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ABSTRACT Levels of the anaphylatoxin C3a are increased in patients with asthma compared with those in nonasthmatics and in-
crease further still during asthma exacerbations. However, the role of C3a during sensitization to allergen is poorly understood.
Sensitization to fungal allergens, such as Aspergillus fumigatus, is a strong risk factor for the development of asthma. Exposure
to chitin, a structural polysaccharide of the fungal cell wall, induces innate allergic inflammation and may promote sensitization
to fungal allergens. Here, we found that coincubation of chitin with serum or intratracheal administration of chitin in mice re-
sulted in the generation of C3a. We established a model of chitin-dependent sensitization to soluble Aspergillus antigens to test
the contribution of complement to these events. C3�/� and C3aR�/� mice were protected from chitin-dependent sensitization to
Aspergillus and had reduced lung eosinophilia and type 2 cytokines and serum IgE. In contrast, complement-deficient mice were
not protected against chitin-induced innate allergic inflammation. In sensitized mice, plasmacytoid dendritic cells from
complement-deficient animals acquired a tolerogenic profile associated with enhanced regulatory T cell responses and sup-
pressed Th2 and Th17 responses specific for Aspergillus. Thus, chitin induces the generation of C3a in the lung, and chitin-
dependent allergic sensitization to Aspergillus requires C3aR signaling, which suppresses regulatory dendritic cells and T cells
and induces allergy-promoting T cells.

IMPORTANCE Asthma is one of the fastest growing chronic illnesses worldwide. Chitin, a ubiquitous polymer in our environment
and a key component in the cell wall of fungal spores and the exoskeletons of insects, parasites, and crustaceans, triggers innate
allergic inflammation. However, there is little understanding of how chitin is initially recognized by mammals and how early
recognition of chitin affects sensitization to environmental allergens and development of allergic asthma. The complement sys-
tem is evolutionarily one of the oldest facets of the early or innate warning systems in mammals. We studied whether and how
complement components influence the recognition of chitin and shape the downstream sensitization toward fungal allergens.
We show here that complement recognition of chitin plays a critical role in shaping the behavior of dendritic cells, which in turn
regulate the function of T cells that mediate allergic responses to fungi.
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Environmental exposure to molds, such as Aspergillus fu-
migatus, is correlated with an increased risk of asthma.

Moreover, in patients with severe acute onset asthma, more
than half are hypersensitive to Aspergillus (1). In addition, de-
tection of Aspergillus in sputum culture and IgE sensitization to
Aspergillus are predictive for poor lung function in patients
with asthma (2). Following the inhalation of conidia or hyphae,
sensitization to Aspergillus is mediated by fungal proteases
that cleave and activate protease-activated receptors (PAR) and
by fungal wall components that activate pattern recognition
receptors (PRR) on structural and hematopoietic cells in the
lung (3, 4). These diverse signals generated upon exposure to

Aspergillus drive the Th2 adaptive response in individuals with
asthma.

Dendritic cells (DC) integrate the signals generated in the lung
following exposure to Aspergillus. Immature DC line the airways
and parenchyma of the lung and consist of plasmacytoid DC
(pDC), CD11b� DC, and CD103� DC (5, 6). In the absence of
robust stimulation via PRR or cytokines, inhaled antigen taken up
by DC induces tolerance by promoting the development of regu-
latory T cells (Treg) (7). On the other hand, exposure to an antigen
in the context of another inflammatory stimulus, such as lipopoly-
saccharide (LPS), enhances the ability of DC to migrate from the
lung to the lymph node (8) and upregulates costimulatory mole-
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cules (9) leading to the priming of effector T cells. The presence of
inflammation also recruits Ly6Chi monocytes to the lung, which
differentiate into inflammatory or monocyte-derived DC (10)
and can also prime effector T cells. DC subsets vary in their ability
to instruct T cell polarization, and the ultimate outcome of the
DC-T cell interaction is dependent on the presented antigen, the
tissue microenvironment, including cytokine and chemokine lev-
els, and the interaction of costimulatory molecules on the DC and
T cells. During sensitization to allergens in the lung, DC can be
activated directly via PRR (11) or indirectly via PRR activation on
lung stromal cells (12). This activation results in the maturation of
DC, characterized by increased expression of CD80, CD86,
CD273 (B7-DC or PD-L2), and CD274 (B7-H1 or PD-L1) (13).
Thus, DC are able to modulate and direct inflammation in the
lung following antigen exposure by influencing the balance be-
tween tolerance and inflammation.

