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The widely used herbicide, paraquat (PQ), is highly toxic and claims
thousands of lives from both accidental and voluntary ingestion. The
pathological mechanisms of PQ poisoning-induced acute lunginjury
(ALI) are not well understood, and the role of complement in PQ-
induced ALl has not been elucidated. We developed and charac-
terized a mouse model of PQ-induced ALI and studied the role of
complement in the pathogenesis of PQ poisoning. Intraperitoneal
administration of PQ caused dose- and time-dependent lung dam-
age and mortality, with associated inflammatory response. Within
24 hours of PQ-induced ALI, there was significantly increased expres-
sion of the complement proteins, C1qand C3, in the lung. Expression
of the anaphylatoxin receptors, C3aR and C5aR, was also increased.
Compared with wild-type mice, C3-deficient mice survived signifi-
cantly longer and displayed significantly reduced lung inflammation
and pathology after PQ treatment. Similar reductions in PQ-induced
inflammation, pathology, and mortality were recorded in mice trea-
ted with the C3 inhibitors, CR2-Crry, and alternative pathway specific
CR2-fH. A similar therapeutic effect was also observed by treatment
with either C3a receptor antagonist or a blocking C5a receptor
monoclonal antibody. Together, these studies indicate that PQ-
induced ALl is mediated through receptor signaling by the C3a and
C5a complement activation products that are generated via the al-
ternative complement pathway, and that complement inhibition
may be an effective clinical intervention for postexposure treatment
of PQ-induced ALI.
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Paraquat (PQ) is the commercial name for N, N’-dimethyl-4, 4’-
bipyridinium dichloride, and is one of the most widely used
herbicides in the world, especially in the developing countries.
PQ is highly toxic to humans and livestock, and since its intro-
duction for agricultural use in 1962, PQ has claimed thousands
of lives, with an overall mortality rate of 70% after poisoning
(1). Such a high mortality rate results principally from the lack
of specific detoxification agents.
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CLINICAL RELEVANCE

Paraquat (PQ) is widely used herbicide and can induce
acute lung injury (ALI). Currently, the pathological
mechanisms of PQ poisoning—induced ALI are not well
understood, and the role of complement in PQ-induced
ALIT has not been elucidated. Our findings show, for the
first time, that complement inhibition or treatment with
anaphylatoxin receptor antagonist or monoclonal antibody
reduced lung inflammation and pathology. This study
opens new effective clinical intervention for postexposure
treatment of PQ-induced ALIL

After entering the body by ingestion, inhalation, or skin ex-
posure, PQ rapidly distributes to most tissues. It reaches maximal
plasma concentration within 90 minutes, and 50-70% is excreted
by the kidney within 24 hours (2). Despite the high excretion
rate, PQ is easily absorbed by pulmonary epithelial cells, and
most deaths from acute PQ poisoning can be attributed to acute
lung injury (ALI) or acute respiratory distress syndrome
(ARDS), with features of neutrophil influx and increased vas-
cular permeability with resultant pulmonary edema (3, 4).

Clinically, PQ intake toxicity can be divided into three cate-
gories (5): (1) Acute PQ intake, in which the dose exceeds 40
mg/kg bodyweight and results in rapid death (usually within 1-2
d) from pulmonary edema, cell infiltration and alveolar hemor-
rhage. Patients who do survive usually develop ARDS; (2) in-
termediate to severe PQ intake (20-40 mg/kg bodyweight),
which is characterized by symptoms of pulmonary atelectasis
resulting from the infiltration of profibroblasts that rapidly dif-
ferentiate into fibroblasts. In some cases, these conditions can
lead to fibrosis within 1-2 weeks. 3. PQ intake of less than 20
mg/kg bodyweight may result in no obvious infiltration and
atelectasis, but symptoms can gradually develop into lung in-
terstitial fibrosis and still result in slight damage to pulmonary
functions.

Currently, the mechanisms underlying PQ poisoning are not
well understood. For several decades, it was believed that PQ
poisoning was related to the functions of several toxic products,
including superoxide anions. For example, both reduced nicotin-
amide adenine dinucleotide phosphate oxidation and lipid per-
oxidation were thought to damage endothelial cells, with
resultant ALI (6-8). However, mechanistic details of how PQ
poisoning leads to ALI are lacking.

The complement system plays an important role in host de-
fense and immune homeostatic mechanisms, but complement
also contributes to the pathogenesis of many inflammatory
and immunological disease conditions when excessively or inap-
propriately activated (9-13). The biological effector functions of
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complement are mediated primarily through the split products,
C3a and C5a, which promote inflammation via direct and in-
direct mechanisms upon interaction with their receptors (14).
In addition to being a potent chemoattractant, C5a can acti-
vate leukocytes, stimulate release of granzymes, and stimulate
phagocytosis and respiratory burst of mononuclear cells (15).
Furthermore, C5a induces mononuclear cells to express IL-1
and IL-8 in vitro, and enhances the release of LPS-induced
IL-6 and TNF-a in vivo (16). The binding of C3a to its re-
ceptor (C3aR) has also been implicated in multiple proinflam-
matory processes, including secretion of lysozymes from
leukocytes, release of histamine from mast cells, contraction
of smooth muscle cells, and chemotaxis of eosinophils and
mast cells (17).

