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Abstract
Humoral molecules can trigger injury on mechanically stressed and damaged tissue. We have
studied the role of complement 3 (C3) in a mouse model of ventilator-induced lung injury (VILI).
Compared with sham-treated wild type (WT) mice, ventilated WT mice have reduced total
bronchoalveolar lavage (BAL) cells; and elevated activities of thrombin and matrix
metalloproteinases (MMPs), such as gelatinase/collagenase in the BAL fluid. In contrast, these
parameters in ventilated C3 null mice are not significantly different from sham-treated WT and C3
null mice. In mechanically ventilated mice, thrombin activity and MMPs are lower in C3 null mice
than in WT mice and are inversely correlated with total single BAL cells. C3 activation is
associated with MMP activation in vitro. Pretreatment of WT mice with humanized cobra venom
factor, which inactivates C3, reduces C3 deposition in the lung and increases total BAL cells in
VILI. We propose that C3 is involved with VILI and inhibition of complement activation may be a
potential therapeutic strategy.
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1. Introduction
Ventilator-induced lung injury (VILI) is a major cause of morbidity and mortality in
critically ill patients [1]. There are no biomarkers in identifying patients who would develop
VILI during and following mechanical ventilation. Furthermore, not all patients with similar
ventilator settings develop VILI, suggesting that genetic factors are involved. Such factors
could be linked to molecules of the innate immune system. This system consists of cellular
and humoral components, the former including epithelial cells and phagocytes and the latter
comprising pattern recognition molecules and peptidases [2, 3]. These peptidases include
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serine proteases found in complement pathways and coagulation system and also in metal-
requiring proteinases, like matrix metalloproteinases (MMPs). Activation of MMPs leads to
digestion of pulmonary interstitial proteins, resulting in destruction of tissue integrity [1, 4–
6]. Alveolar coagulopathy has also been associated with acute lung inflammation/acute
respiratory distress syndrome and VILI [7–11].

The interaction among complement pathways, coagulation cascade and MMPs interact have
been increasingly clear [12–14], although their detailed interplay is not fully understood.
Complement activation enhances thrombin production [15–17]. Thrombin regulates MMPs
and vice versa [18–20]. A recent study has demonstrated that C3 is involved with
mechanisms causing a secondary lung injury from intestinal ischemia–reperfusion injury
[21]. Animal model studies demonstrated alterations of complement levels and expression in
acute lung injury [22]. In addition, inactivation of C3 by pretreatment of mice with a
humanized cobra venom factor (HCVF) attenuated myocardial reperfusion injury [23].
These observations support the hypothesis that complement activation could mediate VILI
and that the mechanism would be involved with coagulation enzymes and MMPs.

As for cellular component, it has been shown that a decrease in total bronchoalveolar lavage
(BAL) cells with sequestration of polymorphonuclear neutrophil (PMN) is a marker of early
VILI [24]. Supporting this observation is the observation that potent PMN chemokines are
upregulated early during VILI [25].

In this study, we hypothesize that the complement cascade is involved in the initial
mechanism of VILI, and linked to the associated triggering of the coagulation cascade. To
test this hypothesis, we subjected WT and C3 null mice to injurious mechanical ventilation
and compared BAL cells and BAL enzyme activities, such as thrombin and gelatinase/
collagenase, in those animals following a period of injurious ventilation. We also
investigated the mechanisms in vitro by assessing the activity of gelatinase/collagenase in
mouse sera.

2. Methods
2.1. Mice

Wild type (WT) and C3 null mice were on C57B/6J genetic background. Male mice with
body weight between 24 and 30 g were used. C3 null mice breeders were previously
provided by Dr. Michael C. Carroll, Immune Disease Institute, Harvard Medical School
[26]. All mice were bred at the animal facility in Massachusetts General Hospital under
specific pathogen free environment. All experiments were performed under an approved
protocol by the Subcommittee on Research Animal Care at Massachusetts General Hospital,
Boston, MA.

