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Abstract
Chitin, is a ubiquitous polysaccharide in fungi, insects and parasites. To test the hypothesis that chitin
is an important immune modulator, we characterized the ability of chitin fragments to regulate murine
macrophage cytokine production in vitro and induce acute inflammation in vivo. Here we show that
chitin is a size-dependent stimulator of macrophage interleukin (IL)-17A production and IL-17A
receptor (R) expression and demonstrate that these responses are Toll-like Receptor (TLR)-2 and
MyD88-dependent. We further demonstrate that IL-17A pathway activation is an essential event in
the stimulation of some but not all chitin-stimulated cytokines and that chitin utilizes a TLR-2,
MyD88- and IL-17A-dependent mechanism(s) to induce acute inflammation. These studies
demonstrate that chitin is a size-dependent pathogen-associated molecular pattern (PAMP) that
activates TLR-2 and MyD88 in a novel IL-17A / IL-17AR-based innate immunity pathway.
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INTRODUCTION
Chitin is a polymer of N-acetylglucosamine, which, after cellulose, is the second most abundant
polysaccharide in nature. Although it does not have a mammalian counterpart, it is found in
the walls of fungi, exoskeleton of crabs, shrimp and insects, the microfilarial sheath of parasitic
nematodes, and the lining of the digestive tracts of many insects (1-9). In these locations, chitin
is used by the organism to protect it from the harsh conditions in its environment and host anti-
parasite / pathogen immune responses. In these settings, chitin accumulation is regulated by
the balance of biosynthesis and degradation. The latter is mediated, in great extent, by chitinases
which are endo-ß-1, 4-N-acetylglucosamidases (5). These enzymes are produced as part of
immune responses to chitin containing pathogens where they induce chitin fragmentation (5,
10). Surprisingly, although chitin and chitin fragments are produced during pathogen invasion,
very little is known about their ability to regulate local inflammatory cell function and the
mechanisms of the effects that have been noted have not been adequately investigated.

Toll-like receptors (TLR) have recently been appreciated to function as sensors of microbial
and parasitic invasion that initiate innate inflammatory and immune responses against these
pathogens. They mediate these responses by recognizing conserved, often times repeating
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structures on these pathogens called pathogen-associated molecular patterns or PAMPs (11).
The specificity of these TLRs for specific PAMPs including the recognition of peptidoglycans,
lipopeptides and zymosan by TLR-2 and lipopolysaccharide by TLR-4 are now well described
(11). Chitin has a repeating molecular pattern that is analogous, in many ways, to other TLR
ligands, in particular the TLR-4 ligand hyaluronic acid (HA) (12,13). However, the possibility
that chitin and / or chitin fragments are ligands for TLRs has not been investigated.

Traditional concepts of adaptive immunity have focused on polarized type 1 immune responses
which involve effectors like gamma interferon (IFN-γ) and type 2 immune responses which
involve effectors such as IL-4, IL-13, IL-9 and IL-5 [for review, see (14)]. Recent studies have
also revealed an additional adaptive effector pathway that involves IL-17A (IL-17) (15,16).
However, the production of IL-17 during TLR-stimulated innate immune responses has not
been described.

We hypothesized that chitin is a pathogen associated molecular pattern (PAMP) that regulates
IL-17 in vitro and in vivo. To test this hypothesis we characterized the ability of chitin to
stimulate macrophage IL-17 production and induce acute inflammation. These studies
demonstrate that chitin is a size-dependent PAMP that stimulates macrophage IL-17 production
and induces acute tissue inflammation via a pathway(s) that involves TLR-2, IL-17A and
MyD88.