Although complement activation is associated with many in-
flammatory disease processes, and is also a critical early step in
ALL little is known concerning the role of complement in PQ-
induced ALIL In this study, we established a mouse model of
acute PQ poisoning and investigated the correlation between
complement activation and the early stages of PQ poisoning.
Our results indicate that complement activation plays an impor-
tant role in the onset of PQ-induced ALI, and that targeted com-
plement inhibition represents a potential clinical intervention for
PQ poisoning.

MATERIALS AND METHODS

Mice ALI Model

For the dose-dependent PQ poisoning experiment, BALB/c mice (Lab-
oratory Animal Center, Academy of Military Medical Science, Beijing,
China) aged 6 to 8 weeks were administered PQ (Xianzhengda Limited
Co., Shanghai, China) via intraperitoneal injection. PQ was dissolved in
500 pl of physiological saline at 10, 20, and 50 mg/kg bodyweight (PQ10,
PQ?20, and PQS50, respectively). The control group was treated with same
volume of saline. For the PQ poisoning kinetics in relation to comple-
ment involvement studies, BALB/c mice were intraperitoneally injected
with PQ20. All mice were killed at indicated times after PQ injection.

The Inhibition of Complement Activation

C3™'~ mice and wild-type (WT) C57BL/6 mice (6 wk old) were poi-
soned with PQ20 by intraperitoneal administration, with saline as con-
trol. The mouse survival rate, concentration of proinflammatory
cytokines, myeloperoxidase (MPO) activity, and histopathological
analysis parameters were measured.

In CR2-Crry- and CR2-factorH (fH)-targeting inhibition study,
there were four groups of BALB/c mice. The mice were intravenously
administered PBS (PQ + PBS group), CR2-Crry (0.25 mg/mouse)
(PQ + Crry group), or CR2-fH (0.8 mg/mouse) (PQ + CR2-fH group)
immediately after intraperitoneal injection of 20 mg/kg PQ; the control
group was treated at the same injection schedule with the same volume
of saline. The survival rate and histological examination were studied
in both targeting inhibition studies. In addition, the distribution of
CR2-Crry was evaluated in the CR2-Crry-targeting inhibition study.

For the blockade experiment of anaphylatoxin receptor signaling,
four groups of mice were designated (PQ + C3aR antagonist, PQ +
C5aR monoclonal antibody [mAb], PQ + PBS, saline group). Mice
received 600 pg/kg C5aR mAb (C5aR mAb; Hycult Biotechnology,
Uden, The Netherlands) 20/70 or 1 mg/kg C3aR antagonist (SB290157;
Calbiochem, Darmstadt, Germany) as intravenous injection 50 minutes
before and 2 hours after intraperitoneal injection of 20 mg/kg PQ or
PBS (18). The survival rate and histological injury were studied in each
group, and proinflammatory cytokines in PQ + C3aR antagonist and
PQ + PBS groups were conducted using the BD CBA mouse inflam-
mation kit system (San Jose, CA).

Measurement Assays

Relative lung weight was measured and calculated as previously
described (19). Cytokines in serum were measured using the BD

CBA mouse inflammation kit system (San Jose, CA). Total protein
quantification of bronchoalveolar lavage fluid (BALF), MPO activ-
ity, and C3c in serum were measured as previously described (20).
Lung tissue damage was observed by light microscopy and electron
microscopy, according to conventional procedures (19). Immunohis-
tochemistry for complement component distribution and indirect
immunofluorescence staining for CR2-Crry were performed as pre-
viously described, with minor modification (21). For details, see the
online supplement.

125)_CR2-Crry Biodistribution

CR2-Crry was labeled with I by the IODO-GEN method (Amer-
sham Biosciences, Pittsburgh, PA), as previously described (21), and
was injected into mice for 2’I-CR2-Crry biodistribution analysis. For
details, see the online supplement.

Detection of C3aR mRNA and C5aR mRNA Expression

Total RNA was isolated from lung tissue and relative quantitative real-
time PCR was performed. The relative C3aR and C5aR expression data
were analyzed using the 277 7T method (22). For details, see the online
supplement.

Statistical Analysis

All analyses were performed with GraphPad Prism software (GraphPad
Inc., San Diego, CA). The difference between different dose groups and
different time groups was analyzed by one-way ANOVA. The signifi-
cance between survival curves was analyzed by Kaplan-Meier survival
analysis with log-rank test.

