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Ozone (O3) can induce airway hyperresponsiveness (AHR) and neu-
trophilic inflammation. We evaluated the role of complement in
development of AHR and inflammation after acute O3 exposure in
mice. Mice were exposed to O3 at 2 ppm for 3 hours, and airway
responsiveness to methacholine was measured 8 hours after O3

exposure. Complement was depleted or inhibited by intraperitoneal
injection of cobra venom factor (CVF) or complement receptor–
related gene y (Crry)–Ig, a potent C3 convertase inhibitor; neutro-
phils were depleted using an antineutrophil monoclonal antibody.
CVF attenuated the development of AHR by O3. Administration of
Crry–Ig also prevented the development of AHR. Bronchoalveolar
lavage (BAL) fluid neutrophilia after O3 exposure was significantly
decreased by administration of either CVF or Crry–Ig. Increased
BAL fluid total protein after O3 exposure was lowered by depletion
or inhibition of complement. In contrast to the effects of comple-
ment inhibition or depletion, depletion of BAL neutrophil counts
by more than 90% with the monoclonal antibody did not affect
the development of AHR after O3 exposure. These data indicated
that activation of the complement system follows acute O3 exposure
and is important to the development of AHR and airway neutro-
philia. However, this neutrophil response does not appear necessary
for the development of AHR.
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Ozone (O3) is a toxic oxidant found increasingly in urban envi-
ronments and workplaces (1). Cumulative data from a number
of laboratories implicate O3 in airway inflammation and airway
hyperresponsiveness (AHR) (2–7). O3 exposure rapidly causes
damage to epithelial cells and alveoli, and this has been associ-
ated with development of AHR. The acute response to O3 and
likely to the acute injury is the generation and release of a
number of cytokines and chemokines, proinflammatory media-
tors, and a significant influx of neutrophils (2, 3, 5–10).

A number of earlier reports implicated this O3-induced accu-
mulation of neutrophils into the airways as critical to the devel-
opment of AHR (2, 11). In more recent studies, this association
between neutrophils and AHR has not been substantiated (3,
4, 8, 12, 13). In their place, other factors have been linked to
susceptibility to O3-induced AHR. Prominent among these is

(Received in original form July 29, 2003; accepted in final form December 28, 2003)

Supported by Environmental Protection Agency grant R825702 and National
Institutes of Health grants HL-36577 and HL-61005 (E.W.G.), AI30389 (L.D.S.)
and AI-31105 (V.H.M.). J.W.P. was supported by the Korean Research Foundation
Grant (KRF-2001-013-F00031) and the Helen Wohlberg and Herman Lambert
Fellowship program in Cancer Biology. C.T. was supported by Deutsche For-
schungsgemeinschaft (Ta 275/2-1).

Correspondence and requests for reprints should be addressed to Erwin W. Gel-
fand, M.D., National Jewish Medical and Research Center, 1400 Jackson Street,
Denver, CO 80206. E-mail: gelfande@njc.org

Am J Respir Crit Care Med Vol 169. pp 726–732, 2004
Originally Published in Press as DOI: 10.1164/rccm.200307-1042OC on December 30, 2003
Internet address: www.atsjournals.org

tumor necrosis factor receptor-2 (5, 6), with susceptibility linked
to tumor necrosis factor-� (TNF-�) receptor expression and
signaling (14).

In a number of different models of AHR, including allergen-
induced or immune complex–triggered AHR, increasing attention
has been focused on the complement system and complement
activation products that are involved in neutrophil chemoattrac-
tion (15–21). Airway epithelial cells may be a source of these
factors (22, 23), for example, when injured after O3 exposure.
In humans exposed to O3 (0.4 ppm for 2 hours), increased levels
of C3a were detected (24). In this study, we examined the effects
of complement depletion with cobra venom factor (CVF) or an
inhibitor of complement activation (complement receptor–
related gene y [Crry]–Ig) in the neutrophil response to acute O3

exposure as well as in the development of AHR.

METHODS

Animals

Eight- to 12-week-old female C57BL/6j mice, mast cell–deficient mice
([WB/Rej-kitW/� � C57Bl6J-kitW�v/�]F1 � [W/Wv] mice), and con-
genic WBB6F1 normal mice were obtained from Jackson Laboratories
(Bar Harbor, ME). All mice were bred and housed under pathogen-
free conditions and maintained in the Biological Research Center at
National Jewish Medical and Research Center. All protocols and exper-
imental procedures were approved by the Institutional Animal Care
and Use Committee of the National Jewish Medical and Research
Center.

