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Summary

Background and Objectives—Carboxypeptidase B2 (CPB2) is a basic carboxypeptidase with 

fibrin and complement C3a and C5a as physiological substrates. We hypothesized that in 

polymicrobial sepsis, CPB2-deficient mice would have sustained C5a activity, leading to disease 

exacerbation.

Methods—Polymicrobial sepsis was induced by cecal ligation and puncture (CLP).

Results—Contrary to our hypothesis, Cpb2−/− mice had significantly improved survival, with 

reduced lung edema, less liver and kidney damage, and less disseminated intravascular 

coagulation. Hepatic proCPB2 was induced by CLP leading to increase in proCPB2 levels. 

Thrombomodulin present on mesothelium supported thrombin activation of proCPB2. Both WT 

and Cpb2−/− animals treated with a C5a receptor antagonist had improved survival, demonstrating 

that C5a was detrimental in this model. Treatment with a fibrinolysis inhibitor, tranexamic acid, 

caused a decrease in survival in both genotypes, however, the Cpb2−/− animals still retained their 

survival advantage. Administration of a C3a receptor antagonist exacerbated the disease in both 

WT and Cpb2−/− mice, and eliminated the survival advantage of Cpb2−/− mice. C5a receptor is 

expressed in both peritoneal macrophages and neutrophils; in contrast, C3a receptor expression is 

restricted to peritoneal macrophages, and C3a induced signaling in macrophages but not 

neutrophils.

Conclusions—Thus while C5a exacerbates the peritonitis, resulting in a deleterious generalized 

inflammatory state, C3a activation of peritoneal macrophages may limit the initial infection 
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following CLP, thereby playing a diametrically opposing protective role in this polymicrobial 

sepsis model.

Keywords

Anaphylatoxin; Carboxypeptidase B2; Fibrinolysis; Inflammation; Sepsis

Introduction

Procarboxypeptidase B2 (proCPB2; TAFI) is activated by the thrombin/thrombomodulin 

(TM) complex or plasmin to carboxypeptidase B2 (CPB2), which removes C-terminal basic 

amino acids [1]. CPB2 has several substrates including fibrin, complement C3a and C5a, 

and bradykinin (BK) [2]. Removing C-terminal lysines from partially digested fibrin 

prevents binding of plasminogen and tissue plasminogen activator thereby down-regulating 

plasmin generation and reducing fibrinolysis. Removal of C-terminal arginine residues from 

BK, C3a and C5a inactivates them. Generally, CPB2 substrates promote inflammation while 

the CPB2 cleavage products have much lower inflammatory activity, suggesting that 

activation of proCPB2 by the thrombin/TM complex, along with activation of protein C 

(PC), represents a homeostatic mechanism to regulate thrombin's inflammatory activity [3, 

4].

Studies using the proCPB2-deficient (Cpb2−/−) mouse support this hypothesis [5]. Cpb2−/− 

mice developed much more extensive C5a-induced alveolitis than wild type (WT) mice [6]. 

In models of allergic bronchial asthma and acute lung injury, Cpb2−/− mice had exacerbated 

disease compared to WT mice that was normalized by treatment with a C5a receptor 

antagonist (C5aRA) [7, 8]. In an autoimmune arthritis model, Cpb2−/− mice developed 

severe arthritis that was abolished by anti-C5 antibody [9]. Furthermore, patients with 

rheumatoid arthritis (RA) who carry the Cpb2 allele variant encoding isoleucine vs. 

threonine at position 325 resulting in an increased plasma half-life (~16 min vs. ~8 min) 

have a lower risk of developing severe RA. Thus CPB2 may function as a major regulator of 

C5a activity in vivo.

Complement activation plays a prominent role in sepsis and C5a is a major anaphylatoxin. 

While C5a is a potent chemoattractant for neutrophils, excessive C5a is deleterious, 

contributing to immunoparalysis, thymocyte apoptosis, and dysregulation of coagulation and 

fibrinolysis. C5a blockade is protective in rodent models of sepsis [10, 11]. When 

complement is activated, two other anaphylatoxins are also generated, C4a and C3a whose 

potency is much lower than that of C5a [12, 13]. Increased expression of C3a protects mice 

against LPS challenge, but surprisingly, so does increased C3a in the absence of the C3a 

receptor, C3aR [14].

Reports of infectious challenge in the Cpb2−/− mouse gave conflicting observations. In 

Escherichia coli challenge, liver damage is reduced in Cpb2−/− mice [15] while infection 

with Yersinia enterocolitica exacerbated the disease [16]. The mouse cecum ligation and 

puncture (CLP) model, which involves a polymicrobial peritonitis, closely resembles human 

sepsis [17] and therefore we investigated the role of CPB2 in this model. In a rat CLP 

model, anti-C5a antibody is protective, consistent with the predominantly deleterious role of 
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C5a in sepsis [18, 19]. We hypothesized that in the CLP model of polymicrobial sepsis, the 

Cpb2−/− mice would have excessive C5a generation, leading to increased mortality. 