MATERIAL AND METHODS
Preparation of Chitin Particles

Chitin fragments were generated as previously described (17). In brief, chitin powder (Sigma
Chemical Co., St. Louis, MO) was suspended in sterile Phosphate Buffer Saline (PBS 1X:
Gibco, Grand Island, NY) and sonicated at 25% output power three times for 5 min with a
Branson sonicator (Sonifier 450, Branson Ultrasonics, Danbury, CT). The suspension was then
filtered with 100 μm, 70 μm and 40 μm sterile cell strainers (BD Biosciences, Bedford, MA).
Following centrifugation (2800 × g, 10 min), chitin pellets of different sizes (big chitin 70-100
μm, or chitin fragments: 40-70 μm) were suspended in the desired volume of sterile PBS and
autoclaved. Particle sizes and size distribution were evaluated by flow cytometry by comparing
the chitin to different sized latex bead controls (0.085, 11.156 and 42.0 μm in diameter;
Polysciences, Warrington, PA). Endotoxin levels were below the limits of detection in a
Limulus amebocyte lysate assay (Sigma). Prior to utilization, the chitin particles were
concentrated by speed vacuuming.

Preparation and In Vitro Culture of Peritoneal Macrophages
To obtain peritoneal macrophages, 10-15 week old wild type and genetically manipulated mice
received intraperitoneal (IP) 3%-thioglycollate medium (2 ml; Sigma Chemical). Five days
later, peritoneal washings were undertaken with sterile PBS and the recovered cells were
washed, counted, and plated in 6-well plates at 1.5 million cells per well. After an overnight
incubation in complete medium [RPMI 1640 with L-glutamine, penicillin (50 U/ml) and
streptomycin (50 mg/ml), supplemented with 10% heat-inactivated fetal calf serum (FCS) (all
reagents from Gibco)] the cells were washed in complete medium with 0.3 % FCS. Fluorescent
activated cell sorting (FACS) with antibodies against CD11b, F4/80, Gr1, CD3, and CD4 (BD
Biosciences) were used to characterize the adherent cells. After washing, these cells were
incubated with chitin (100 μg/ml unless otherwise noted) or its vehicle control. At the desired
point in time, supernatants and cellular RNA were harvested. Experiments were realized in
triplicate.
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Preparation and In vitro Culture of Bone Marrow-Derived Macrophages
Femurs from 6 week-old wild-type mice were flushed with sterile PBS, using a 23-gauge
needle. Bone-marrow cells were grown in complete medium [DMEM with 50 ng/ml M-CSF
(Stemcell Technologies Inc., Vancouver, Canada), 10% heat-inactivated FCS, 2 mM L-
glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin] for 5-7 days until uniform
monolayers of macrophages were established. Twelve hours prior to stimulation, cells were
removed from the original plastic dishes using Versene (Invitrogen, Carlsbad, CA) and a total
of 1 million cells per well were plated in 6-well plates in complete medium with 0.3% FCS.
FACS with antibodies against CD11b, F4/80, Gr1, CD3, and CD4 was used to characterize
these cells. Greater than 90-95% of these cells stained positively with F4/80 and CD11b and
did not express Gr1, CD4 or CD3. Cell viability was assessed using trypan blue dye exclusion
and by staining with annexin V and propidium iodide. After washing, these cells were incubated
with chitin (100 μg/ml unless otherwise noted) or its vehicle control. At the desired point in
time, supernatants and cellular RNA were harvested. Experiments were realized in triplicate.

Cytokine Quantification
The levels of supernatant or bronchoalveolar lavage (BAL) IL-17, IL-23 (p19/p40), TNF,
RANTES/CCL5, MIP-2/CXCL2, IL-12/23p40 and IL-12p70 were measured using
commercial ELISAs (R&D Systems, Minneapolis, MN for IL-17, TNF, RANTES/CCL5,
IL-12/23p40, IL-12p70 and MIP-2/CXCL2 and eBioscience, San Diego, CA for IL-23)
according to the instructions provided by the manufacturer. These assays detected cytokine
quantities as low as 10.9, 11.7, 7.8, 15.6, 23.4, 7.8 and 7.8 pg/ml for IL-17, IL-12/23p40,
IL-12p70, IL-23, TNF, RANTES/CCL5 and MIP-2/CXCL2 respectively.