Experimental Protocol

Mice were exposed to O3 at a concentration of 2.0 ppm for 3 hours.
All parameters were measured 8 hours after completion of the O3

exposure. For depletion of complement, 4 U of CVF (Naja naja kaouthia;
Sigma, St. Louis, MO) was administered to the mice by intraperitoneal
injection, 12 hours before O3 exposure. Naja naja kaouthia inactivates
C3–C9 (25). To prevent complement activation, 3 mg of mouse Crry–Ig
(26) was administered by intraperitoneal injection to the mice 24 hours
and just before O3 exposure. As a control, rat IgG (Sigma) at the same
dose and volume was injected intraperitoneally at the same time points.
For depletion of neutrophils, 250 �g of RB6-8C5, a rat monoclonal
antibody (27, 28) was administered to the mice by intraperitoneal injec-
tion 48 and 24 hours before O3 exposure. Control mice received rat
IgG as a control by intraperitoneal injection at 48 and 24 hours before
O3 exposure.

O3 Exposure

Mice were exposed to O3 at 2.0 ppm for 3 hours. They were placed
in stainless steel wire cages set inside 240-L laminar flow inhalation
chambers. High-efficiency particulate air–filtered room air was passed
through these chambers at 25 changes/hour. The room temperature
was maintained at 20 to 25�C. O3 was generated by directing compressed
medical-grade oxygen through an electrical discharge O3 generator
(Sander Ozonizer, Model 25; Erwin Sander Elektroapparatebau
GmbH, Uetze-Eltze, Germany) located upstream of the exposure
chamber. The O3–air mixture was metered into the inlet air stream with
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mass flow controllers (Model #1359C; MKS Instruments Inc., Andover,
MA). Simultaneous exposure to high-efficiency particulate air–filtered
air was performed in a separate chamber with age- and treatment-
matched control animals. O3 concentrations were continuously moni-
tored at mouse nose levels within the chamber with a photometric O3

analyzer (Model 400A; Advanced Pollution Instrumentation Inc., San
Diego, CA) and recorded on a strip-chart recorder. Calibration of the
O3 analyzer was performed by the Colorado Department of Public
Health and Environment.

Determination of AHR

AHR was assessed as a change in airway resistance (cm H2O/ml/second)
after challenge with aerosolized methacholine (MCh). Anesthetized
(pentobarbital sodium, 70–90 mg/kg, given intraperitoneally), tracheos-
tomized (stainless steel cannula, 18 G) mice were mechanically venti-
lated, and lung function was assessed using methods described by
Takeda and coworkers (29). Mice were placed in a ventilator (Model
683; Harvard Apparatus, South Natick, MA) with breathing controlled
via a tracheostomy tube at 160 breaths/minute and a Vt of 150 �l with
a positive end-expiratory pressure of 2 to 4 cm H2O. Transpulmonary
pressure, lung volume, and flow were determined. Lung resistance (RL)
was continuously computed (Labview; National Instruments, Dallas,
TX) by fitting flow, volume, and pressure to an equation of motion. MCh
aerosol was administered by nebulization of increasing concentrations
(3–50 mg/ml). Maximum values of RL were calculated and expressed.

Bronchoalveolar Lavage

Immediately after assessment of AHR and killing, lungs were lavaged
via the tracheal tube with 1 ml of Hank’s balanced salt solution (Gibco,
Grand Island, NY). Total cell numbers were obtained (Coulter Counter
Co., Hialeath, FL). Differential cell counts were performed by counting
at least 200 cells on cytocentrifuged preparations in a blinded fashion
(Model Cytospin 3; Shandon Ltd., Runcorn, Cheshire, UK) stained
with Leukostat (Fisher Diagnostics, Fair Lawn, NJ).