However we found that Cpb2−/− mice had reduced mortality, contradicting our hypothesis, 

and C3a, rather than fibrin or C5a, was the key substrate accounting for the beneficial effect.

Materials and Methods

Mice

Cpb2−/− mice, backcrossed >11 generations onto the C57BL/6J background [20, 21], and 

WT C57BL/6J mice (Jackson Laboratory, Sacramento, CA) were housed at Stanford 

University and experiments performed under protocols approved by the Stanford University 

Committee of Animal Research in accordance with NIH guidelines.

CLP model

The CLP model was performed in 12 weeks old male mice [6]. All mice that were entered 

into the experimental protocol were accounted for. The operator was blinded with respect to 

the samples in all assays and mice were randomized.

In some experiments, mice received intraperitoneally 1.8 mg/kg tranexamic acid (TA) one 

day before CLP and then every 12 hours intraperitoneally after CLP [22]. In experiments 

with C5aRA (cyclic AcF(OP(D)ChaWR; Biomatik, Wilmington, DE), mice received 1 

mg/kg C5aRA subcutaneously one day before CLP and each day during CLP [7]. In 

experiments with C3a receptor antagonist (C3aRA; EMD Millipore, Billerica, MA), mice 

received intraperitoneally 1 mg/kg C3aRA dissolved in PBS with SB 290157; 1.16% DMSO 

at 45 minutes before CLP, and then every 12 hours until sacrifice [23]. Untreated animals 

received the same dose of vehicle. Lung edema was determined by the wet/dry weight ratio .

Laboratory tests of blood and peritoneal lavage

Blood was collected by retro-orbital bleeding into heparinized tubes at 6 and 24 hours and 

by cardiac puncture at 48 hours. Peritoneal lavage at 48 hours was obtained by introducing 5 

ml of PBS into the peritoneum. Blood samples were analyzed for levels of alanine 

transaminase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN), creatinine 

and complete blood count. CPB2 level was determined by an ELISA (Sekisui Diagnostics, 

Stamford, CT) for human CPB2, with human CPB2 as standard [21]. Fibrinogen and 

fibrin(ogen) degradation products were analyzed with and without reduction by Western blot 

using an anti-fibrinogen antibody (Abcam, Cambridge, MA). ProCPB2 activation was 

detected by Western blots using an anti-CPB2 antibody (Abcam) that detects an epitope 

present in both proCPB2 and CPB2. The blot was scanned and the total signal from one lane 

normalized to 100% and then the fraction present in each band calculated. D-dimer (Kamiya 

Biomedical Company, Seattle, WA), IL-6 and total C5a (R&D Systems, Minneapolis, MN) 

were determined by ELISA [24].

Isolation of mesothelial cells (MCs) and determination of their TM cofactor activity

Primary peritoneal MCs were isolated from WT mouse peritoneum [25] and their cell 

surface phenotype analyzed by flow cytometry and immunofluorescence. Activation of PC 
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by cultured MCs was monitored by chromogenic substrate and proCPB2 by chromogenic 

substrate and Western blot [26].

Analysis of anaphylatoxin receptor expression

Eight-week old C57BL/6J male mice were treated with thioglycollate intraperitoneally to 

induce peritoneal macrophages. Bone marrow cells were collected from femurs by flushing 

the bone cavity with PBS. Peripheral blood was collected by cardiac puncture under 

anesthesia and the buffy coat prepared. Expression data from thioglycollate-induced 

peritoneal macrophages (F4/80Hi) and blood neutrophils were from the ImmGen Consortium 

web page [27]. C3aR expression was detected by staining with anti-C3aR (Hycult Biotech, 

Plymouth Meeting, PA), C5aR1 expression by staining with anti-C5aR1 (BioLegend, San 

Diego, CA) and for C5aR2, cells were permeabilized with 0.2% Tween 20 before staining 

with anti-C5aR2 (R&D Systems). All cells were stained with FITC-conjugated anti-Gr-1 

(BD Biosciences, San Jose, CA) and BV421 F4/80 (BioLegend) to define neutrophils and 

macrophage populations before analysis by flow cytometry.

Measurement of calcium transients and ROS induced by anaphylatoxins

Peritoneal lavage cells were stained with BV421 F4/80 to define macrophage populations 

and bone marrow cells were stained with Alexafluor 647 Gr-1 (BioLegend) to define 

neutrophils before incubation with 5 μg/mL Fluo-8 AM (AAT Bioquest, Sunnyvale CA), 25 

mM probenecid, 0.04% pluronic F127 for 30 minutes. Cells were passed through a flow 

cytometer in which green fluorescence was recorded over 5 minutes. Human C3a (Hycult 

Biotech), C3a-desArg or C5a was added 60 seconds after recording started.