IL-17 Replacement Experiments
In selected experiments we determined if IL-17 replacement therapy could restore the ability
of chitin to stimulate IL-23 production by macrophages from IL-17 null mice. In these
experiments macrophages were obtained from wild type and IL-17 null mice, incubated with
recombinant IL-17 (100 ng/ml, R&D Systems) or vehicle for 15 min. They were then treated
with chitin or vehicle for 8 hours and supernatant IL-23 was evaluated by ELISA as described
above.

Assessment of mRNA
Total RNA was extracted from the control and test macrophages with Trizol® (Invitrogen) and
real time RT-PCR was undertaken as described previously by our laboratory (18). These
experiments were realized in triplicate. The primers that were employed are described below:

IL-17AR–isoform A sense primer: 5′-GGGCAACCTTACATCAAGGA-3′

IL-17AR-isoform A anti-sense primer: 5′-ACTAGAAGGCCCAGCTCCTC-3′,

β actin sense primer: 5′-TGAGAGGGAAATCGTGCGTGAC-3′

β actin anti-sense primer: 5′-AAGAAGGAAGGCTGGAAAAGAG-3′,

The ratios of the levels of mRNA encoding IL-17AR versus β-actin were calculated for each
sample and expressed as relative copy number fold increase.

Flow Cytometry
Thioglycollate elicited peritoneal macrophages, bone marrow-derived macrophages or BAL
fluid macrophages were suspended in FACS buffer (PBS, 2% BSA, 2% FCS) and incubated
for 30 minutes at room temperature with purified rat anti-mouse CD16/CD32 mAb (1 μg/
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105 cells; mouse Fc-Block; BD Biosciences) to prevent non-specific Fc receptor binding.
Macrophages were identified by characteristic surface marker expression (F4/80+, CD11b+,
CD3∊−, CD3−, CD4−, Gr1−)(BD Biosciences). Macrophage IL-17AR surface receptor
expression was measured using rabbit anti-mouse IL-17AR (40 minutes, 4°C, Santa Cruz
Biotechnology, Santa Cruz, CA) followed by staining with a goat anti-rabbit-FITC secondary
antibody (30 minutes, 4°C, Santa Cruz). In selected experiments, the specificity of this antibody
was evaluated. This was done by comparing the staining that was seen in parallel experiments,
that contained and did not contain the primary antibody. In others the primary antibody was
incubated with a 5 fold excess of the peptide that the antibody was raised against (kindly
supplied by the Customer Service Department of Santa Cruz Inc.).

For intracellular cytokine staining, harvested macrophages were treated with Brefeldin A (2
μM, Sigma-Aldrich), fixed with 0.5 ml of ice-cold 2% paraformaldehyde, permeabilized using
0.5% saponin (Sigma) and stained with anti–IL-17A FITC (eBioscience) or the appropriate
FITC isotype control (eBioscience) to assess non-specific staining. Saturating concentrations
of the respective antibodies were used as determined by titration experiments prior to the study.
Non-specific antibody binding was assessed by rabbit anti-mouse isotype staining utilizing the
secondary antibody only. After staining, macrophages were washed, suspended in 0.5 ml of
iced 2% paraformaldehyde in PBS and analyzed by flow cytometry (FACSCalibur, Becton-
Dickinson, Heidelberg, Germany). Ten thousand macrophages / sample were analyzed. Isotype
controls were subtracted from the respective specific antibody expression and the results are
reported as mean fluorescence intensity (MFI). Calculations were performed with Cell Quest
analysis software (Becton-Dickinson). Experiments were performed in triplicate.

Mice
TLR-2, TLR-4, and MyD88 null mice on a C57BL/6 background were generated and
characterized as described (19). The IL-17 null mice were generated, characterized by and
obtained from Dr. Yoichiro Iwakura (University of Tokyo) (20). Rag2/γC double null mice on
a C57BL/6 background were purchased from Taconic Inc. (Hudson, NY). Control C57BL/6
mice were from Jackson Laboratories (Bar Harbor, Maine). All mice were housed and cared
for in the animal facilities at Yale University and all experiments were approved by the
Institutional Animal Care and Use Committee at Yale University School of Medicine.