Measurement of Cytokines and Total Protein in
Bronchoalveolar Lavage Fluid

Cytokine levels in lung homogenates were determined by ELISA.
Mouse interleukin (IL)-12, keratinocyte-derived chemokine (KC), and
IL-1� (R&D Systems, Minneapolis, MN) were measured using commer-
cial ELISA kits, per the manufacturers’ instructions. TNF-� and macro-
phage inflammatory protein-2 (MIP-2) were measured with homemade
kits using anti–TNF-� (R&D Systems; coating antibody, AFY10-NA;
detection antibody, BAF410) and anti–MIP-2 antibody (R&D Systems;
coating antibody, MAB452; detection antibody, BAF452). Detection
limits for the assays were as follows: IL-12 (24 pg/ml), IL-1� (30 pg/ml),
TNF-� (12 pg/ml), MIP-2 (7.5 pg/ml), and KC (18 pg/ml). For measure-
ments in lung homogenates, lung tissue was frozen at �70�C immedi-
ately after killing. Lung tissue was mixed with a phosphate-buffered
saline (PBS)–0.1% Triton-X100 solution containing proteinase inhibi-
tors (PharMingen, San Diego, CA) at a 1:2.5 ratio of weight per volume.
The specimens were homogenized and then centrifuged at 15,000 rpm
for 15 minutes. The supernatants were frozen at �70�C until analysis.
Total protein levels in bronchoalveolar lavage (BAL) fluid were mea-
sured by Lowry’s method (30) using a Protein assay kit (Bio-Rad,
Richmond, CA).

Figure 1. Serum C3 levels in mice after treatment with cobra
venom factor (CVF) (A ) or complement receptor–related gene
y (Crry)–Ig (B ). Mice were exposed to filtered air (for 3 hours)
or ozone (O3) (2 ppm for 3 hours) and treated with either CVF
(O3/CVF) or Crry–Ig (O3/Crry–Ig) as described in METHODS. Each
group consisted of 8 mice. *p � 0.01, #p � 0.05. N.D. 	 not
detected.

Assessment of C3 Levels in Serum and C3a Levels in BAL Fluid

C3 was measured by radial immunodiffusion using agarose containing
a high-titered anti–human C3 antibody that cross-reacts with mouse
C3 (intact and converted). A pool of normal mouse (C57BL/6 back-
ground) sera was used to generate a standard curve, and the results
are reported as percent of the normal mouse serum pool.

C3a levels in BAL fluid were measured by ELISA (31). Briefly,
microtiter plates were coated with a goat anti–rat IgG-Fc antibody (4.5
�g/ml in PBS, ICN Pharmaceuticals Inc., Cleveland, OH) for 2 hours.
Then a monoclonal rat anti–mouse C3a antibody (1:100 dilution of
hybridoma supernatant [clone 3/11] in blocking buffer) was added to
each well. For detection, a polyclonal rabbit anti–mouse C3a antibody
in blocking buffer was added and incubated for 1 hour, followed by a
goat anti–rabbit IgG-Fc HRP-conjugated detection antibody (Bio-
Rad). For quantification purposes, 100% CVF-activated C57BL/6j
mouse plasma was used as a 50-�g/ml C3a standard.

Statistical Analysis

Data are presented as mean 
 SEM. For analysis of the role of depletion
or inhibition of complement in O3-exposed mice, analysis of variance
was used to determine the levels of difference between all groups.
Comparisons for all pairs were performed using the Tukey–Kramer
honest significant difference test (JMP 4.0; SAS Institute Inc, Cary,
NC).

RESULTS

Depletion of Complement by CVF Prevents the Development
of Airway Inflammation and Hyperresponsiveness

Exposure to O3 leads to a number of acute changes in the airways,
including a marked alteration in airway function and a significant
inflammatory response. Between 8 and 24 hours after O3 expo-
sure, a threefold increase in levels of C3a was detected in BAL
fluid (mean 
 SEM: 3.18 
 0.72 ng/50 �l) compared with mice
exposed to air only (1.15 
 0.72 ng/50 �l). When C57BL/6 mice
were administered CVF, 12 hours before O3 exposure, serum
levels of C3 were no longer detectable at the time of assay, as
shown in Figure 1A, in contrast to serum levels in mice exposed
to either air or O3 alone.

C57BL/6 mice are susceptible to O3 exposure, and as shown
in Figure 2, 8 hours after the 3-hour exposure was completed,
the animals developed significant increases in airway resistance
to inhaled MCh in a dose-dependent fashion. Mice depleted of
complement with CVF showed significantly lower AHR through-
out the MCh dose–response level.

In untreated mice, O3 exposure resulted in a significant in-
crease in total cell numbers in the BAL fluid, including neu-
trophils and, to a limited extent, eosinophils (Figure 3A). The
decreases in AHR in CVF-treated mice were paralleled by sig-
nificant reductions in total cell numbers and neutrophils (and
eosinophils) in the BAL fluid (Figure 3A).
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Figure 2. Depletion of complement by CVF attenuates the development
of airway hyperresponsiveness (AHR) in response to acute O3 exposure.
Mice were treated with CVF or phosphate-buffered saline (PBS) (as
described in METHODS) and were then exposed to filtered air or zone
for 3 hours; 8 hours after completion of the exposures, airway function
was assessed. AHR is expressed as airway resistance to inhaled metha-
choline (MCh) concentration. Each group consisted of 8 mice. *p �

0.01 compared with the O3-exposed mice.