2.2. Ventilator-induced lung injury (VILI)
Anesthesia of mice was maintained with intraperitoneal injection of avertin (250 mg/kg)
[27]. Tracheotomy was performed, followed by intubation with a 22 G IV catheter (Terumo,
Japan), which was connected to a small animal mechanical ventilator (Harvard Apparatus,
MA). Mice were ventilated for 2 h on a warm plate (37 °C). Mice were injected with
additional avertin (125 mg/kg) and 1 ml of saline at 1 h after initiation of ventilation.
Ventilation settings were 35 ml/kg of tidal volume, respiratory rate of 50 per min, fraction of
inspired oxygen (FIO)2 =20% (room air), and 2 cm H2O positive end-expiratory pressure
[28]. Mice in the sham group were intubated in the manner described above but did not
undergo mechanical ventilation.
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For inactivation of C3, mice were subcutaneously injected with 250 μg/kg of HCVF 1 h
prior to VILI experiment [23].

2.3. Preparation of bronchial alveolar lavage fluid (BALF) and cells
After 2 h, the mice were sacrificed and BAL was performed with 1 ml of phosphate buffered
saline (PBS) with 3 lavages to collect BALF and BAL cells. BALF was centrifuged at 1300
g for 10 min and supernatant was collected and stored in −80 °C freezer. Volume of the
supernatant was recorded to calculate the total single BAL cells per lung. BAL cell pellet
was resuspended with PBS and cells were manually counted under microscope using a
hemocytometer. Remaining cells were individually spun onto a glass-slide using Cytopro
(Wescor Inc., UT) to prepare single cell layers for microscopic analysis. These cells were
air-dried, fixed and then stained using Diff-Quick staining kit (Dade Behring, DE) and were
mounted in permount mounting media (Sigma, MO). The stained cells were digitally
micrographed under the upright Nikon microscope at ×10 magnification (Nikon Eclips
E800, Japan). Macrophages and polymorphonuclear neutrophil (PMN) were counted at ×40
magnification under the Nikon microscope. Three to five fields per slide were counted and
combined. No lymphocyte was observed. The counts were used to calculate percentage of
PMN in total single BAL cells.

Harvested lungs were slowly injected with 50% of TBS tissue freezing media (Electron
Microscopy Sciences, PA) in milliQ water on ice and embedded into TBS freezing media by
a snap frozen method in a liquid nitrogen. Lungs were sectioned at 10 μm thickness and
stained with FITC-conjugated goat anti-mouse C3 antibody (Sigma-Aldrich, MO) and
mounted in aqueous mounting media. Images of these lung sections were digitally captured
under the Nikon microscope at ×20 magnification. C3 positive cells were counted per 1
mm2 in 3 different fields per lung and averages were used for analysis.

2.4. Assays of BALF
Thrombin and gelatinase/collagenase were measured using the rhodamine 110-based
proteinase substrate R22124 (Invitrogen, CA) and EnzCheck gelatinase/collagenase assay
kit (E-12055, Molecular Probes, OR), respectively, according to the manufacturer’s
instructions. This E-12055 assay kit is designed to measure all gelatinases and collagenases
as a fast screening for these activities. BALF was diluted to 50% with a buffer provided by
the kit, mixed with 20 μl of either substrate in 384 well assay plates and then incubated at
room temperature. Reaction was read at 500 nm excitation/520 nm emission using the
SpectraMax M5 (Molecular Devices, CA) and was expressed as arbitrary activity units
(AUs). The assay was performed in triplicates and repeated twice. Representative data was
shown.

C5a was assayed as previously described [29]. Briefly, 96 well plates were coated with rat
anti-mouse C5a antibody (BD Biosciences, CA) and diluted BALF (50%) in PBS was
incubated. Captured C5a was detected by incubating with biotinylated rat anti-mouse C5a
antibody (BD Biosciences, CA) followed by horseradish peroxidase-conjugated streptavidin
and then OPD substrate (Sigma-Aldrich, MO). Reaction was read at 450 nm using the
SpectraMax M5 (Molecular Devices, CA) and expressed as OD reading value.

2.5. Gelatinase/collagenase activation assay on zymosan
Gelatinase/collagenase activity was assayed on zymosan, which is widely used to assay C3
activation [30]. 384 well assay plates were coated with 107 particles of zymosan (Sigma,
MO) in 40 μl of 20 mM carb-bicarbonate buffer, pH 9.5 and incubated at 4 °C overnight.
After washing in 10 mM Tris, pH 7.4, 120 mM saline, 10 mM CaCl2 (TBS), pH 7.4, the
plates were incubated with 20 μl of diluted mouse serum in TBS for 1 h at 37 °C. Then, the
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plates were added with 20 μl of diluted gelatinase/collagenase substrate as above and
incubated for 5 h at room temperature. Pooled sera of three naïve mice were used for this
assay. Reaction was read and expressed as AUs as above. The assay was performed in
triplicates and repeated twice. Representative data was shown.