Chitin Induction of Acute Inflammation
WT and genetically manipulated mice were anesthetized with intra peritoneal (IP) ketamine
hydrochloride (Hospira Inc., Lake Forest, IL). A single dose of varying concentrations of chitin
fragments (25 μg unless otherwise indicated) or vehicle control were then applied to the nares
(30 μl) and aspirated into their lungs. The mice were sacrificed at intervals after the intranasal
challenge. Experiments were realized with 10 mice per group.

Evaluation of Lung Inflammation
Mice were sacrificed and BAL and tissue samples were obtained as described previously
(21). Each BAL sample was centrifuged, and the supernatants were stored at −70°C until used.
The total number and differential of the recovered inflammatory cells were evaluated after
Diff-quick staining (Dade Behring, Dudingen, Switzerland) of BAL pellets in a cytospin
preparation. For histologic evaluations, the entire lung was inflated to 25 cm with Streck
solution (Streck Laboratories, La Vista, Nebraska, USA).

Histologic Evaluations
Hematoxylin & Eosin (H&E), Myeloperoxidase (Rabbit polyclonal anti-mouse MPO;
ab15484, Abcam Inc., Cambridge, MA) and Major Basic Protein (Rabbit polyclonal anti-
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mouse MBP1, kindly provided by Dr. J. Lee, Mayo Clinic- Scottsdale, AZ) stains were
performed in the Research Histology Laboratory of the Department of Pathology at the Yale
University School of Medicine. Images of lung section were captured at ×40 final magnification
on an Olympus (Tokyo, Japan) BH-2 microscope using a Sony DXC-760 MD camera attached
to a computer.

Expression of Results and Statistical Analysis
Data are expressed as means ± SEM unless otherwise indicated. Data were assessed for
significance using the Student's t test or ANOVA as appropriate.

RESULTS
Chitin Regulation of Macrophage IL-17A and IL-17A Receptor

To begin to determine if chitin regulated macrophage function, macrophages were incubated
with big chitin (BC) (70-100 μm) and chitin fragments (40-70 μm) or their vehicle controls.
The production of IL-17 and the expression of the IL-17A receptor (R) were then compared.
These studies demonstrated an important size-dependent effect of chitin. BC had no effect on
macrophage IL-17 production and did not alter the expression of the IL-17AR (data not shown).
In contrast, chitin fragments were potent stimulators of macrophage IL-17 production (Figure
1). The stimulation of soluble IL-17 was seen after as little as 2 hours and peaked after 8 hours
of macrophage-chitin incubation (Figure 1A). It was dose-dependent, being seen with doses
of chitin as low as 20 μg/ml (Figure 1B). Chitin-induced increases in intracellular IL-17 protein
levels were also readily apparent (Figure 1C). This effect was not specific for peritoneal cells
because chitin also stimulated bone-marrow derived macrophage IL-17 production (Figure
1D). Macrophages from Rag2/γC double null also contained enhanced quantities of
intracellular IL-17 after chitin stimulation further reinforcing the macrophage as the source of
this cytokine (Figure 1E). Interestingly, the induction of IL-17 was also associated with
increased levels of mRNA encoding the IL-17AR (Figure 2A) and enhanced IL-17AR
expression (Figure 2B). These studies demonstrate that chitin fragments are potent stimulators
of macrophage IL-17 production that simultaneously enhance the expression of the IL-17AR.

Mechanism of Chitin Stimulation of Macrophage IL-17A
Studies were next undertaken to determine if chitin stimulated macrophage IL-17 production
via a pathway that involves TLR. This was done by comparing the levels of intracellular IL-17
and IL-17 production by chitin-stimulated macrophages from WT mice and mice with null
mutations of MyD88, TLR-2 or TLR-4. These experiments demonstrated that null mutations
of MyD88 completely abrogated the ability of chitin fragments to stimulate macrophage IL-17
accumulation and production (Figure 3A and B). This effect appeared to be at least partially
TLR-2-dependent because the ability of chitin fragments to stimulate IL-17 was significantly
diminished in cells from TLR-2 null animals (Figure 3A and B). Similar alterations were not
seen with cells from TLR-4 null animals (Figure 2A and B) highlighting the TLR specificity
of this finding. MyD88 and TLR-2 played similarly important roles and TLR-4 did not play a
significant role in the ability of chitin to stimulate IL-17AR (Figure 3C). When viewed in
combination these studies demonstrate that chitin fragments stimulate macrophage IL-17
production and enhance the expression of the IL-17AR via a MyD88-dependent pathway that
involves TLR-2, but does not involve TLR-4.