O3 exposure also increased BAL fluid protein content when
compared with air-exposed mice, and this increase was prevented
by complement depletion with CVF (Figure 3B).

Crry–Ig Blocks the Development of O3-induced Changes in
Lung Function and Airway Inflammation

In addition to the approach using CVF for complement deple-
tion, we also used Crry–Ig to prevent complement activation. As
shown in Figure 1B, after treatment with Crry–Ig, O3 exposure in
fact resulted in a significant elevation of serum C3 levels, indicat-
ing the absence of complement activation. After treatment with
Crry–Ig, the increase in serum C3 levels likely represents an
overall decrease in C3 turnover, similar to what has been re-
ported in Crry-overexpressing mice (32). As shown with CVF
treatment, O3-induced AHR was prevented if the mice were
administered Crry–Ig before exposure (Figure 4). The decreases
in AHR were throughout the MCh dose–response curve, and
the extent of reduction was similar to that seen after CVF treat-
ment. As shown with CVF, Crry–Ig markedly reduced the num-
ber of BAL neutrophils and eliminated the minor increases in
BAL eosinophilia (Figure 5A); control (rat) IgG was without
effect. BAL protein content was also significantly lower in Crry-
Ig–treated mice (Figure 5B).

Figure 3. Depletion of complement by CVF
decreases bronchoalveolar lavage (BAL) total
cell, neutrophil, eosinophil numbers (A ), and
total protein levels (B ) in O3-exposed mice.
BAL samples were obtained 8 hours after the
exposures, at completion of the airway func-
tion measurements. The results are from the
same groups of mice shown in Figure 2. *p �

0.01 compared with the O3-exposed mice.

Effect of Crry–Ig on Production of Proneutrophil Cytokines
and Chemokines

Accumulation of neutrophils in the lung in response to an insult
is dependent on the release of a number of factors. Among them,
IL-1�, TNF-�, MIP-2, and KC have been implicated. Acute O3

exposure resulted in a significant increase in the levels of each
of these proteins in lung homogenates (Figure 6). Pretreatment
with Crry–Ig before O3 exposure resulted in a significant decrease
in each of these levels in lung homogenates. In contrast, levels
of IL-12 were unaffected by O3 exposure, and treatment with
Crry–Ig was similarly without effect on IL-12 levels. Virtually
identical results were observed when BAL fluid levels of these
proteins were analyzed (data not shown).

Neutrophils Are Not Required for the Induction of AHR

On the basis of these data, it appeared that the development of
AHR and neutrophilia may be associated, and both appeared
dependent on complement activation. To directly determine the
role of neutrophils in altered airway responsiveness, mice were
administered a depleting antineutrophil antibody before O3 ex-
posure. The efficacy of this antibody treatment is illustrated in
Figure 7A, demonstrating that the increase in BAL neutrophil
numbers after O3 exposure was virtually eliminated after anti-
body treatment. However, in the absence of an increase in BAL
neutrophil numbers, AHR in response to O3 exposure developed
in an unimpaired fashion, with increased airway responsiveness
virtually identical to the development in control mice, through-
out the MCh dose–response curve (Figure 7B). Control Ig was
without effect.

Development of AHR after O3 Exposure Occurs in the Absence
of Mast Cells

Complement-split products, especially the anaphylatoxins C3a
and C5a, have been shown to be released from activated mast
cells, and mast cells have been implicated in the response to O3

(33). To assess the role of mast cells in the development of AHR
after acute O3 exposure in the present model, mast cell–deficient
mice and their wild-type littermates were exposed to O3 for 3
hours. After O3 exposure, wild-type as well as mast cell–deficient
mice developed a similar increase in responsiveness to MCh
compared with air-exposed animals (Figure 8).