RESULTS

Intraperitoneal Administration of PQ causes ALl in Mice

We first established a mouse model of acute PQ poisoning by
intraperitoneal injection of saline-diluted PQ at PQ10, PQ20,
and PQ50. Control mice received saline only. Animals were
killed 48 hours after injection, at which time we determined
weight loss, relative lung weight, protein content of BALF,
MPO activity of lung samples, and histopathological changes
in lung sections. There was a significant loss of weight in all
PQ treated groups at 48 hours after injection (Figure 1A).
Compared with saline controls, at 48 hours after PQ injection,
the PQ20 and PQS50 groups also had significantly higher lung
index values (Figure 1B), increased BALF total protein con-
tent (Figure 1C), and higher MPO activity (Figure 1D). Lung
index was assessed as an indication of congestion and edema in
lung tissue. Increased BALF protein concentration indicates
enhancement of vascular permeability, whereas lung MPO ac-
tivity is a measure of neutrophil infiltration (23). Thus, PQ
poisoning resulted in a dose-dependent increase in mouse lung
congestion and edema, vascular permeability, and neutrophil
infiltration.

PQ-induced lung injury was further characterized by histopa-
thology (see Figure E1 in the online supplement). At 48 hours
after PQ poisoning, injured lung tissue presented as typical dif-
fuse alveolar damage and ALI. Mice from the saline group had
normal pulmonary structure and intact alveoli epithelium (Fig-
ures E1A and E1E). In the PQ10 group (Figures E1B and E1F),
there was no significant damage other than slightly widened
lung septa, sparse denaturation of alveoli epithelial cells, and
infiltration of inflammatory cells. In the PQ20 group (Figures
E1C and E1G), there was more severe lung damage than in the
PQ10 group. Lungs from the PQ20 group were mainly charac-
terized by denaturation and diffuse alveoli collapse, with signif-
icantly widened septa, aggravated interstitial edema, and
infiltration of inflammatory cells. In the PQ50 group (Figures
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E1D and E1H), the lungs were even more severely damaged,
with infiltration of inflammatory cells accompanied by large
quantities of exudates and severe edema, especially around ves-
sels. Furthermore, large quantities of erythrocytes in bronchiole
tubes and vessels, hemorrhage in lung interstitial tissue, and
increased or fused alveoli walls were observed in lungs from
the PQ50 group. Notably, none of the three PQ groups pre-
sented with hyaline membrane formation or fibrous tissue pro-
liferation. ALI after PQ poisoning was further characterized
through ultrastructural studies. At 48 hours after PQ20 poison-
ing, mouse lungs presented with obvious injury; pulmonary
epithelial cells had vacuolar degeneration, with nuclei moving
to the edges, mitochondrial swelling, and denatured endoplas-
mic reticulum (Figures E11-E1J). Interstitial edema was char-
acterized by the existence of intercellular vacuolization and
exudates, including damage to the blood—gas barrier, with cell
debris falling off to alveolar spaces (Figure E1K). Neutrophil
infiltration was also identified in the interstitial edema in this
group (Figure E1L).

The kinetics of ALI after PQ poisoning were studied in a sep-
arate set of experiments using a 20 mg/kg PQ dose. The histo-
pathological presentation of ALI progressed with time (Figure
E2). At 4 hours after PQ poisoning, a small number of inflam-
matory cells and slight vascular congestion were seen in lung tis-
sue (Figure E2A). At 12 hours after PQ injection, degeneration
was seen in some pneumocytes, lung septa were widened, and
infiltration of inflammatory cells increased (Figure E2B). At
24 hours (Figure E2C) and 48 hours (Figure E2D) after PQ poi-
soning, lung injury was aggravated and diffused, with bronchiole
epithelial cell collapse, large amounts of exudate, serious edema
around vessels, and large quantities of inflammatory cells, mainly
infiltrating neutrophils.

The physical and pathological indices also changed over time
after PQ20 treatment. Lung index gradually increased, and
reached significance at 24 hours (P < 0.01) and 48 hours (P <
0.01) after PQ poisoning (Figure 2A). For BALF total protein,
the increase was moderate up to 24 hours, although there was
no apparent difference (P > 0.05); however, total protein con-
tent increased dramatically by 48 hours after PQ administration
(P < 0.01), and was almost 10-fold higher than that at 0 hours
(Figure 2B). The MPO activity was also increased significantly
by 12 hours (P < 0.01), and continued to increase at 24 and 48
hours (P < 0.01) (Figure 2C).