In coordination with DC, the complement system also crit-
ically maintains the balance between tolerance and inflamma-
tion in the lung. The complement system is an evolutionarily
ancient protein cascade of the animal immune system that aug-
ments innate immune function by opsonizing targeted sur-
faces, modifying pathogenic or damaged cell surfaces to pro-
mote lysis, and recruiting innate effector cells to the site of
inflammation (14). Complement factor 3C3 is the lynchpin of
the complement cascade, and the initial cleavage of (C3) pro-
duces the anaphylatoxin C3a and a larger fragment, C3b. C3a
mediates its effects via its receptor, C3aR, which is expressed on
lymphoid and myeloid cells (15) and on pulmonary epithelial
and smooth muscle cells (16). On DC, engagement of C3aR
leads to cAMP-dependent increased antigen uptake and aug-
ments the ability of DC to promote T cell polarization (17).
Thus, C3a is well suited to act on lung parenchymal cells as well
as lung-resident and recruited immune cells to direct the im-
mune response to encountered antigen.

Chitin is a ubiquitous polysaccharide common to the cell walls
of fungi, including Aspergillus (18). Upon exposure, chitin triggers
responses from organisms across the kingdoms of life, identifying
it as an evolutionarily conserved and stimulatory molecular pat-
tern (19–22). In the lung, chitin exposure promotes innate allergic
inflammation that is characterized by alternatively activated mac-
rophages, eosinophilia, and neutrophilia (21, 22). Following in-
traperitoneal injection of chitin particles with the model antigen
ovalbumin, chitin can also serve as an adjuvant that drives polar-
ization of CD4� T cells into Th1, Th2, and Th17 cells (23). How-
ever, whether chitin can serve as an adjuvant to promote allergic
inflammation and sensitization in the lung is unknown. Since
many inhaled allergens of insect or fungal origin contain chitin
(24, 25), understanding the mechanism of chitin-induced allergic
inflammation in the lung is relevant to understanding allergic sen-
sitization in asthma.

In the present study, we sought to determine whether chitin-
induced allergic inflammation is dependent on C3 and C3aR sig-
naling in the lung and to evaluate the impact of chitin administra-
tion on the maturation of lung DC during sensitization to
Aspergillus antigens. We demonstrate that chitin activates comple-
ment and that C3 and C3aR promote adaptive allergic inflamma-
tory responses by modulating lung DC function in a model of
chitin-induced allergy to Aspergillus.

RESULTS
Chitin activates complement in vitro and in vivo. To investigate
whether chitin particles are able to activate complement directly,
we measured the production of the anaphylatoxin C3a in chitin-
exposed human serum. Chitin particles induced the production of
C3a in human serum (Fig. 1A) and mouse serum (Fig. 1B). Be-
cause chitin is a surface component of various pathogens such as
fungi, parasite cysts, and helminth eggs, activation of complement
could proceed via the antibody-mediated classical pathway or the
antibody-independent alternative pathway. In addition to anti-
bodies potentially generated by exposure to environmental
sources of chitin, natural IgM antibodies to chitin have been de-
scribed in animals across the evolutionary spectrum (26). To de-
lineate the mechanism of chitin-induced complement activation,
we added chitin to serum in the presence of neutralizing antibody
against C1q to block the classical activation pathway or against
factor B to block the alternative complement activation pathway.
Neutralizing antibodies to factor B but not to C1q blocked the
activation of complement by chitin particles in serum, suggesting
that the major route of complement activation by chitin is via the
alternative pathway (Fig. 1C).