Role of IL-17A in Chitin-Induced Cytokine Elaboration
To further define the spectrum of and the pathways involved in chitin fragment stimulation of
macrophage cytokine production, studies were undertaken to determine if chitin-stimulated
macrophage produce other inflammatory cytokines and the roles of IL-17 in these responses
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were evaluated. These studies demonstrate that chitin fragments are potent stimulators of
macrophage IL-12/23p40 and IL-23 (p19/p40) but did not stimulate IL-12p70 (Figure 4, A and
B and data not shown). Chitin also stimulated macrophage TNF, RANTES/CCL5 and MIP-2/
CXCL2 production (Figure 4, C-E). Chitin fragment stimulation of macrophage IL-12/23p40
and IL-23 was mediated by a MyD88-dependent, TLR-2-dependent mechanism(s) (Figure 4,
A and B). Interestingly, this induction was IL-17-dependent because the ability of chitin
fragments to stimulate IL-23 was also totally abolished in experiments with cells from IL-17
null mice and could be restored when rIL-17 was added to cultures containing chitin and
macrophages from IL-17 null mice (Figure 4, A, B and F). Chitin fragments also stimulated
TNF production via a MyD88-dependent, TLR-2-dependent, IL-17-dependent and TLR-4-
independent pathway(s) (Figure 4C). In contrast, the ability of chitin fragments to stimulate
macrophage RANTES/CCL5 and MIP-2/CXCL2 was not decreased in experiments using cells
from IL-17 null animals (Figure 4, D and E). When viewed in combination, these studies
demonstrate that chitin fragments stimulate macrophage cytokine elaboration via IL-17-
dependent and -independent mechanisms and highlight the importance of IL-17 in the
production of IL-23 and TNF by chitin-stimulated cells.

Role of TLR-2 and IL-17A in Chitin-Induced Inflammation
To determine if the TLR-2-IL-17 pathway described above is operative in vivo, we
characterized the effects of acutely administered chitin in WT mice and mice with null
mutations of MyD88, TLRs and IL-17. In these experiments a single dose of chitin (based on
dose-response and kinetic studies, data not shown) in WT mice caused an acute inflammatory
response characterized by an increase in BAL and tissue total cell and macrophage recovery
(Figure 5A-C). An increase in neutrophil accumulation was also seen in tissue and BAL
evaluations and MPO stains (Figure 5 A-C and data not shown). These BAL and tissue
inflammatory responses were significantly decreased in mice with null mutations of MyD88
and TLR-2, but were not altered by null mutations of TLR-4 (Figure 5A and B). They were
also significantly decreased in mice with null mutations of IL-17 (Figure 5B and C). In keeping
with these findings, chitin fragments stimulated IL-17 in macrophages from WT mice and
Rag2/γC null mice (Figure 6 A and B and data not shown) and induced IL-17AR accumulation
(Figure 6C). They also stimulated the accumulation of IL-12/23p40 and IL-23, but not
IL-12p70, via a MyD88 and TLR-2-dependent mechanism(s) (Figure 6D and E). Thus, in
accord with our in vitro studies, chitin utilizes a MyD88-dependent, TLR-2-dependent, IL-17-
dependent and TLR-4-independent pathway(s) to induce acute inflammation and stimulate the
accumulation of IL-12/23p40 and IL-23 in the lung.