PQ20

PQ20
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Figure 1. Dose-dependent effect of paraquat (PQ) on
acute lung injury (ALI). Mice were injected intraperitone-
ally with normal saline (N) or saline-diluted PQ solution at
a dose of 10 mg/kg (PQ10), 20 mg/kg (PQ20), or 50 mg/kg
(PQ50), and mice were killed for analysis 48 hours later.
Weight loss (A), relative lung weight (B), bronchoalveolar
lavage fluid (BALF) total protein (C), and myeloperoxidase
(MPO) activity (D) were analyzed. *P < 0.05, **P < 0.01
between 0 and 48 hours after PQ injection (A), or between
the PQ injection groups and the normal control group (B-D).
Data presented are means (£SD); n = 8 per group.

PQ50

PQ50

Involvement of Complement in PQ-Induced ALl in Mice

In initial studies to investigate the potential role of complement
in our mouse model of PQ-induced ALI, we measured comple-
ment deposition, complement receptor expression in lung tissue,
and complement activation in serum. Deposition of Clq and
C3, and expression of C5aR in lungs of PQ20- and saline-
treated control mice was determined by immunohistochemistry
(Figures 3A-3I). At time 0 hours, low levels of Clq and C3 were
detected on smooth muscle cells, with low levels of Clq also
seen on bronchial epithelial cells, and low level expression of
C5aR was detected in interstitial tissue. However, there was
increased deposition of all proteins at 4 and 24 hours after
PQ20 treatment, with more intense staining at 24 hours com-
pared with 4 hours. C3 staining was detected on the endothe-
lium, with some inflammatory cells visible in interstitial tissue
at 4 hours after PQ poisoning, and with staining detectable in
injured bronchiole epithelium and lung interstitial tissue at
24 hours. The strongest Clg-specific staining was found in lung
interstitial tissue, bronchiole epithelial base membrane, and
lung endothelium. In addition, deposition of mannan-binding
lectin (MBL)-A was detected, but no apparent MBL-A staining
was observed after PQ poisoning (Figures 3J-3L). The staining
profile for C5aR was similar to that for Clq and C3, with in-
creased endothelial and interstitial staining at 4 hours, which
was further increased at 48 hours after PQ treatment. In addi-
tion, we measured serum levels of the complement activation
product, C3c, at different time points after PQ20 poisoning. Dur-
ing the complement activation process, C3 converts to C3a and
C3b, and C3b is then lysed to become iC3b and soluble C3f. The
iC3b is further lysed into cell membrane-attached C3 dg and
soluble C3c. Elevated levels of C3c have been found in many
clinical inflammatory diseases (24), and are an indicator of com-
plement activation (25). In this study, C3c levels began to increase
at 12 hours (P < 0.05), reached a peak at 24 hours, and were
sustained for 48 hours after PQ injection (P < 0.01) (Figure 3M).

Based on these data, we next analyzed C3aR and C5aR gene
expression after PQ poisoning. We compared C3aR mRNA and
C5aR mRNA levels in lung tissue by relative real-time quanti-
tative PCR in samples isolated at 0, 4, 12, and 24 hours after
PQ20 treatment. The mRNA expression of both C5aR (Figure
3N) and C3aR (Figure 30) was significantly enhanced in lung
tissue 4 hours after PQ treatment (P < 0.01), but levels returned
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Figure 2. Time-dependent progression of ALl after PQ poisoning. ALI
was assessed at different times after PQ20 treatment by lung index (A),
BALF total protein (B), and MPO activity (C). *P < 0.05 or **P < 0.01,
relative to the corresponding 0-hour group. Data presented are means
(£SD); n = 8 per group.

to normal by 12 hours after PQ treatment. C5aR mRNA levels,
however, were increased again at 24 hours after PQ treatment
(P < 0.01). Importantly, C5aR mRNA expression correlated
with protein expression data for C5aR. Thus, complement acti-
vation and deposition, as well as anaphylatoxin receptor expres-
sion, correlate with lung injury.

C3 Deficiency Decreases Lung Inflammation and Attenuates
PQ-Induced Lung Injury

All complement pathways converge at the C3 cleavage step, and
to further investigate the role of complement in the pathogenesis
of PQ-induced ALI, we determined the effect of C3 deficiency on
the outcome of PQ poisoning. Compared with WT mice, C3~/"~
mice presented with significantly less lung inflammation and
injury as a result of PQ20 poisoning. Gross examination of lungs
and hematoxylin and eosin staining of mouse lung sections
revealed much less focal hemorrhage (dark red coloration), vas-
cular congestion, and inflammatory cell infiltration in c37/~

mice compared with WT mice after PQ poisoning (Figures
4A-4H). A significant decrease in neutrophil infiltration in lungs
from C3 ™/~ mice compared with WT mice was demonstrated by
measurement of MPO activity at 30 hours after PQ treatment,
and there was no difference in MPO levels between saline-
treated control mice and PQ-treated C3~/~ mice (P < 0.01)
(Figure 4I). The serum concentration of the proinflammatory
cytokines, IL-6, TNF-a, IL-10, and monocyte chemoattractant
protein-1, were also significantly reduced in C3~/~ mice com-
pared with WT mice 4 hours after PQ poisoning (Figure 47).
Finally, C3 deficiency significantly increased survival times, with
25% mortality in the C3~'~ group (P < 0.01) compared with
100% mortality in the WT group at 60 hours after PQ treatment
(Figure 4K).