2.6. Statistical analysis
Statistical analysis was performed using JMP software (SAS Institute Inc., NC). Box plots
(JMP software) were used to present data for total WBC cells and enzyme activities in the
BALF. Means were compared by student-t test. P values less than 0.05 were considered
significant.

3. Results
3.1. BAL cell aggregates in the BALF of ventilated WT mice

BAL cells of naïve mice normally display scattered single cells [31]. Cytological
examination of BAL cells revealed such scattered single BAL cells in both WT and C3 null
naïve mice as expected (Fig. 1A and B) [31]. In contrast, remarkably few scattered single
BAL cells and many large cell aggregates were observed in the BALF of mechanically
ventilated WT mice (Fig. 1C). Although there were large cell aggregates in the BALF of
ventilated C3 null clearly more scattered single BAL cells were observed compared with
mechanically ventilated WT mice (Fig. 1C vs. 1D). We postulated that biological responses
to ventilation induced cell aggregation, which in turn might have reduced scattered single
BAL cells. Therefore, we determined total numbers of single BAL cells in these mice.

3.2. Total single BAL cells in BALF significantly decrease in WT mice compared with C3
null mice following mechanical ventilation

Total single BAL cell counts were observed to be significantly lower in mechanically
ventilated WT mice compared with all other groups, including C3 null mice (Fig. 2A). There
was no statistical difference in total single BAL cell counts between sham and ventilated C3
null mice (Fig. 2A). Although the overall number of total single BAL cells decreased in
ventilated WT mice, the percentage of PMN in BAL cells was slightly higher compared with
all other groups (Table 1).

3.3. Upregulated activities of thrombin and gelatinase/collagenase in ventilated WT mice
without C5a generation

Thrombin activity was significantly elevated in the BALF of mechanically ventilated WT
mice compared to all other groups (Fig. 2B, P<0.05). In mechanically ventilated group,
median thrombin activity was two-fold larger in WT than in C3 null mice (Fig. 2B). There
was no significant difference between sham and mechanically ventilated groups in C3 null
mice.

Similar to thrombin activity, gelatinase/collagenase activity was elevated in the BALF of
ventilated WT mice compared to all other groups although it was not statistically significant
(Fig. 2B and C). In mechanically ventilated mice, gelatinase/collagenase activity tended to
be larger in WT than in C3 null mice (P=0.062). There was no statistical difference between
sham C3 null and mechanically ventilated C3 null mice.

Likewise, C5a levels in BALF were comparable among these four groups: sham WT,
mechanically ventilated WT, sham C3 null, and mechanically ventilated C3 null mice. C5a
levels (mean±SEM) in these groups were 0.240±0.015, 0.239±0.033, 0.215±0.051, and
0.225±0.039, respectively.

Takahashi et al. Page 4

Int Immunopharmacol. Author manuscript; available in PMC 2012 December 03.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



3.4. Total single BAL cells in the BALF are inversely correlated with activities of
gelatinase/collagenase

Correlation analysis between total single BAL cell counts and gelatinase/collagenase
activity revealed that all sham treated animals and 2 out of 5 ventilated C3 null mice were
sorted to the left upper corner where gelatinase/collagenase activities were low and total
single BAL cells were high (Fig. 3A). The association was statistically significant
(P=0.0049). A similar association was observed between total single BAL cell counts and
thrombin activities (P=0.0416) (Fig. 3B).

3.5. Lack of C3 fails to activate gelatinase/collagenase
Sera of naïve WT and C3 null mice were examined for activation of thrombin and
gelatinase/collagenase upon incubation of sera on zymosan, which is a well-known and
widely used activator of C3 [30, 32]. Thrombin activity was undetectable in both sera. In
contrast, gelatinase/collagenase activity increased in WT sera in a dose-dependent manner
whereas it was undetectable in C3 null sera (Fig. 4).