To determine if chitin could activate complement in the lung,
we assayed lung homogenates from naive and chitin-exposed
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FIG 1 Chitin particles generate C3a in vivo and via the alternative pathway in
vitro. Chitin particles or Aspergillus antigens were coincubated with plasma
and neutralizing antibodies. C3a levels were determined by ELISA. Chitin
induced C3a generation in human plasma (n � 3) (A) and in mouse plasma (n
� 3) (B). (C) Chitin induces C3a generation in human plasma via the alterna-
tive pathway. IgG1, isotype control antibody (Ab); �C1q, C1q neutralizing Ab;
�FactorB, factor B neutralizing Ab (n � 3). (D) Chitin particles or PBS was
administered intratracheally (i.t.). Within 24 h, perfused lung homogenate was
obtained and C3a levels were determined by ELISA (n � 5). Values are pre-
sented as means � standard errors of the means (SEM); *, P � 0.05 versus PBS.
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mice for the presence of C3a by enzyme-linked immunosorbent
assay (ELISA). Lung homogenate from chitin-exposed mice had
significantly more C3a than did lung homogenates from naive
mice (Fig. 1D). Thus, chitin promotes C3a generation in vitro and
in vivo in the lung.

A model of chitin-dependent sensitization to Aspergillus an-
tigens. We established a model of chitin-dependent sensitization

to allergen (below and manuscript in
preparation) by utilizing soluble Aspergil-
lus proteins, which can be important in
the development of allergic asthma (27).
Protease allergens from Aspergillus pos-
sess the ability to cleave C3 directly (28,
29) and could conceivably drive com-
plement activation. We therefore tested
whether the soluble Aspergillus protein
antigens themselves could activate com-
plement directly. Incubation of serum
with Aspergillus antigens before or after
heat treatment (to neutralize potential
protease activity) failed to result in the
production of C3a (Fig. 2A). Thus, solu-
ble Aspergillus antigens alone lack the
ability to generate C3a in vitro.

Chitin-induced allergic sensitization is
C3-C3a dependent. Aspergillus antigens
alone fail to induce markers of allergic in-
flammation in the lung, whereas mice ex-
posed to chitin particles during sensitiza-
tion to Aspergillus demonstrate increased
pulmonary eosinophilia (Fig. 2B). Fur-
thermore, mice sensitized to Aspergillus in
the presence of chitin showed increased
serum IgE levels and increased expression
of the allergy-associated cytokines IL-4,
IL-5, and IL-13 in lung homogenates,
compared with mice exposed to either
chitin or Aspergillus antigen alone
(Fig. 2B). Thus, chitin acts as an adjuvant
during Aspergillus-induced allergic sensi-
tization.

Because chitin can activate comple-
ment, we tested whether complement is
required for chitin-dependent allergic
inflammation. C3KO mice were pro-
tected against allergic sensitization in this
model and exhibited lower pulmonary
eosinophilia; reduced expression of IL-4,
IL-5, and IL-13; and lower levels of
serum IgE (Fig. 2B). To test whether the
anaphylotoxin C3a is required for chitin-
induced allergic inflammation to Asper-
gillus antigens, we sensitized wild-type
and C3aRKO mice to Aspergillus in the
presence or absence of chitin. Mirroring
the results from C3KO mice, C3aRKO
mice had reduced pulmonary eosinophil-
ia; lower IL-4, IL-5, and IL-13 expression
in the lung; and lower serum IgE levels
than did wild-type mice (Fig. 2C). Thus,

the ability of chitin particles to promote sensitization to Aspergil-
lus and adaptive allergic inflammation is dependent on C3 and
signaling via C3aR.

In addition to analyzing cellular influx in wild-type and com-
plement knockout mice, we analyzed physiological correlates of
asthma by looking at airflow resistance and lung tissue histology.
Measures of airway function showed that respiratory system resis-
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tance (Rrs), Newtonian resistance (RN),
and tissue damping (G), which were ele-
vated in wild-type (WT) mice, were each
significantly attenuated in the C3aRKO
mice (Fig. 3A). Histologically, the airways
of WT mice showed significantly more
goblet cell hyperplasia than that observed
in C3aRKO mice (Fig. 3B to E). Using a
scoring system of 0 to 5 for the extent of
epithelium composed of goblet cells (1 �
�10%; 5 � �75%), the values were 3.1 �
1.5 versus 0.9 � 0.9 for WT and C3aRKO
mice, respectively (P � 0.005). All fields
of WT mice showed goblet cell hyperpla-
sia (scores, 1 to 5), whereas half of the
fields from KO mice showed no hyperpla-
sia. Thus, physiological and histological
studies buttressed other cellular features
of allergic lung inflammation.