DISCUSSION

In studies linking complement activation, airway inflammation,
and AHR, advantage has generally been taken of mice deficient
in key components of the complement cascade or their receptors.
The anaphylatoxins C3a or C5a are liberated after activation of
the complement cascade and serve as proinflammatory mediators
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Figure 4. Inhibition of complement activation by Crry–Ig prevents the
development of AHR to acute O3 exposure. Mice received Crry–Ig or
rat IgG (cIg) as a control (see METHODS) and were then exposed to
filtered air or O3 (2 ppm for 3 hours). Airway function was assessed 8
hours after completion of the exposures. Each group consisted of 8
mice. AHR is expressed as airway resistance to inhaled MCh. *p � 0.01
compared with the O3-exposed mice.

through specific receptor binding on cell surfaces, including in-
flammatory cells and airway smooth muscle (34–40). Indeed,
after O3 exposure, increased levels of C3a could be detected in
the BAL fluid, suggesting that one consequence of the exposure
is complement activation. These results are similar to what has
been described in BAL fluid of humans exposed to O3 (24). In
allergen-induced models of AHR, both C3 and the C3a receptors
have been implicated in the development of altered airway re-
sponsiveness, cytokine production, and airway inflammation (15,
17, 18). In the case of C5, and the interaction between the active
fragment C5a and its receptor, some controversy has emerged
(16), but C5a, similar to C3a, appears to potentiate allergen-
induced AHR (19). C5a has also been shown to trigger chemo-
kine production, including neutrophil chemoattractants (34, 37,
38). Furthermore, C5a or the C5a receptor has been implicated
in acute lung injury (40) and immune complex–induced AHR
and airway inflammation (21). C3-deficient mice also did not
develop increases in AHR induced by particulate matter (41).

In the present study, we used two approaches to study the
role of complement activation in the O3-induced development
of AHR and inflammation. In one approach, complement was

Figure 5. Inhibition of complement activation
by Crry–Ig decreases BAL fluid neutrophilia,
eosinophilia, and total protein levels in the
O3-exposed mice. The results are from the same
groups of mice shown in Figure 4. *p � 0.01.

depleted after treatment with CVF. Such treatment has been
shown to attenuate immune complex–induced responses within
the lung (21). CVF, the reptile equivalent of C3b, binds to mam-
malian factor B, forming a stable CVFC3bBb complex and mark-
edly depletes C3 as well as C5–C9 (25). The effectiveness of
CVF treatment in the present study is supported by the marked
depletion of serum C3 in the treated mice.

The second approach used Crry–Ig, a recombinant soluble
form of the mouse membrane complement inhibitor Crry fused
to the mouse IgG1 hinge, CH2 and CH3 domains (26, 42). Crry,
complement receptor–related gene y, is a widely expressed mem-
brane-bound intrinsic complement regulator protein. The mu-
rine homologs of human SCR1 are mouse CR1 and Crry. Crry–Ig
exhibits decay-accelerating activities for both the classical and
alternative pathways and stops the activation process at the C3
step. In addition, Crry demonstrates cofactor activity for the
factor I–mediated cleavage of C3b (26). Crry–Ig has effectively
prevented antibody-induced glomerulonephritis (26), antibody-
induced fetal loss (43), and attenuated intestinal damage after
ischemia/reperfusion injury (44). For CVF or Crry–Ig treatment,
normal mice were targeted to avoid potential influences of ge-
netic complement or complement receptor deficiency from a
developmental point of view.

Acute O3 exposure in C57BL/6 mice resulted in the rapid
development of AHR and lung inflammation. The protocol using
2 ppm for 3 hours has been extensively characterized by Kleeb-
erger and colleagues and is one in which a genetic susceptibility
locus linked to TNF-� has been demonstrated (5, 8, 14). Eight
hours after completion of the O3 exposure, peak levels of in-
creased resistance to inhaled MCh were seen, as well as a signifi-
cant BAL neutrophilia and, to a lesser degree, eosinophilia.
These changes were also accompanied by increases in levels of
TNF-�, and the neutrophil chemoattractants MIP-2, KC, and
IL-1�; levels of IL-12 were unchanged. After treatment with
either CVF or Crry–Ig, virtually all of these responses were
attenuated. AHR was significantly reduced, eosinophils in the
BAL fluid were virtually absent, and BAL neutrophil numbers
were reduced by more than 80%. In parallel, the levels of cyto-
kines/chemokines in the lung homogenates and BAL fluid re-
turned to near control levels, as did O3-induced BAL protein
levels.