DISCUSSION
To determine if chitin regulates innate immune and inflammatory responses in the lung, we
evaluated the effects of chitin fragments on macrophage function in vitro and acute tissue
inflammatory responses in vivo. These studies demonstrate that appropriately sized chitin
fragments stimulate macrophage production of IL-17, macrophage expression of the IL-17AR,
macrophage production of IL-12/23p40, IL-23 and TNF and acute inflammation. They also
demonstrate that these responses are mediated via MyD88- and TLR2-dependent mechanisms
and highlight the TLR-2 specificity of these responses by demonstrating that chitin fragments
do not interact in a similar fashion with TLR-4. When viewed in combination these studies
demonstrate that chitin is a size-dependent PAMP that activates TLR-2 and MyD88. They also
highlight a novel IL-17 / IL-17AR-based innate immunity pathway that regulates macrophage
activation and induces acute inflammation.

CD4+ T cells can be divided into different subsets with distinct cytokine profiles and functional
characteristics (22,23). Th1 cells, which are characterized by their ability to produce gamma-
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interferon (IFN-γ) and Th2 cells, which produce IL-4, IL-5, IL-9 and IL-13, have been
implicated in the pathogenesis of responses against intracellular pathogens and parasites,
respectively (22). Recent studies have defined an IL-23-dependent T cell population that
produces IL-17 but not IFN-γ or IL-4. These studies have also provided mounting evidence
that the IL-17 that is produced by these cells plays a key role in inflammation, autoimmunity
and tissue injury (22,24). Interestingly, although IL-17 is produced predominantly by this
adaptive arm of the immune system, it is now known to be an activator of innate immunity
(22,25,26). This has been interpreted to be a mechanism whereby the adaptive immune
response communicates with the innate immune system to promote inflammation (22). Our
laboratory and others have observed that chitin treatment in vivo induces a neutrophil-rich
inflammatory response (27). Given the crucial roles of both IL-17 and its receptor in pulmonary
neutrophilic inflammation (28,29), we studied the roles of IL-17 and IL-17R in chitin-induced
acute airway inflammation. Our studies add to our knowledge of IL-17 by demonstrating, for
the first time, that it is produced by TLR-2-activated macrophages. In so doing, they define a
novel TLR-2- and IL-17-based innate immune pathway that contributes to a variety of in
vitro and in vivo immune and inflammatory responses.

The cytokine IL-23 is a heterodimeric molecule that shares the p40 subunit of IL-12 (30). As
noted above, IL-23 is known to be intimately associated with IL-17. The majority of studies
have focused on the role of IL-23 in the production of IL-17. These studies have demonstrated
that IL-23 is an essential survival factor for Th17 cells (31,32) and that mice lacking IL-23
have significantly decreased numbers of Th17 cells (33). Our studies demonstrate that chitin-
stimulated macrophages produce IL-23 and that this inductive event is markedly diminished
in cells with null mutations of IL-17. Thus, in addition to the ability of IL-23 to contribute to
the production of IL-17, IL-17 can contribute to macrophage IL-23 elaboration. Interestingly,
this effect was at least partially IL-23-specific because IL-12p70 was not regulated in a similar
manner. When viewed in combination, one can see how these interactions can lead to an
amplification loop that can contribute to the magnitude, severity and / or duration of the
inflammation and injury that are induced by these cytokines.