Targeted Complement Inhibition Alleviates Lung Injury and
Prolongs Survival of Mice with PQ-Induced ALI

To investigate the role of complement in the pathogenesis of
PQ-induced ALI in a more clinically relevant paradigm, we trea-
ted PQ-poisoned mice with CR2-Crry, a complement inhibitory
fusion protein that targets to sites of complement activation and
inhibits all three complement pathways at the C3 activation step
(20). In these experiments, 0.25 mg CR2-Crry was administered
intravenously immediately after PQ injection. Examination of
lungs from PBS-treated mice 30 hours after PQ injection
revealed dark red coloration with evident hemorrhagic foci on
the surface (Figure 5B), whereas lungs from CR2-Crry—treated
mice (Figure 5C) appeared normal (Figure 5A). Hematoxylin
and eosin staining revealed severe tissue damage, with focal
hemorrhage and infiltration of neutrophils in lungs from the
PQ + PBS group (Figure 5F), whereas lungs from the PQ +
CR2-Crry group appeared almost normal, with only slight pa-
renchymal expansion and minimal pulmonary neutrophil con-
gestion (Figure 5G). Furthermore, whereas a significant level of
C3 deposition was seen in lungs from PQ + PBS-treated mice
(Figure 5J), only minimal C3 deposition was observed on
smooth muscle cells in lungs from PQ + CR2-Crry-treated
mice (Figure 5K), similar to that seen in control mice (Figure
SI). In addition, PQ-poisoned mice treated with CR2-Crry sur-
vived significantly longer than mice treated with PBS, with 3-
day survival rates of 80 and 0%, respectively (Figure SM) (P <
0.01). We also performed a study in which PQ-poisoned mice
were treated with multiple doses of CR2-Crry (at 0, 8, and 24
hours after PQ injection), but there was no significant difference
in any measurement compared with mice treated with a single
injection (data not shown).

The alternative pathway of complement activation appears to
play a key role in causing tissue injury in a number of inflamma-
tory conditions. We investigated the role of the alternative path-
way in PQ poisoning by treating mice with CR2-fH, a targeted
complement inhibitor that is specific for the alternative pathway.
PQ-poisoned mice were injected intravenously with 0.8 mg
CR2-fH immediately after PQ administration. We used an in-
creased dose compared with CR2-Crry based on previously
published efficacy data (26). At 30 hours after PQ injection,
lungs from CR2-fH-treated mice appeared similar to lungs from
CR2-Crry-treated mice, with minimal evidence of any focal
hemorrhage, and only slight parenchymal expansion with min-
imal pulmonary neutrophil congestion (Figures SD and SH).
C3 staining intensity and distribution was also similar between
CR2-fH- and CR2-Crry-treated mice (Figure 5L). CR2-fH treat-
ment also significantly improved survival (P < 0.001) of PQ-pois-
oned mice, and to a similar extent as CR2-Crry (Figure SM).

The complement inhibitors used in the above studies have
been shown to target to sites of complement activation via the
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after PQ injection. (A-L) Immunohistochemical stain-
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and 24 hours after PQ20 treatment. Expression of
C5aR (G-1) was elevated 4 hours after PQ20 treat-
ment, with a further increase in staining seen at 24
hours after PQ20 treatment. No MBL deposition was
detected in any group of mice lung (J~L). (M)
Changes of C3c levels in serum at indicated times.
(N-0) C5aR and C3aR mRNA expression in the lung.
Relative C5aR mRNA and C3aR mRNA expression
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points after PQ administration; mRNA expression
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(=SD); n = 7-9 per group. Magnification, X200.
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CR2 moiety that binds the complement activation products, iC3b
and C3 d (27). We therefore performed a CR2-Crry biodistri-
bution study to investigate lung targeting and to determine
whether there was any evidence of complement activation and
C3 deposition at other anatomical sites after PQ poisoning.
Radiolabeled CR2-Crry was administered intravenously im-
mediately after PQ injection. At 4 hours after administration,
125T_labeled CR2-Crry was present at relatively high concentra-
tions in the blood, and was also detected in most other tissues
(Figure 6A). However, at 24 hours after administration, when
circulatory levels had decreased, '*>I-CR2-Crry was present at
significantly higher levels (P < 0.01) in the lung compared with
all other tissues. These data show preferential targeting (and
retention) of CR2-Crry to the lung, and further indicate that
there are no other sites of major complement activation after
PQ poisoning in our model. CR2-Crry targeting to the lung was
also confirmed by indirect immunofluorescence microscopy. At

T T T
16 20 24

Hours after PQ administration

4 hours after PQ and CR2-Crry administration, CR2-Crry was
detected in lung interstitial tissue and on lung endothelium
(Figure 6B). There was no evidence of CR2-Crry binding in
lungs from control mice treated with PBS + CR2-Crry or
PBS only (Figures 6C and 6D).