All of the data implicate O3-induced activation of the comple-
ment system in the initiation of these responses. In particular, the
close association of reduction in AHR and neutrophil numbers
(both not to baseline levels) suggested a potential causal relation-
ship. To evaluate this possibility, mice were treated with a neutro-
phil-depleting antibody before O3 exposure. This treatment was
highly effective, depleting BAL neutrophils to an even greater
extent than by preventing complement activation. Nonetheless,
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Figure 6. Cytokine levels in lung
homogenates in mice treated with
Crry–Ig. Tumor necrosis factor-�
(TNF-�) (A),macrophage inflamma-
tory protein-2 (MIP-2) (B), KC (C),
interleukin (IL)-1� (D), and IL-12
(E ) in lung homogenates. The re-
sults are from the same groups of
mice shown in Figures 4 and 5.
Each group consisted of 8 mice.
*p � 0.01, #p � 0.05.

the development of O3-induced AHR was unaffected, demon-
strating the independence of the two processes. Complement-
split products and especially C3a and C5a may activate mast
cells, and in some studies mast cells have been implicated to at
least partially mediate the influx of neutrophils into the lung
after acute O3 exposure (33, 45). However, other studies showed
that the development of AHR after O3 exposure is not dependent
on mast cells (46). In the present study, mast cell–deficient mice
developed the same degree of AHR after O3 exposure as the
congenic wild-type control mice, indicating that similar to the
influx of neutrophils, mast cells are not essential to the develop-
ment of AHR after O3 exposure.

The use of CVF or Crry–Ig does not indicate the particular
complement component involved in O3-induced AHR or lung
inflammation. There are several pathways through which O3-

Figure 7. Depletion of neutro-
phils by RB6-8C5 monoclonal
antibody (mAb) does not affect
the development of AHR in re-
sponse to O3 exposure. As de-
scribed in METHODS, mice were
administered mAb or rat IgG
(cIg) before the exposure to fil-
tered air or O3. Eight hours after
completion of the exposures,
airway function was monitored
and BAL samples were obtained.
(A ) BAL inflammatory cell com-
position. (B ) Airway resistance
to inhaled MCh. Each group
consisted of 8 mice. *p � 0.01,
#p � 0.05. In (B ), *p � 0.01
compared with the air-exposed
group.

induced AHR could develop in a complement activation–
dependent manner. Acute O3 exposure is known to primarily
target epithelial cells. Epithelial cells are known to be sources
of both C3 and C5 (22, 23, 41). Epithelial cell injury may trigger
complement convertase activation, liberating C3a and/or C5a
from injured or necrotic epithelial cells. Complement activation
may also occur through reactions with injured cells, resulting in
production of C3a and C5a. In turn, as airway smooth muscle
expresses both C3a and C5a receptors (39), bronchoconstriction
to inhaled MCh may ensue. In a more indirect manner, O3 may
activate complement via increases in reactive oxygen species
(47, 48). Interestingly, in humans exposed to O3, C3a levels
were increased (24, 49). Both C3a and C5a are also known
chemoattractants for inflammatory cells (34, 50). Acute O3 expo-
sure leads to the production of the early-response cytokines,
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Figure 8. Mast cell–deficient
mice develop the same de-
gree of AHR after acute O3

exposure as control mice.
Mast cell–deficient mice (W/
Wv) and congenic wild-type
control mice (�/�) were ex-
posed to O3 (filled circles and
filled squares, respectively)
and or air (open circles and
open squares, respectively)
(n 	 8 in each group). After
O3 exposure, �/� and W/
Wv mice developed a similar
degree of airway reactivity to
MCh. *p � 0.05 compared
with �/� air and W/Wv air.
Mean 
 SEM are given.

TNF-� and IL-1�, as well as the macrophage-derived neutrophil
chemokines, MIP-2 and KC. Neutrophil accumulation in the
BAL fluid is one of the earliest events after O3 exposure. Treat-
ment with either CVF or Crry–Ig significantly reduced BAL and
lung homogenate levels of both cytokines and chemokines likely
accounting for the decreases in neutrophil numbers. IL-12 levels
were unaffected by O3 exposure and were not altered by treat-
ment with CVF or Crry–Ig. These apparently independent ef-
fects of C3a/C5a on airway smooth muscle and inflammatory cell
accumulation could explain the dissociation observed between
AHR and neutrophil infiltration.

Despite all of the supportive data pointing to the prevention
of C3 and/or C5 activation by CVF or Crry–Ig, it is possible that
the effects of these complement activation inhibitors are not
solely on C3- or C5-mediated responses but regulate other com-
plement-dependent pathways. In complement-sufficient mice,
CVF attenuated the AHR response and reduced histamine levels
in an immune complex–driven model but was surprisingly inef-
fective in C5-deficient mice (21). Whether a compensatory and
CVF-resistant pathway emerged to dominate in the C5-deficient
mice is unclear.

In summary, these studies suggest that the very rapid develop-
ment of AHR to inhaled MCh and the accompanying neutrophil-
dominated inflammatory response, which follows acute O3

exposure, is the result of complement activation. AHR is directly
induced by complementary activation but independent of mast
cell and neutrophil accumulation. In many ways, the data support
a common mechanism for the development of altered airway
responsiveness, a pathway dependent on complement activation
that may be shared by allergen, immune complexes, and environ-
mental pollutants.