3.6. HCVF-pretreatment inactivates C3 and increases BAL cells
Following injurious mechanical ventilation, punctate C3 staining was observed in the lungs
of control (untreated) WT mice while it was essentially undetectable in FCVF-pretreated
WT mice (Fig. 5A). Quantitative analysis of C3 positive cells demonstrated that C3 positive
cells were significantly low in the lungs of HCVF-treated WT mice compared with untreated
control WT mice (Fig. 5B). As expected, total BAL cells in HCVF-treated lungs were
significantly higher than the controls (Fig. 5C).

4. Discussion
In this study, we focused on soluble factors and cells, in order to obtain objectively
quantitative data, which could be easily statistically analyzed. Acute lung injury has been
associated with reduced total single BAL cells and PMN infiltration as early markers of lung
injury [24, 33, 34]. Our results demonstrate that in mechanically ventilated C3 null mice,
total single BAL cells are comparable to those in sham treated C3 and WT mice. MMP
activities are inversely correlated with total single BAL cells that are mostly alveolar
macrophages (data not shown) [31]. In addition, there is a slight increase in PMN population
in the total single BAL cells in WT mice but not in C3 null mice following mechanical
ventilation. C3 deficiency did not alter lung pathology, as lungs of C3 null mice are
reportedly normal in appearance [35]. Thus, our investigations, for the first time, provide in
vivo evidence that C3 is involved with pathogenesis of VILI. The mechanisms of VILI are,
in part, mediated by activation of C3, which further activates MMPs.

We presume that the loss of single BAL cells is due to increased cell aggregates. Indeed,
large cell aggregates are clearly noticed from microscopic analysis of BAL cells obtained
from mechanically ventilated WT mice, whereas fewer such aggregates were observed in
BAL cell preparations of mechanically ventilated C3 null mice. Cell aggregation can be
caused by up-regulation of cell adhesion molecules, which has been reported following VILI
[24, 36, 37] and coagulation, which involves fibrin formation, thereby embedding cells into
fibrin clots. Fibrin is formed from fibrinogen by thrombin. Consistent with this reasoning,
thrombin activity was significantly higher in WT mice than in C3 null mice following
mechanical ventilation.

Fibrin deposition has been suggested to be protective by localizing and minimizing injury at
an early phase [38]. We speculated that elevated thrombin activity is in response to
developing lung injury, so that fibrin clots can localize or contain injury. Lung injury could
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be caused by mechanical forces, but also by enzymatic digestion of tissue matrices. Previous
studies have associated pathogenesis of acute lung injury with matrix metalloproteinase
(MMP), including MMP-1 (collagenase), MMP-2 (gelatinase A) and MMP-9 (gelatinase B)
[4–6, 8, 39]. In line with our hypothesis, MMP activities, measured as gelatinase/collagenase
activity, are significantly elevated in BALF of WT mice compared with C3 null mice
following mechanical ventilation. Taken together, these results suggest that C3 activation
mediates injury by activating MMPs, which digest tissue matrix proteins, resulting in lung
injury.

The logical extension is to determine whether gelatinase/collagenase is upregulated by
activating C3. Sera of WT but not C3 null mice demonstrated gelatinase/collagenase
activities in a dose dependent manner upon activation by zymosan, a well-known and widely
used C3 activator [30]. These results suggest that C3 can be activated on damaged tissue by
mechanical forces, which can be pressure and/or stretching by repeated expansions as
lowering tidal volume reduced VILI and reperfusion injury [40]. As for endogenous C3
targets, there are many potential candidates that have been found in ischemic tissue injuries,
such as cytokeratin and nonmuscle myosin [41, 42]. Further investigations are required to
determine endogenous C3 targets, including cell types that would release MMPs.

HCVF has been developed for an intentional therapeutic use and it has been shown to
attenuate reperfusion myocardial injury in mouse model study [23, 43]. Current study also
demonstrates that HCVF treatment is effective in inactivating C3 in the lung during
injurious mechanical ventilation as the HCVF treatment significantly reduces C3 deposition
onto the lung of WT mice. Our results also suggest that the HCVF treatment attenuates acute
lung injury as total BAL cells are increased significantly. C3 could be locally synthesized by
tissue type cells and/or circulating C3 could be recruited to injured cells via activation of the
lectin pathway [44–46]. Further studies are required to determine cell types that were
deposited with C3. In addition, dosing and timing of HCVF treatment need to be optimized
to maximize its therapeutic effect in VILI.