Blockade of Anaphylatoxin Receptor Signaling Suppresses
Lung Inflammation and Attenuates PQ-Induced ALI

Data presented previously here show that both C3aR mRNA
and C5aR mRNA expression is up-regulated after PQ ad-
ministration, suggesting a role for the complement activation
products, C3a and C5a, in PQ-induced ALI. We therefore in-
vestigated the effect of C3aR and C5aR blockade on PQ poi-
soning. Gross examination and microscopic examination of lungs
30 hours after PQ injection revealed that treatment with either
C3aR antagonist or blocking anti-C5aR antibody reduced focal
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C37/~ mice were treated intraperitoneally
with PQ20 or saline. (A-D) Gross appearance
of mouse lung sections 30 hours after PQ or
saline treatment: (A) WT mice + PQ; (B) WT
mice + saline; (C) C37/~ mice + PQ; (D)
C3™/~ mice + saline. (E-H) Hematoxylin and
eosin staining of lung sections: (E£) WT mice +
PQ; (F) WT mice + saline; (G) C3™/~ mice +
PQ; (H) C37/~ mice + saline. Representative
images shown, n = 3. (/) MPO activity in lung
samples 30 hours after PQ or saline adminis-
tration in WT or C3 ~/~ mice (n = 3 in each
group). () Serum concentrations of proinflam-
matory cytokines 4 hours after PQ poisoning
(n = 6 in each group). (K) Survival analysis
after PQ injection. (n = 8 per group). *P <
0.05 and **P < 0.01 relative to the corre-
sponding the C3™/~ + PQ group with WT
mice + PQ group. Data presented are means
(£SD). Magnification, X200 (E-H).

Figure 5. CR2-Crry and CR2-factorH (fH) alleviate
lung injury with less C3 deposition and prolong sur-
vival of mice with PQ-induced ALI, respectively. (A-D)
Gross appearance of mouse lung 30 hours after PQ
injection(n = 3 in each group): (A) normal mouse
group; (B) PQ + PBS group; (C) PQ + CR2-Crry
group; (D) PQ + CR2-fH group. (E-H) Histological
examinations of lung tissues of mice 30 hours after
PQ injection: (E) normal mouse group; (F) PQ + PBS
group; (G) PQ + CR2-Crry group, (H) PQ + CR2-fH
group. (I-L) C3 deposition at lung tissues of mice 30
hours after PQ injection (n = 3 in each group): (/)
normal mouse group; (/) PQ + PBS group; (K) PQ +
CR2-Crry group; (L) PQ + CR2-fH group. (M) Survival
analysis in ALl model with CR2-Crry or CR2-fH in-
travenous administration O hours after PQ poisoning.
**p < 0.01 and *** P < 0.001 relative to the corre-
sponding PQ + CR2-Crry group or PQ + CR2-fH
group with PQ + PBS group. Data presented are
means (+SD); n = 5 per group. Magnification, X200
(E-L).
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Figure 6. Localization of CR2-Crry in tissues of PQ-poisoned mice
treated with CR2-Crry immediately after PQ administration. (A) Biodis-
tribution of CR2-Crry in main tissues of mice by radiolabeled '%I-CR2-
Crry (2 ng) intravenous injection into control mice and groups of mice
with 20 mg/kg PQ administration at O hours (n = 4-6 per group).
Groups of mice were killed at 4 and 24 hours after '2*I-CR2-Crry in-
jection, and serum and other main tissues were collected for analysis.
(B-D) Localization of CR2-Crry in lung tissues of mice 4 hours after PQ
injection by indirect immunofluorescent staining with 7G6 antibody in
PQ + CR2-Crry group (B), PQ + PBS group (C), and normal mouse
group (D). CR2-Crry deposition is denoted by green fluorescence on
interstitial tissue and vascular endothelium; n = 4-6 in each group.
Data presented are means (£SD) (A). Magnification, X200 (B-D).

hemorrhage, pulmonary neutrophil congestion, and parenchy-
mal expansion (Figures 7A-7H). Furthermore, 4 hours after
PQ20 poisoning, mice treated with C3aR antagonist had signif-
icantly reduced serum levels of IL-6, IL-10, monocyte chemo-
attractant protein-1, and TNF-a compared with control mice

saline PQ+PBS
A & c

PQ+C3aRa

treated with saline (Figure 71) (P < 0.01). Finally, both C3aR
blockade and C5aR blockade significantly improved the survival
of PQ-poisoned mice, with almost 50% long-term survival in the
PQ + C3aR antagonist group (P < 0.05) and 25% survival in the
PQ + C5aR mAb group (P < 0.01), compared with 0% survival
in the PQ + PBS group (Figure 7J). To identify if there was
additive effect in the combination of C5aR mAb and C3aR an-
tagonist, we also tested a combination of C5aR mAb and C3aR
antagonist treatment. The results show similar survival rates
when compared with each treatment alone (data not shown).
There was thus no additive effect in combining the treatment.