Chitin-induced innate allergic in-
flammation is not dependent on C3 or
C3aR. Because chitin alone can induce in-
nate allergic inflammation characterized
by alternatively activated macrophages
and recruitment of eosinophils (21, 22),
we tested whether C3 or signaling via
C3aR was required for chitin-induced
innate allergic inflammation. Forty-
eight hours after chitin exposure, we
compared expression of the macrophage
alternative activation marker arginase I
in lung homogenates from wild-type,
C3KO, and C3aRKO mice. Neither C3KO
mice nor C3aRKO mice demonstrated a
defect in chitin-induced alternative acti-
vation of macrophages as measured by
arginase I expression (Fig. 4A). We also
quantified the recruitment of SiglecF�/
CD11c� eosinophils to the lung follow-
ing chitin exposure. Eosinophil recruit-
ment in C3KO or C3aRKO mice was sim-
ilar to that in wild-type mice following
chitin exposure (Fig. 4B). Severe asthma
and allergic bronchopulmonary aspergil-
losis (ABPA) are associated with airway
neutrophilia (30–32), as is exposure to
chitin (21, 22). Following exposure to chi-
tin, wild-type, C3KO, and C3aRKO mice
did not demonstrate a difference in re-
cruited neutrophils in the lung (Fig. 4C).
Therefore, C3 and signaling via C3aR are
not required for chitin-induced innate
pulmonary eosinophilia, neutrophilia, or
alternative activation of macrophages.

C3/C3aR signaling blocks lung DC
from acquiring a tolerogenic phenotype
following chitin exposure. DCs play a
critical role in shaping the adaptive im-
mune response to antigen. Since C3KO
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and C3aRKO mice fail to mount a robust allergic response to
Aspergillus antigens in the presence of chitin, we tested whether
chitin exposure modulated DC maturation in a C3- and C3aR-
dependent fashion. The failure of C3KO and C3arKO mice to
mount an allergic response to Aspergillus in the presence of chitin
could be the result of either a reduction in the ability of DC to
stimulate T cells or an increase in the ability of DC to suppress T
cell activation. In the lung, pDC promote tolerance to inhaled
antigen by suppressing effector T cells and promoting regulatory
T cells (33), a process that depends on the expression of CD273
and CD274 (34). Upon exposure to chitin, pDC in the lungs of
wild-type mice failed to upregulate CD273 or CD274 (Fig. 5A and

B). However, pDC from chitin-exposed C3KO mice and C3aRKO
mice significantly increased expression of CD273 and CD274
(Fig. 5A and B). Tolerance to antigen is correlated with an elevated
ratio of CD274 to CD86 expression on pDC (35). After exposure
to chitin, pDC from C3KO and C3aRKO mice had a significantly
increased CD274/CD86 expression ratio, whereas pDC from
wild-type mice did not (Fig. 5C). Thus, pDC from C3KO and
C3aRKO mice acquire a tolerogenic phenotype after exposure to
chitin, whereas pDC from wild-type mice do not. C3 and C3aR
signaling may thus retard the development of a tolerogenic phe-
notype in response to chitin.

Chitin promotes robust CD80/CD86 activation on CD11b�

and inflammatory DC subsets in the lung. We also investigated
how C3 or C3aR signaling influenced the activation of myeloid
DC subsets in the lung 48 h after chitin exposure. We measured
the surface expression of the costimulatory molecules CD80 and
CD86 on CD11b�, CD103�, and inflammatory DC. Chitin expo-
sure failed to increase CD80 or CD86 expression on CD103� DC
from wild-type, C3KO, or C3aRKO mice (data not shown). Resi-
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dent CD11b� DC upregulated CD80 and CD86 expression fol-
lowing chitin exposure, as did monocyte-derived inflammatory
DC (Fig. 6A and B). The upregulation of CD80 and CD86 on
CD11b� DC and inflammatory DC was equivalent in wild-type,
C3KO, and C3aRKO mice (Fig. 6A and B). Thus, chitin exposure
induces the maturation of myeloid DC subsets in the lung in a
manner that is independent of C3 and C3aR signaling.

