION

The response of CD41 T cells to protein antigens in vivo can be
dramatically enhanced by the administration of antigen in
adjuvant. This increases T-cell expansion and prevents toler-
ance induction. Potent adjuvants enhance T-cell function by
augmenting the clonal expansion of antigen-stimulated T cells
by producing growth and/or survival signals (23, 24). They also
regulate intracellular response pathways such as that controlled
by nuclear factor-kB (NF-kB) and the Nalp3-containing inflam-
masome (25). As a result, adjuvants have been frequently used
in infectious and malignant vaccination strategies, attempts to
ameliorate and/or augment immune responses in immunocom-

Figure 8. Roles of IL-17A in the humoral adjuvant effects

of chitin in vivo. Wild-type and IL-17A2/2 mice were

sensitized with ovalbumin (OVA) and chitin and then

challenged with OVA. (A) Total and (B) OVA-specific IgE

were evaluated. The results are expressed as the mean 6

SEM of a minimum of six mice per group. ***P , 0.001.

Figure 9. Roles of IL-17A and Toll-like receptor 2 (TLR-2)

in the in vitro adjuvant effects of chitin. Cocultures were

prepared that contained CD41 T cells from wild-type, IL-

17A2/2, and TLR-22/2 mice immunized with ovalbumin

(OVA) plus chitin (OVA1Chitin T cells) and OVA (50 mg/ml;

OVA1) or vehicle control–stimulated (OVA2) bone

marrow–derived dendritic cells (BMDCs). Supernatants

were collected after incubation for 3 days and the levels

of (A) IL-13 and (B) IL-5 were assessed by ELISA. (C )

Proliferation of CFSE-labeled CD41 T cells (vs. CD3

expression) was analyzed using flow cytometry at Day 5.

Daughter cell generation is shown in the square box

compared with undivided parental generation. Results in

A and B are the mean6 SEM of a minimum of six mice per

group. In C, one representative out of three independent

experiments performed is shown. *P , 0.05, **P , 0.01,

***P , 0.001.
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promised individuals and the elderly (23), and attempts to use
animals to model antigen-mediated chronic inflammatory hu-
man disorders. Previous studies from our laboratory and others
have demonstrated that appropriately sized chitin fragments
can induce innate inflammatory responses (6–8). In these studies
we add to our knowledge of the biology of chitin, adaptive
immunity, adjuvants, and adjuvant responses by demonstrating
that chitin is also a potent multifaceted adjuvant that induces
adaptive Th2, Th1, and Th17 immune responses in the murine
lung. These studies also demonstrate that the adjuvant proper-
ties of chitin are mediated by a pathway(s) that involves TLR-2,
MyD88, and IL-17A and that the IL-17A response feeds back to
inhibit IFN-g production in this antigen-driven experimental
system.

Innate immune activation is a critical step in the initiation of
an adaptive immune response. As a result, activation of a class
of innate pathogen receptors called pattern recognition re-
ceptors is a central feature of many adjuvant systems (26). This
can be readily appreciated in prior studies, which demonstrated
that TLR activators, such as LPS, and NOD-like receptor acti-
vators, such as aluminum hydroxide, are effective immune adju-
vants (15, 17, 20, 27–29). Our studies demonstrate that chitin
is also an effective immune adjuvant and that the adjuvant
properties of chitin are dependent on TLR-2 signaling. These
findings are in accord with prior studies from our laboratory
demonstrating that chitin is a PAMP that activates macro-
phages via TLR-2 (6) and studies from others that highlight the
ability of TLR-2 agonists to serve as effective adjuvants for Th2
responses (16, 19, 20).

A number of lines of evidence suggest that adjuvants
augment adaptive immune responses by stimulating the produc-
tion of key proinflammatory cytokines. TNF and IL-1 enhance
the expansion, persistence, and differentiation of responding
CD41 T cells. IL-1 and IL-6 also exhibit costimulatory effects
on CD41 cells (25, 27), and IL-1 enhances the expression of
CD40L and OX40, which are potent stimulators of CD4

cognate helper function (30). Our studies demonstrate that
chitin is a potent stimulator of the production of IL-17A. They
also demonstrate that IL-17A plays an important role in the
pathogenesis of the Th2 adjuvant effects of this polysaccharide.
The finding that chitin is a potent adjuvant for IL-17A pro-
duction is in accord with studies with a variety of other adjuvants,
including poly (I:C) (31), cholera toxin (32), class I restricted
peptides (33), and Dectin-1 agonists (34). They are also in accord
with studies from our laboratory that demonstrated that chitin
is a PAMP that activates IL-17A via TLR-2 (6). The present
studies, however, are the first to demonstrate that IL-17A plays
a critical role in the adjuvant effects of chitin (or any other
adjuvant) and thus plays a critical role in the pathogenesis of
adaptive Th2 responses while inhibiting Th1 adaptive immunity.
These findings add to studies from a number of other investi-
gators highlighting the important role of IL-17A in Th2 responses
and the ability of IL-17 to regulate Th1 cell differentiation
(35–37).