DISCUSSION

PQ is a widely used herbicide which is highly toxic to humans and
livestock. PQ poisoning presents as ALI, and claims many lives
every year due principally to lack of an efficient clinical treat-
ment and unknown pathogenic mechanisms. In recent years,
ALI has been linked with complement activation (28, 29), but
ALI can be dependent on different mechanisms, depending
on how it is induced. For example, LPS-induced ALI (the
most commonly used model of ALI) is neutrophil dependent,
but complement independent (30), whereas immune complex—
induced ALI and ALI secondary to ischemic injury has been
shown to have a complement dependence (20, 31). The immu-
nopathogenesis of PQ-induced ALI is very poorly understood,
and the aim of the current study was to investigate the role of
complement in PQ-induced ALI and the potential of comple-
ment inhibition for clinical intervention. In this study, we ini-
tially established a dose-dependent PQ-induced mouse model
of ALI and analyzed the kinetics of PQ toxicity. The results
show that injuries induced by PQ are similar to those seen in
clinical patients with ALI, such as lung congestion and edema,
increased vascular permeability, and extensive neutrophil infiltra-
tion. Using this model, we demonstrated an important role for
the complement system in the pathogenesis of PQ-induced ALI.

Complement can be activated via three distinct pathways: the
classical, alternative, and lectin pathways. All pathways converge
at the cleavage and activation of C3, with the subsequent gener-
ation of complement activation products with biological effector
functions, namely, C3 opsonins, soluble C3a and C5a anaphylatoxins,

PQ+C5aRmAb

Figure 7. Blockade of the binding of anaphylatoxin with
their receptors alleviates lung injury and prolongs survival
of mice with PQ-induced ALl. Four groups of mice were
designed, with 11-13 mice in each group (saline, PQ +
PBS, PQ + C3aR antagonist, and PQ + C5aR monoclonal
antibody [mAb] groups). Mice received C5aR mAb 20/70
(600 pg/kg) or C3aR antagonist (1 mg/kg) by intravenous
injection 50 minutes before and 2 hours after intraperitoneal
injection of 20 mg/kg PQ. (A-D) Gross appearance of mouse
lung 30 hours after PQ injection (n = 3). (A) PBS group, (B)
PQ + PBS group, (C) PQ + C3aR antagonist group, and (D)
PQ + C5aR antibody group. (E-H) Histological examinations
of lung tissues of mice 30 hours after PQ injection in each
group (n = 3). (E) PBS group, (F) PQ + PBS group, (G) PQ +
C3aR antagonist group, and (H) PQ + C5aR antibody group.

() Comparison of proinflammatory cytokine concentration

in serum of PQ + PBS and PQ + C3aR antagonist groups 4

hours after PQ poisoning (n = 6). (/) Survival analysis of mice

*y in each group after PQ administration (n = 8-10). *P < 0.05
1_‘ and **P < 0.01 relative to the corresponding PQ + C3aR
antagonist group or PQ + C5aR antibody group with PQ +

PBS group. Data presented are means (+SD). Magnification,
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and the cytolytic membrane attack complex. In the current study,
we detected the complement activation and used specific com-
plement inhibitors to demonstrate a key role for the alternative
pathway of complement activation in PQ-induced ALI, as well as
important roles for the complement activation products, C3a and
C5a. Thus, the alternative pathway and the complement anaphy-
latoxins represent potential therapeutic targets for the treatment
of PQ poisoning.

Although LPS-induced ALI has been shown to be comple-
ment independent in a mouse model, Clq levels are elevated
4 hours after LPS induction of ALI (29). Clq is the recognition
molecule for the classical pathway, and is also recognized by
receptors expressed on phagocytes, granulocytes, endothelial
cells, and vascular smooth muscle cells. After tissue damage,
Clq can reach levels of more than 35 pg/ml, and stimulates
neutrophils, eosinophils, and other cells to produce reactive
oxygen species, which could aggravate tissue injury (32, 33).
Clq also directly interacts with endothelial cells, and specific
blockade of Clq can protect against permeability edema and
pulmonary injury (34). In our model, we observed intense Clq
staining in lung endothelium and interstitial tissue by 24 hours
after PQ poisoning. MBL belongs to the collectin family, and
activates complement system after binding the carbohydrates
on the surface of microorganisms (35). To identify if the MBL
activation pathway participated the complement activation,
MBL-A, which was found elevated in acute phase after LPS
induction (36), was detected. The results showed no significant
MBL-A staining after PQ poisoning, which indicates that MBL
activation pathway did not participate in the complement acti-
vation induced after PQ poisoning (data not shown). Although
these data, together with previous data, may indicate a role for
the classical pathway in PQ-induced injury, the fact remains that
CR2-Crry (inhibitor of all pathways) and CR2-fH (alternative
pathway inhibitor) were similarly protective. Thus, although we
cannot rule out a role for the classical pathway in initiating
complement activation, the alternative pathway is key for driv-
ing injury in this model, possibly through amplification of the
classical pathway.