Chitin promotes Th2 and Th17 differentiation and inhibits
Treg differentiation in a C3-dependent manner. To ascertain the
functional consequence of C3a inhibition of tolerogenic DCs, we
evaluated CD4� T cell responses after pulmonary exposure to
chitin and Aspergillus antigen. We adoptively transferred
Aspergillus-specific Af3.16-transgenic CD4� T cells one day before

exposing the mice to chitin and Aspergil-
lus antigen. Using this technique allowed
us to track the fate of antigen-specific
cells, adjust precursor frequency, and pre-
clude any developmental abnormalities
found in C3KO mice. On day 7 (the peak
of the T cell response), lungs were har-
vested to analyze the CD4� T cells. The
frequency of Af3.16 FoxP3� T regulatory
cells after exposure to chitin and Aspergil-
lus was significantly higher in C3KO mice
than in WT mice, even though the num-
bers of Af3.16 cells were reduced in the
former group (Fig. 7A and B). Con-
versely, the numbers and percentages of
IL-4- and IL-17-producing Af3.16 cells
were curtailed significantly in chitin- and
Aspergillus-sensitized C3KO mice com-
pared to those for WT mice (Fig. 7C and
D). Similar results were found with en-
dogenous CD4 T cells (data not shown).
Thus, in C3KO mice, we observed recip-
rocal changes in the distribution of Af3.16
T regulatory cells (elevated) versus IL-4-
and IL-17-producing Af3.16 cells (re-
duced). Thus, C3 is required to induce
Th2 and Th17 responses and inhibit
Tregs. Collectively, our data show that
chitin-mediated C3 signaling inhibits
tolerogenic DC and Tregs while promot-
ing the differentiation of Aspergillus-
specific Th2 and Th17 responses.

DISCUSSION

The fungal cell wall contains a variety of
carbohydrate polymers that are recog-
nized by the mammalian immune system
and that shape the ultimate immune re-
sponse. Exposure to chitin particles trig-
gers innate allergic inflammation; how-
ever, the role of chitin in promoting
allergic sensitization in the lung is un-
known. We developed our model to test
whether chitin particles could promote
allergic sensitization to Aspergillus anti-
gens and to assess the role of C3 in chitin-
dependent allergic sensitization. Our
study further establishes that exposure to

chitin particles promotes allergic inflammation in the lung. Fur-
thermore, we demonstrate that chitin exposure impacts the mat-
uration of DC in the lung and promotes the development of aller-
gic sensitization to Aspergillus antigens. Finally, we establish a role
for C3, the central component of the complement cascade, and the
anaphylatoxin receptor C3aR in mediating chitin-dependent al-
lergic sensitization in the lung.

The ability of chitin to generate C3a in the lung and to promote
C3aR-dependent allergic inflammation has relevance for human
disease, particularly asthma. Polymorphisms in C3 and C3aR are
linked to an increased risk of asthma (36), and in individuals with
asthma exacerbations, plasma concentrations of C3a rise, and
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higher C3a levels are associated with increased hospitalizations
(37). Other environmental exposures linked to asthma, such as
ozone, diesel exhaust, and cigarette smoke, also generate C3a and
drive airway pathology (38–40). Our study demonstrates that en-
vironmental exposure to chitin particles also triggers the produc-
tion of C3a via the alternative pathway, potentially linking chitin
exposure to the development of allergic airway pathology. While
chitin particles can generate C3a directly in plasma, the elevated
C3a levels we observed in the lung following chitin exposure could
proceed by one of two pathways, both of which are physiologically
relevant. First, chitin particles could activate C3 already present in
the lung via the alternative pathway (as with plasma) or trigger
additional C3 production from lung resident cells. Second, be-
cause chitin particles trigger robust innate inflammation, plasma
proteins from the blood could leak across into the inflamed air-
ways. C3 present in the plasma could then be activated by chitin
particles via the alternative pathway or via the activation of throm-
bin in the setting of inflammation (41). In each case, exposure to
chitin particles results in an increase in C3a in the lung, which can
drive allergic sensitization and inflammation (42).