Conflict of Interest Statement : J-W.P. has no declared conflict of interest; C.T.
has no declared conflict of interest; A.J. has no declared conflict of interest; K.T. has
no declared conflict of interest; T.K. has no declared conflict of interest; A.D. has
no declared conflict of interest; G.M. has no declared conflict of interest; C.B.A.
has no declared conflict of interest; G.S. has no declared conflict of interest; L.D.S.
has no declared conflict of interest; J.D.L. has no declared conflict of interest;
P.C.G. has no declared conflict of interest; V.M.H. has no declared conflict of
interest; E.W.G. has no declared conflict of interest.

References

1. National Institute of Environmental Health Sciences. Ozone alerts. Re-
search Triangle Park, NC: National Institute of Environmental Health
Sciences; 1986. NIH Publication No. 99-4671.

2. Holtzman MJ, Fabbri LM, O’Byrne PM, Gold BD, Aizawa H, Walters
EH, Alpert SE, Nadel JA. Importance of airway inflammation for
hyperresponsiveness induced by ozone. Am Rev Respir Dis 1983;127:
686–690.

3. Li Z, Daniel EE, Lane CG, Arnaout MA, O’Byrne PM. Effect of an
anti-Mo1 mAb on ozone-induced airway inflammation and airway
hyperresponsiveness in dogs. Am J Physiol 1992;263:L723–L726.

4. Pino MA, Stovall MY, Levin JR, Delvin RB, Koren HS, Hyde DM.
Acute ozone-induced lung injury in neutrophil-depleted rats. Toxicol
Appl Pharmacol 1992;114:268–276.

5. Cho H-Y, Zhang L-Y, Kleeberger SR. Ozone-induced lung inflammation
and hyperreactivity are mediated via tumor necrosis factor-� receptors.
Am J Physiol Lung Cell Mol Physiol 2001;280:L537–L546.

6. Shore SA, Schwartzman IN, Le Blanc B, Murthy GGK, Doerschuk CM.
Tumor necrosis factor receptor 2 contributes to ozone-induced airway
hyperresponsiveness in mice. Am J Respir Crit Care Med 2001;164:
602–607.

7. Jorres R, Nowak D, Magnussen H. The effect of ozone exposure on
allergen responsiveness in subjects with asthma or rhinitis. Am J Respir
Crit Care Med 1996;153:56–64.

8. Kleeberger SR, Hudak BB. Acute ozone-induced change in airway per-
meability: role of infiltrating leukocytes. J Appl Physiol 1992;72:670–676.

9. Arsalane K, Gosset P, Vanhee D, Voisin C, Hamid Q, Tonnel A-B,
Wallaert B, Fourneau C, Merdy C. Ozone stimulates synthesis of
inflammatory cytokines by alveolar macrophages in vitro. Am J Respir
Cell Mol Biol 1995;13:60–68.

10. Jorres RA, Holz O, Zachgo W, Timm P, Koschyk S, Muller B, Grimmin-
ger F, Seeger W, Kelly FJ, Dunster C, et al. The effect of repeated
ozone exposures on inflammatory markers in bronchoalveolar la-
vage fluid and mucosal biopsies. Am J Respir Crit Care Med 2000;161:
1855–1861.

11. O’Byrne PM, Walters EH, Aizawa HA, Fabbri LM, Alpert SE, Nadel
JA, Holtzman MJ. Neutrophil depletion inhibits airway hyperrespon-
siveness induced by ozone exposure. Am Rev Respir Dis 1984;130:
214–219.

12. O’Byrne PM, Walters EH, Aizawa HA, Fabbri LM, Holtzman MJ, Nadel
JA. Indomethacin inhibits the airway hyperresponsiveness but not
the neutrophil influx induced by ozone in dogs. Am Rev Respir Dis
1984;130:220–224.

13. Murlas C, Roum JH. Bronchial hyperreactivity occurs in steroid-treated
guinea pigs depleted of leukocytes by cyclophosphamide. J Appl Phys-
iol 1985;58:1630–1637.

14. Kleeberger SR, Levitt RC, Zhang LY, Longphre M, Harkema J, Jedlicka
A, Eleff SM, DiSilvestre D, Holroyd KJ. Linkage analysis of suscepti-
bility to ozone-induced lung inflammation in inbred mice. Nat Genet
1997;17:475–478.