At sites of infection with chitin-containing agents anti-infectious immune responses and local
chitinases are believed to induce chitin fragmentation. To determine if these chitin fragments
have immune-regulatory effects, a number of investigators have characterized the effects of
chitin in the lung and other tissues. These studies have, however, not provided uniform results
with chitin being reported to induce (27) and inhibit (9) tissue inflammatory responses. To
address this issue we elected to evaluate the effects of size-selected chitin fragments. These
investigations demonstrate that appropriately sized chitin (40-70 μm) induces acute pulmonary
inflammation. The ability of chitin to induce an acute inflammatory response is in accord with
recent studies by Reese et al. that utilized acetylated chitosan-coated beads (27). However,
unlike Reese et al., our studies demonstrate that chitin fragments induce a macrophage- and
neutrophil-rich inflammatory response with only a modest degree of eosinophil infiltration.
We believe these differences are the result of technical differences because we used a single
dose of unbound, size-selected chitin and an early time point while Reese et al. used 2 doses
of chitin beads and a later time point of assessment. In accord with this contention we have
also noted a transition to an eosinophil-rich tissue response when chitin was administered
repeatedly over a 2-week interval (Lee and Elias, unpublished observation). When viewed in
combination these studies suggest that chitin induces an inflammatory response that is initially
neutrophilic and becomes eosinophilic over time. Our studies also add to our understanding of
the mechanisms of these alterations by demonstrating that the early response is mediated, at
least in part, by an innate immune response pathway that involves TLR-2 and MyD88. They
also demonstrate that this tissue response is IL-17-dependent. This is in keeping with the well-
established ability of IL-17 to induce neutrophilic tissue responses (28). Interestingly,

Da Silva et al. Page 7

J Immunol. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



macrophage infiltration was also significantly decreased in the absence of IL-17, suggesting
that IL-17 plays a role in macrophage tissue homeostasis as well.

In summary, our studies demonstrate that appropriately sized chitin fragments are TLR-2
ligands that utilize a MyD88-dependent pathway to induce IL-17 elaboration and enhance the
expression of the IL-17AR. These studies also demonstrate that this novel innate immune
pathway plays an essential role in the regulation of macrophage cytokine production and the
induction of acute inflammation. Additional investigations of the mechanisms that chitin uses
to regulate IL-17, IL-17AR and innate immunity, and the utility of therapies that alter these
pathways in the treatment of pathogen / parasite and other inflammatory diseases, is warranted.
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Figure 1. Chitin regulation of macrophage IL-17
3% thioglycollate-elicited peritoneal macrophages (A-C, E) and bone-marrow derived
macrophages (D) from wild-type (A-D) or Rag2/γC null mice (E) were incubated with chitin
(40-70μm; 100μg/ml unless otherwise indicated) or vehicle controls for 8h unless otherwise
noted. The effects of these treatments on the levels of supernatant IL-17 protein (A, B, Chitin:
solid squares, controls: solid circles) were assessed by ELISA. In panel C macrophage
intracellular IL-17 protein was assessed using FACS analysis. In this evaluation, the upper
panel compares the expression of the intracellular IL-17 in cells incubated in medium alone
(dark) or medium plus chitin (line) (mean fluorescent intensity; MFI). The staining with the
isotype control is shown in light gray. The lower panel illustrates the MFI values (mean ± SEM)
quantitating the intracellular IL-17 protein expression of cells incubated in medium alone
(hatched bars) and medium plus chitin (solid bars). In panels D and E, cell debris was excluded
by light-scatter cell gating (D, E; first column) and this gate was used for all other analysis.
Macrophages were identified by surface marker staining using F4/80 and CD11b co-staining
which revealed a macrophage purity greater than 90% for all tested conditions (D, E; second
column). To specifically assess intracellular IL-17A, macrophages were fixed and
permeabilized, Fc blocking and isotype controls were used to exclude unspecific staining (D,
E; third column). In control (D, E; fourth column) and chitin (D, E; fifth column)-treated
macrophages intracellular IL-17A staining is depicted with F4/80 co-staining. * p < 0.05, **
p < 0.01, *** p < 0.001 for chitin-treated versus control-treated cells.
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Figure 2. Chitin regulation of macrophage IL-17AR
Peritoneal macrophages were incubated with chitin (40-70μm; 100μg/ml) or vehicle control
for 8h or other times when indicated. The effects of these treatments on IL-17R mRNA (A)
and IL-17R protein expression (B) were evaluated. IL-17R mRNA was quantified using real-
time RT-PCR and is expressed as a % of the control (Ct) values. Macrophage intracellular
IL-17R protein was assessed using FACS analysis. The upper panel compares the expression
of the IL-17R in cells incubated in medium alone (dark) or medium plus chitin (line) (mean
fluorescent intensity; MFI). The staining with the isotype control is shown in light gray. The
lower panel illustrates the MFI values (mean ± SEM) quantitating the IL-17R protein
expression on cells incubated in medium alone (hatched bars) and medium plus chitin (solid
bars). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. Mechanisms of chitin regulation of macrophage IL-17 and IL-17R
Peritoneal macrophages were obtained from wild-type (WT), MyD88, or TLR sufficient (+/+;
+) or deficient (−/−; −) mice and were incubated with chitin (40-70 μm; 100 μg/ml) or vehicle
control for 8h. The effects of these interventions on intracellular IL-17 protein (A), soluble
IL-17 protein (B) and IL-17R protein production (C) were evaluated. Macrophage intracellular
IL-17 and IL-17R protein were assessed using FACS analysis. For intracellular IL-17 staining,
cell debris was excluded by light-scatter cell gating (A; first column) and this gate was used
for all subsequent evaluations. Macrophages were identified by surface marker staining using
F4/80 and CD11b co-staining which revealed a macrophage purity higher than 90% for all
tested conditions (A; second column). To specifically stain intracellular IL-17A, macrophages
were fixed and permeabilized. Fc blocking and isotype controls were used to exclude unspecific
staining (A; third column). In control (A; fourth column) and chitin (A; fifth column)-treated
macrophages intracellular IL-17A staining is depicted with F4/80 co-staining. In (B),
supernatant IL-17 was assessed by ELISA. In C, macrophage IL-17AR expression was
assessed using FACS analysis and is expressed as the MFI of the evaluation. *** p < 0.001.
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Figure 4. Roles of TLR(s), MyD88 and IL-17 in chitin-induced cytokine and chemokine production
Peritoneal macrophages were obtained from TLR, MyD88 and IL-17A sufficient (+/+; +) and
deficient (−/−; −) mice. These cells were incubated with chitin (solid bars, 100 μg/ml) or vehicle
control (hatched bars) for 8h. The effects of these treatments on IL-12/IL-23p40 (A), IL-23
(B), TNF (C), RANTES/CCL5 (D) and MIP-2/CXCL2 (E) protein production were assessed
by ELISA. In panel F, cells were obtained from wild type and IL-17 null mice and incubated
with rmIL-17 (100 ng/ml) or vehicle. They were then treated with chitin or vehicle for 8 hours
and the levels of supernatant IL-23 were assessed by ELISA. ** p < 0.01, *** p < 0.001.