Lastly, lung injury also can be initiated by other causes, including inhalation of irritant/
chemical and deposition of an immune complex [35]. The latter causes autoimmune disease
[35]. Very recently, lung injury induced by paraquat (herbicide), was attenuated in C3
deficient mice, suggesting that C3 is also involved with chemically induced lung injury [47].
Interestingly, C3 deficiency was not protective in an IgG immune complex induced lung
injury, in which thrombin was attributed to activate C5a, causing injury [35]. In our study,
C5a levels in BALF were not affected by mechanical ventilation as expected. It is quite
possible that tissue injuries would be mediated by different mechanisms depending on
insults [48]. Examples are that C3 is activated by the alternative pathway in joints of an
experimental autoimmune arthritis while it is mediated by the lectin pathway in a
myocardial ischemic–reperfusion injury [46, 49]. The former is induced by the immune
complex whereas the latter is triggered by a combination of hypoxia and reperfusion, which
involves physical distress, similar to mechanical ventilation injury. Thus, understanding the
upstream mechanisms of C3 activation requires further investigation in our mechanical lung
injury model.

In conclusion, we propose that activation of C3 further induces activities of MMPs, which
would destroy tissue by digesting tissue matrix. In response, coagulation cascade would be
initiated in order to contain injury locally but aggregates BAL cells, in resulting decreased
single BAL cells during the early phase of mechanical ventilation. Taken together, our
findings and observations by others suggest that inhibitors of complement and MMPs may
be potential adjunctive treatments for mechanical ventilator-induced acute lung injury.
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Fig. 1.
Representative micrography of BAL cells. A) Sham wild type (WT) mouse, a representative
of 7 mice. B) Sham C3 null mouse, a representative of 4 mice. C) Ventilated WT mouse, a
representative of 7 mice. D) Ventilated C3 null mouse, a representative of 5 mice. White
arrows indicate cell aggregates in 1C and 1D. Objective magnification was ×10 and ×40 for
insets in C) and D).
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Fig. 2.
Examination of BAL cells and BALF. Dots in each box plot represent individual mouse.
Vent=ventilated for 2 h as described in the Methods. A) Total single BAL cells in the
BALF. Numbers of mice in each group were 7 wild type (WT) sham, 4 WT vent, 4 C3 null
sham, and 5 C3 null vent. Statistical significance was against wild type ventilated. B)
Thrombin activity. Numbers of mice in each group were 7 wild type (WT) sham, 6 WT vent,
4 C3 null sham, and 6 C3 null vent. C) Gelatinase/collagenase activity. Numbers of mice in
each group were 7 wild type (WT) sham, 6 WT vent, 4 C3 null sham, and 5 C3 null vent.
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Fig. 3.
Association analysis between total single BAL cells and gelatinase/collagenase or thrombin
activity. Total single BAL cells were plotted against activities of gelatinase/collagenase (A)
or thrombin (B) using the JMP 8 software. Each symbol represents individual mouse.
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Fig. 4.
Gelatinase/collagenase activity in native mouse sera on zymosan-coated surface. Pooled sera
of three naïve WT and C3 null mice were assayed at indicated dilutions for gelatinase/
collagenase activities. Data were expressed as mean±SEM, many of which were smaller
than symbols. *, P<0.0001.
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Fig. 5.
HCVF-pretreatment. A) Immunohistochemical staining of C3. Lung sections were stained
with FITC-conjugated goat anti-mouse C3 antibody. White arrows indicate C3 positive
cells. Objective magnification ×20. 4 control and 3 HCVF-treated WT mice were used. B)
Quantitative analysis of C3 positive cells in the lung. C3 positive cells were counted per 1
mm2 and expressed as mean±SEM. C) Total single BAL cells. Cells were counted as in Fig.
2A and expressed as mean±SEM.
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Table 1

Percentage of PMN in the total single BAL cells.

Sham Vent

WT 0.6±0.4 (7) 2.8±1.4 (6)

C3 null 1.3±1.1 (4) 0.6±0.9 (5)

Note: Data are expressed as mean±SEM. Numbers in parenthesis are animals used.
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