Both C3a and C5a have well documented and multifunctional
roles in lung inflammation, and, among other things, can increase
vascular permeability, recruit and activate leukocytes, activate
endothelial cells, up-regulate expression of adhesion molecules
and cytokines, and induce goblet cells to secrete mucus (37). In
this context, PQ-induced ALI was associated with high MPO
activity, extensive neutrophil infiltration, and increased serum
levels of proinflammatory cytokines. We therefore investigated
the effect of C3aR and C5aR blockade on PQ-induced ALI, and
our data demonstrating that blockade of either receptor was
protective indicate an important role for both anaphylatoxins
in PQ-induced ALI Furthermore, PQ poisoning resulted in in-
creased expression of both C3aR and C5aR. Both receptors are
expressed on immune cells, as well as nonmyeloid cells, such as
endothelial and epithelial cells (15, 38), and up-regulation of
C5aR has been documented in pathological conditions, such
as sepsis (39) and in response to lung toxins, such as cigarette
smoke (40). Increased receptor expression is thought to predis-
pose to elevated production of proinflammatory cytokines (40),
and the rapid up-regulation of both C3aR and C5aR could
therefore contribute to the increased proinflammatory milieu
within the lungs. Although C3a is generally a less potent medi-
ator than C5a, the serum concentration of C3 is 10 times higher
than that of C5 (41), and the expression of C3aR is higher than
that of C5aR at 4 hours after PQ administration. The data
demonstrate that C3a and CS5a, generated via the alternative
activation pathway, both play key roles in PQ-induced ALI,
and that blocking the effect of either peptide is similarly

protective. Although C5a is generally regarded as a more potent
proinflammatory mediator than C3a, these findings are in keep-
ing with previous studies in a rat model of ARDS (42). In these
previous studies, the authors demonstrated that C3a had pro-
found systemic hemodynamic and systemic cytokine effects,
whereas C5a exerted direct intralung modulation of neutrophil
infiltration and cytokine production (42). In addition, impor-
tantly, we show that blockade of both C3a and C5a production
by inhibition of C3 activation offers similar levels of protection,
whether all complement activation pathways (CR2-Crry) or
only the alternative pathway (CR2-fH) is inhibited.

Overall agreement from animal studies on the mechanisms of
lung injury and death after acute PQ poisoning is that oxidative
stress and inflammation play major roles (43-45). Accordingly,
therapeutic interventions employing antioxidants/free radical
scavengers and lung surfactants have been shown to prolong
survival and/or increase eventual survival rate in a dose-
dependent fashion. Nevertheless, Cho and colleagues (46)
found that inhaled nitric oxide improves the survival of PQ-
injured rats without altering inflammation parameters. There
are, however, apparent contradictions in the effects of anti-
inflammatory agents. Dinis-Oliveira and colleagues (47) found
that dexemethosone improved survival of PQ-poisoned rats
due to its anti-inflammatory activity, and another specific
anti-inflammatory agent, Montelukast, increased the 7-day
survival of PQ-poisoned rats from 30 to 80% by blocking the
action of leukotriene D4 in the lungs and bronchial tubes (48).
However, anti-inflammatory agent, prostaglandin E1 analog,
accelerated death in PQ poisoning (49). Importantly, however,
it was recently reported that immunosuppressive therapy
saved approximately 25% of human patients from PQ poison-
ing (43). Data from these studies indicate that the inflamma-
tory response after PQ poisoning is complex, and that some
aspects of the response can be protective, whereas others can
be injurious. The data reported here suggest that complement
activation upon PQ poisoning is a part of excessive inflamma-
tory response that is mainly harmful, and therefore inhibition
of complement activation could alleviate early phase lung in-
jury and improve survival. Thus, although our data show that
complement inhibition does not provide complete protection,
it may create an important time window for application of
other effective treatments and interventions.

In summary, we report on the development of a model of
PQ-induced ALI and demonstrate, for the first time, a role
for complement in the pathogenesis of PQ poisoning. The study
also identifies a complement activation pathway and comple-
ment activation products that represent potential therapeutic
targets for the treatment of acute PQ poisoning, and possibly
for postexposure prevention of PQ-induced ALI
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