15. Humbles AA, Lu B, Nilsson CA, Lilly C, Israel E, Fujiwara Y, Gerard
NP, Gerard C. A role for the C3a anaphylatoxin receptor in the
effector phase of asthma. Nature 2000;406:998–1001.

16. Karp CL, Grupe A, Schadt E, Ewart SL, Keane-Moore M, Cuomo PJ,
Kohl J, Wahl L, Kuperman D, Germer S, et al. Identification of comple-
ment factor 5 as a susceptibility locus for experimental allergic asthma.
Nat Immunol 2000;1:221–226.

17. Drouin SM, Corry DB, Kildsgaard J, Wetsel RA. The absence of C3
demonstrates a role for complement in Th2 effector functions in a
murine model of pulmonary allergy. J Immunol 2001;167:4141–4145.

18. Bautsch W, Hoymann HG, Zhang Q, Meier-Wiedenbach I, Raschke U,
Ames RS, Sohns B, Flemme N, Meyer zu Vilsendorf A, Grove M,
et al. Guinea pigs with a natural C3a-receptor defect exhibit decreased
bronchoconstriction in allergic airway disease: evidence for an involve-
ment of the C3a anaphylatoxin in the pathogenesis of asthma. J Immu-
nol 2000;165:5401–5405.

19. Abe M, Shibata K, Akatsu H, Shimizu N, Sakata N, Katsuragi T, Okada
H. Contribution of anaphylatoxin C5a to late airway responses after
repeated exposure of antigen to allergic rats. J Immunol 2001;167:
4651–4660.

20. Taube C, Rha Y-H, Takeda K, Park J-W, Joetham A, Balhorn A, Giclas
P, Dakhama A, Holers VM, Gelfand EW. Inhibition of complement
activation decreases allergic airway inflammation and hyperrespon-
siveness. Am J Respir Crit Care Med 2003;168:1333–1341.

21. Lukacs NW, Glovsky MM, Ward PA. Complement-dependent immune
complex-induced bronchial inflammation and hyperreactivity. Am J
Physiol Lung Cell Mol Physiol 2000;280:L512–L518.

22. Strunk RC, Eidlen DM, Mason RJ. Pulmonary alveolar type II cells
synthesize and secrete proteins of the classical and alternative comple-
ment pathways. J Clin Invest 1988;81:1419–1426.

23. Khirwadkar K, Zilow G, Oppermann M, Kabelitz D, Rother K.
Interleukin-4 augments production of the third complement compo-
nent by the alveolar epithelial cell line A549. Int Arch Allergy Immunol
1993;100:35–41.

24. Devlin RB, McDonnell WF, Becker S, Madden MC, McGee MP, Perez



732 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 169 2004

R, Hatch G, House DE, Koren HS. Time-dependent changes of in-
flammatory mediators in the lungs of humans exposed to 0.4 ppm
ozone for 2 hr: a comparison of mediators found in bronchoalveolar
lavage fluid 1 and 18 hr after exposure. Toxicol Appl Pharmacol 1996;
138:176–185.

25. Cochrane CG, Müller-Eberhard H, Aikin BS. Depletion of plasma com-
plement in vivo by a protein of cobra venom: its effect on various
immunologic reactions. J Immunol 1970;105:55–69.

26. Quigg RJ, Kozono Y, Berthiaume D, Lim A, Salant DJ, Weinfeld A,
Griffin P, Kremmer E, Holers VM. Blockade of antibody-induced
glomerulonephritis with Crry-Ig, a soluble murine complement inhibi-
tor. J Immunol 1998;160:4553–4560.

27. Czuprynski CJ, Brown JF, Maroushek N, Wagner RD, Steinberg H.
Administration of anti-granulocyte mAb RB6-8C5 impairs the resis-
tance of mice to Listeria monocytogenes infection. J Immunol 1994;152:
1836–1846.

28. Conlan WJ, North RJ. Neutrophils are essential for early anti-listeria
defense in the liver, but not in the spleen or peritoneal cavity, as
revealed by a granulocyte-depleting monoclonal antibody. J Exp Med
1994;179:259–268.

29. Takeda KE, Hamelmann E, Joetham A, Shultz LD, Larsen GL, Gelfand
EW. Development of eosinophilic airway inflammation and airway
hyperresponsiveness in mast cell-deficient mice. J Exp Med 1997;186:
449–454.

30. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement
with the folin phenol reagent. J Biol Chem 1951;193:265–275.

31. Mastellos D, Prechl J, László G, Papp K, Oláh E, Argyropoulos E,
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