Interestingly, although IL-17A production was largely TLR-
2 dependent, the contributions that each makes to the adjuvant
effects of chitin were not identical. In the absence of TLR-2,
both T-cell proliferation and cytokine elaboration were mark-
edly diminished, suggesting the absence of T-cell priming to
OVA. In contrast, in the absence of IL-17A, only cytokine
production was affected. Th2 cytokines such as IL-5 and IL-13
were decreased, whereas the level of IFN-g was augmented. In
addition, T-cell proliferation was not altered. These results
suggest that in IL-17 null mice, the priming of CD41 T cells is
still occurring; however, the polarization toward a Th2 profile is
impaired.

Allergens comprise a vast collection of nonreplicating enti-
ties with diverse immunogenic potential capable of inducing
specific immune-inflammatory responses (38). How they accom-
plish these tasks is a subject of intense research. A great deal
has been learned using OVA as a surrogate allergen. Because it
is an archetypical innocuous antigen, conventional modeling has

Figure 10. Roles of Toll-like receptor 2

(TLR-2) and IL-17A in ovalbumin (OVA)

plus chitin-induced T cell IFN-g and IL-

17A production ex vivo. Cocultures were

prepared that contained CD41 T cells

from wild-type mice (A and B) immu-

nized with OVA complexed to chitin

(OVA1Chitin T cells) or alum (OVA

1Alum T cells) and OVA (50 mg/ml;

OVA1) or vehicle control–stimulated

(OVA2) bone marrow–derived dendritic

cells. Supernatants were collected after

incubation for 3 days. CD41 T cells from

OVA/chitin-stimulated TLR-2 sufficient

(1/1) and deficient (2/2) and IL-17A

sufficient (1/1) and deficient (2/2)

mice (C and D) were also used. The levels

of IFN-g (A and C ) and IL-17A (B and D)

were assessed by ELISA. The results are

expressed as the mean 6 SEM of a min-

imum of six mice per group. *P , 0.05,

**P , 0.01, ***P , 0.001.
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used aluminum hydroxide as an adjuvant. In contrast, it is now
known that other antigens are immunogenic. This can be readily
seen with house dust mite (HDM), which can induce sensitiza-
tion and acute and chronic inflammation in the absence of an
exogenous adjuvant (39, 40). HDM also allows sensitization to
OVA antigen to occur through its ‘‘bystander’’ effect (38). It is
clear from these studies that some allergens have intrinsic
adjuvant activity. The mechanisms that underlie these responses,
however, are poorly defined. It is important to point out that
chitin is a component of many antigen preparations, including
HDM and cockroach. Because our data demonstrate that chitin
is a potent multifaceted antigen, it is tempting to speculate that,
in some cases, powerful antigens induce allergic sensitization via
the adjuvant properties of this associated chitin.

Aluminum hydroxide is the most commonly used adjuvant
in vaccines and models of human diseases (24, 25). This is
nicely illustrated in the commonly used OVA mouse model of
asthma-like Th2 inflammation. The present studies demon-
strate that chitin is an important adjuvant, which, like alumi-
num hydroxide, induces adaptive Th2 immunity. Interestingly,
in vivo, the Th2 inflammatory responses that were induced by
chitin and aluminum hydroxide were quantitatively and qual-
itatively similar. However, chitin and aluminum hydroxide also
differed in a number of interesting ways. One of the most
striking was the ability of chitin and the relative inability of
aluminum hydroxide to stimulate IL-17A and Th1 responses.
Another is the impressive dependence of chitin on TLR-2
versus the reported LPS TLR-4–dependence of aluminum
hydroxide (25) and the lesser role of TLR-2 in alum-driven
responses. These observations suggest that chitin and alumi-
num hydroxide do not mediate their adjuvant effects via
identical mechanisms. Recent studies from our laboratory
demonstrated that chitin is a size-dependent PAMP that can
also bind to Dectin-1 and activate Syk (6). Interestingly,
Dectin-1 agonists have been demonstrated to be adjuvants
that augment Th1 and IL-17 responses (34). This allows for the
interesting hypothesis that the multifaceted adjuvant proper-
ties of chitin are the result of its ability to activate more than
one innate immune receptor. It is also tempting to speculate
that the adjuvant properties of chitin will vary with size and
thus may vary after interaction with chitinases or metabolism
via other pathways. Additional investigations will be required
to address these possibilities.

In summary, our studies demonstrate that chitin is a mul-
tifaceted adjuvant that augments Th2, Th1, humoral, and IL-
17 responses in vivo and in vitro. These novel effects were
mediated by pathways involving TLR-2, MyD88, and IL-17A.
It also shows that the induced IL-17A inhibits the Th1
stimulatory effects of this polysaccharide. These studies pro-
vide insights that are relevant to the pathogenesis of allergic
and parasitic sensitization and help to clarify the relationships
between Th2, Th1, and IL-17 antigen-induced tissue re-
sponses in diseases such as asthma, allergy, and parasitic
infestation. Additional investigations of the mechanisms of
these adjuvant effects and the consequences of interventions
that alter them in asthma, allergy, and related disorders are
warranted.
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