Consistent with a role for C3a in the pathophysiology of aller-
gic inflammation, we found that C3KO and C3aRKO mice were
protected against chitin-dependent sensitization to Aspergillus an-
tigens. Our results agree with previous studies using C3KO or
C3aRKO mice, which found protection against pulmonary eosin-
ophilia, elevated Th2 cytokines, and elevated IgE in response to
ambient particulate matter, house dust mite, or the model antigen
ovalbumin (38, 43, 44). While blockade of C3a or C3aR protects
the airways from allergic inflammation following challenge with
an allergen, less is known about the role of C3a in the sensitization
to allergen. Upon engagement of C3aR by C3a, DC demonstrate
an increase in the ability to phagocytose antigen and to activate T
cells (17). Furthermore, C3aR signaling leads to reduced expres-
sion of C5aR on the surface of DC (34), shifting DC from a C5aR-
dependent tolerogenic phenotype toward an activated phenotype
capable of promoting Th2 cytokine production from T cells. Our
results demonstrate that in the absence of C3 or C3aR, chitin
exposure promotes the expression of the regulatory costimulatory
molecules CD273 and CD274 on pDC. This suggests that produc-
tion of C3a following chitin exposure helps to suppress the expres-
sion of the regulatory molecules CD273 and CD274, thereby pro-
moting the sensitization to Aspergillus antigen.

While clearly impacting adaptive immune responses, the ab-
sence of C3 or C3aR had no impact on innate allergic inflamma-
tion or the expression of the costimulatory markers on myeloid
DC following chitin administration. C3a mediates the adhesion of
eosinophils to the walls of postcapillary venules but is unable to
affect transmigration in vivo, whereas C5a can mediate adhesion
and transmigration (45). In addition, chitin-induced eosinophilia
has been shown to be dependent on CCR2 (22) and LTB4 (21),
which likely represent complement-independent eosinophil re-
cruitment pathways. Furthermore, chitin particles trigger cyto-
kine production in vitro in experiments using complement-
inactivated serum, which argues against a role for complement in
innate immune responses to chitin (22, 46). While myeloid DC
from chitin-exposed lungs had increased expression of CD80 and
CD86 even in the absence of C3 and C3aR, pDC also showed
enhanced expression of CD273 and CD274 in C3KO and C3aRKO
mice compared to that in wild-type mice. Since CD273- and
CD274-expressing pDC suppress the ability of myeloid DC to ac-

tivate T cells (34, 42), these results may explain why C3 and C3aR
mice are protected from chitin-induced sensitization to Aspergil-
lus antigens.

We also studied how elimination of C3 influenced T cell polar-
ization in chitin-induced allergic inflammation. In line with the
tolerogenic phenotype that emerged in pDC from C3KO and
C3aRKO mice, adoptively transferred Af3.16 Aspergillus-specific
T cells polarized toward a Treg phenotype in C3KO mice and away
from allergy-prone Th2 and Th17 cells. Conversely, in wild-type
mice, where a tolerogenic phenotype in pDC did not emerge,
Af3.16 T cells polarized toward the allergy-associated Th2 and
Th17 phenotypes. In line with our study, Park et al. (47) have
reported that peptidoglycan recognition protein 1 (Pglyrp1)-
deficient mice are protected from asthma in a house dust mite
model and that this protection reflects increased recruitment of
pDC to the lung and Treg differentiation.

The role of anaphylatoxins as a bridge between innate and
adaptive responses in pulmonary allergic models has garnered
special interest (48). Unlike in epicutaneous allergic (49) and con-
tact dermatitis (50) models, C3a promotes Th2 responses in an
airway allergic model (44), indicating the contrasting roles of C3a
in different organs. Our study suggests that chitin-induced C3a
and C3aR signaling promotes allergic inflammation in the lung by
blocking the differentiation of Tregs, enhancing Th2 and Th17
responses, or both. Our findings are consistent with the report of
Lajoie et al. (51), who showed that mice deficient in C3aR had
fewer IL-17-producing helper T cells and less airway hyperrespon-
siveness after allergen challenge with house dust mites, although
the contribution of chitin in the model was unexplored.