Da Silva et al. Page 14

J Immunol. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Roles of TLR(s), MyD88 and IL-17 in chitin-induced acute inflammation
TLR, MyD88 and IL-17 sufficient (+/+; +) and deficient (−/−; −) mice were treated with
intranasal chitin (solid bars, 25 μg) or vehicle controls (hatched bars). Six hours later the
animals were sacrificed, BAL was undertaken and lung sections were obtained. The effects of
these treatments on differential BAL cell recovery (A, C) and lung histology (H & E staining)
(B) were evaluated. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. Roles of TLR(s), MyD88 and IL-17 in chitin-induced cytokine production in vivo
TLR, MyD88 and IL-17 sufficient (+/+; +) and deficient (−/−; −) as well as Rag2/γC null mice
(B) mice were treated with intranasal chitin (solid bars or dot plots) or vehicle controls (hatched
bars or dot plots). Six hours later the animals were sacrificed and BAL was undertaken. The
effects of these treatments on intracellular IL-17 protein (A and B), IL-17AR protein (C), BAL
IL-12/IL-23p40 protein accumulation (D) and BAL IL-23 protein accumulation (E) were
evaluated. IL-12/IL-23p40 and IL-23 were assessed by ELISA. IL-17A and IL-17AR
expression were assessed using FACS analysis. These results are shown as dot plots or
expressed in MFI values (mean ± SEM) comparing the IL-17A or IL-17AR protein on cells
incubated with medium alone (hatched bars) and medium plus chitin (solid bars). * p < 0.05,
** p < 0.01, *** p < 0.001.
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