Preparations of chitin vary widely between studies of allergic
inflammation and may impact the results and conclusions of stud-
ies. Recent work with fungal glycans, including the �1¡4 glycans
chitin and chitosan, showed that they minimally activated C3
(51). We utilized commercial preparations of chitin that were acid
extracted to remove impurities (22). They were tested to ensure
limited residual protein and endotoxin contamination. Still, im-
purities beyond N-acetyl glucosamine could have influenced our
results, explaining differences with the work of Agarwal et al. (52)
regarding the extent of complement activation. However, our re-
sults may more closely model the mix of material in chitin from
environmental sources. For example, chitin inhaled along with
environmental allergens is not likely to represent purified N-acetyl
glucosamine. Thus, while we cannot exclude a role for other con-
stituents in complement activation, we feel our results reasonably
model the role of complement in Aspergillus sensitization that
occurs when allergens are inhaled with chitin as the adjuvant.

In conclusion, our study demonstrates that chitin exposure can
promote allergic sensitization to Aspergillus antigens. Further-
more, we add chitin particles to the list of environmental insults
that can generate C3a in the lung, and we link C3a generation to
chitin’s ability to promote allergic inflammation via induction of
Th2 and Th17 T cells and inhibition of Tregs. Finally, we suggest
that chitin exposure modulates costimulatory molecule expres-
sion on lung DC subsets in order to potentiate allergic responses.
These results uncover the requisite role of complement in medi-
ating chitin-dependent allergic sensitization.

MATERIALS AND METHODS
Mice. C3aR knockout (C.129S4-C3ar1tm1Cge/J, BALB/c background,
generation N15 � N1F12, stock number 005712), C3 knockout
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(B6.129S4-C3tm1Crr/J, C57/BL6 background, generation N7F10; stock
number 003641) mice, 5 to 8 weeks old, were obtained from the Jackson
Laboratory (Bar Harbor, ME). C57BL/6 wild-type mice (strain code
01C55) and BALB/c wild-type mice (strain code 01B05), 5 to 8 weeks old,
were obtained from Jackson Laboratory (Frederick, MD). Congenic
Aspergillus-specific transgenic Af3.16 mice (53) were provided by Tobias
Hohl (Seattle, WA) with the permission of Amariliz Rivera (Newark, NJ)
and Eric Pamer (New York, NY). For all experiments, five mice were used
per group. Mice were housed and cared for according to guidelines from
the University of Wisconsin Animal Care and Use Committee, who ap-
proved this work.

Reagents. Chitin purified from crab shells was purchased from Sigma
(C9752) and purified as described (22). Briefly, ground chitin particles
were dissolved in 12.5 M HCl and incubated for 30 min at 40°C with
agitation. The solution was transferred to a cooled beaker and neutralized
with NaOH. The insoluble fraction was collected and washed in H2O and
then ethanol. Purified chitin particles were dried in a SpeedVac and stored
at �20°C. Before use, chitin particles were resuspended in endotoxin-free
phosphate-buffered saline (PBS), sonicated, and filtered through a 10-
�m-pore-size nylon filter. Protein was �2% by mass as determined by
bicinchoninic acid assay. Endotoxin levels measured by Pyrogent Plus
assay (Lonza) were �0.03 EU/ml. Aspergillus fumigatus antigens were ob-
tained from Greer (M3 skin test vial) through the University of Wisconsin
Hospital Pharmacy. Prior to use, Aspergillus antigens were dried by Speed-
Vac and reconstituted at 10 mg/ml in sterile PBS.

Measurement of C3a. Whole blood was obtained from healthy hu-
man volunteers or from C57BL/6 mice and mixed with heparin to prevent
clotting. Following centrifugation, plasma was incubated for 1 h with
chitin particles or Aspergillus antigens, either with or without blocking
antibodies to C1q or factor B.

Following exposure to chitin, C3a levels in plasma or in lung homog-
enate were determined by ELISA. Prior to lung homogenization, the pul-
monary vasculature was perfused with 5 ml PBS via the right ventricle to
minimize blood in the homogenate. The human C3a ELISA was obtained
from Hycult Biotech, and the mouse C3a ELISA was obtained from BD
BioScience.

Administration of chitin/Aspergillus antigens. Mice were anesthe-
tized via inhalation of isoflurane. The anesthetized mouse was then sus-
pended from their front incisors and intubated using a BioLite intubation
system (54). Chitin particles were suspended at 10 mg/ml in PBS. A total
of 20 �l of PBS, chitin particles, Aspergillus antigens, or chitin particles
plus Aspergillus antigens were administered via the intubation tube into
the airway. For sensitization, Aspergillus antigens in the presence or ab-
sence of chitin were administered every four days for five exposures, and
mice were euthanized two days following the final exposure. For measur-
ing CD4� T cell responses, mice were treated with antigen and chitin on
days 0, 3, and 6, and the lungs were harvested on day 7.

Physiological studies. Five mice each from sensitized WT and
C3aRKO groups were used for physiological studies. Mice were anesthe-
tized with pentobarbital, instrumented with a tracheal cannula, paralyzed
with pancuronium, and ventilated with room air at 10 ml/kg tidal volume,
200 breaths/min, and 2.5 cmH2O positive end-expiratory pressure
(PEEP). A FlexiVent apparatus (SCIREQ, Montreal, Quebec, Canada)
was employed for mechanical ventilation and measurements of airflow
resistance using a single frequency, one-compartment model for respira-
tory system resistance (Rrs; a global measure of airflow resistance) and a
multifrequency constant phase model of impedance that included esti-
mates of Newtonian resistance (RN; a measure primarily of central con-
ducting airways) and tissue damping (G; a measure of peripheral airways
and tissue resistance). All measures were conducted under conditions of
stable ventilation, without administration of airway provocation agents.

Histological examinations. Formalin-fixed lungs were from pooled
from 3 mice in each group, and transverse sections were collected from the
middle 1/3 of the right cranial, right caudal, and left lung lobes. The tissues
were processed for routine paraffin embedding, and serial sections of each

block were stained with hematoxylin and eosin (HE) and alcian blue-
Periodic acid-Schiff (PAS) (the latter stains goblet cells). Histologic exam-
ination was performed on 12 to 16 transverse lung sections from each
group.

Flow cytometry. Lung cell suspensions were prepared by mincing
lungs through a 70-�m filter using a 3-ml syringe plunger. The resulting
homogenate was digested with Liberase/DNAse I, and the red blood cells
were lysed with ammonium chloride-potassium bicarbonate buffer. All
samples were blocked with anti-mouse CD16/32 antibody prior to stain-
ing with fluorochrome-conjugated antibodies. Events were gated on
front-scatter (FSC)/side-scatter (SSC) parameters to exclude debris and
on live cells based on Violet Fixable Live-Dead stain (Molecular Probes).
Eosinophils were defined as Siglec Fhi CD11b� SSChi CD11c� Ly6G�

Thy-1�. Neutrophils were defined as CD11b� SSChi CD11c� Ly6G�

Thy-1�. Plasmacytoid DC were defined as CD11b� CD11cdim CD62L�

SiglecH�. CD11b� DC were defined as CD11b� CD11c� Ly6C�.
CD103� DC were defined as CD103� CD11b� CD11c� langerin�. In-
flammatory DC were defined as CD11b� CD11c� Ly6C�. Antibodies
were obtained from BD Biosciences, eBioscience, and BioLegend; re-
agents for staining FoxP3 were obtained from eBioscience. Cells were
collected for analysis on a BD Biosciences LSRII cytometer and data ana-
lyzed with FloJo software (TreeStar).

Real-time PCR. Total RNA was isolated from lung homogenates using
a Qiagen RNeasy minikit, and cDNA was prepared using the Bio-Rad
iScript cDNA synthesis kit. cDNA was amplified using Bio-Rad SsoFast
EvaGreen supermix in a Bio-Rad MyIQ real-time PCR detection system.
Primers were designed using Primer-BLAST (55). Relative transcript
quantity was calculated using the comparative cycle threshold (CT)
method, with �-actin transcript as the control transcript (56).

Statistics. Samples were compared to the control using an unpaired
t test with a two-tailed P value of �0.05 considered statistically significant.
All statistical analysis was performed using Prism software (Graph Pad).
In all figures, error bars represent the standard error of the mean of the
data. Physiological data are shown as box plots (median and interquartile
range) for each group, and statistical comparisons were performed with
the Mann-Whitney test.
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