To detect radical oxygen species (ROS), peritoneal lavage cells were incubated with 50 mM 

dihydrarhodamine 123 (Life Technologies, Carlsbad, CA) for 30 minutes. Green 

fluorescence was read for 2 hours. Data was acquired for 1 minute to obtain baseline values 

before addition of C3a, C3a-desArg, or phorbol 12-myristate 13-acetate (PMA) dissolved in 

DMSO or vehicle.

Statistics

Data were analyzed with Prism v6 for Macintosh. Student's t test was used to compare two 

groups and ANOVA with post-hoc Bonferroni's correction for comparison of three or more 

groups. In experiments in which there was a pharmacological intervention, the data were 

analyzed by two-way ANOVA with post-hoc correction by Fisher's least significant 

difference test. Error bars show ±SEM. Kaplan-Meier survival curves were analyzed by 

Mantel-Cox test. p<0.05 was considered as statistically significant.

Results

Cpb2−/− mice survive longer with CLP than WT mice

Following CLP surgery, no excessive bleeding was observed in Cpb2−/− animals. Cpb2−/− 

mice had a survival advantage compared to WT animals (Fig. 1A; p=0.021; n=40 in each 

group). On day 5 after CLP, 27% of the Cpb2−/− mice were alive while only 13% of WT 

mice survived. Median survival increased from 3 to 4 days (p=0.015) with a hazard ratio of 
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2.3 for WT animals compared to Cpb2−/− animals (95% confidence interval: 1.1–4.6). Thus 

CPB2 has a deleterious effect on survival in polymicrobial sepsis.

Cpb2−/− protects against multiple end organ damage in CLP

In the CLP model, leakage of the microbial contents of the cecum into the peritoneum leads 

to a generalized abdominal peritonitis. The peritoneal lavage fluid at 48 hours was less 

exudative in Cpb2−/− than WT mice, with lower protein content (Fig. 1B,C). Both WT and 

Cpb2−/− animals had increases over WT and Cpb2−/− sham-operated or control mice, 

showing that the exudative lavage fluid was due to the polymicrobial sepsis.

Lung edema at 48 hours was significantly reduced in Cpb2−/− mice compared to WT (Fig. 

1D). When lung edema was determined on surviving animals after 5 days, it was 

significantly worse in WT (n=8; 5.71±0.19) than in Cpb2−/− mice (n=15; 4.19±0.048; 

p<0.0001). Plasma levels of ALT and AST were increased significantly in WT mice at 48 

hours compared to Cpb2−/− mice (Fig. 1E,F) showing that they had more liver damage. 

Similarly, renal function showed an increase in BUN levels and a trend towards increased 

creatinine levels in WT while there was no difference between the Cpb2−/−, sham and 

control animals (Fig. 1G,H). In an independent experiment, the values from control and 

sham WT mice were shown to be similar to those of control and sham Cpb2−/− animals 

(Fig. S1). To eliminate the possibility of ascertainment bias due to WT animals dying earlier 

than Cpb2−/−, we investigated markers at 24 and 30 hours. There was no difference at 24 

hours, but at 30 hours liver markers and the exudate in the peritoneum were exacerbated in 

WT (Fig. S2). Taken together, these data demonstrate more extensive end organ damage at 

30 and 48 hours in the WT animals, as compared to the Cpb2−/− mice.

Histological examination of lung, liver and kidney tissues at 48 or 84 hours showed no 

difference between Cpb2−/− and WT mice with CLP, and the tissues from mice with CLP 

were not different from control tissues (data not shown).

Polymicrobial sepsis leads to leukopenia

At 48 hours, animals developed significant leukopenia compared to sham and control 

animals, with a similar decrease in both WT and Cpb2−/− mice (Fig. S3), primarily due to a 

prominent reduction in lymphocytes. The increase in neutrophils over control was similar in 

WT, Cpb2−/− and sham animals while there was a striking reduction in monocytes in the 

Cpb2−/− animals. Values for CBC in WT and Cpb2−/− sham and control animals were 

similar.

Coagulopathy occurs in WT and Cpb2−/− mice in CLP

Thrombin-antithrombin (TAT) levels were increased in WT and Cpb2−/−, compared to sham 

and control animals (Fig 2A,D). There was a significant increase in plasma fibrin(ogen) 

levels in both WT and Cpb2−/− animals as expected, since fibrinogen is an acute phase 

protein [28]. However the total fibrin(ogen) levels were significantly higher in WT than 

Cpb2−/− (Fig. 2B,E), and fibrinogen was extensively degraded in all CLP samples 

irrespective of the genotype as demonstrated by Western blot analysis (data not shown). The 
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level of D-dimer in plasma was elevated to a similar extent in WT and Cpb2−/− animals 

(Fig. 2C). Thus, coagulopathy occurred with CLP in both WT and Cpb2−/− mice.

Inflammatory mediators are lower in Cpb2−/− than WT mice after CLP

To assess the systemic inflammatory response, two key mediators, total C5a as a marker of 

complement activation and IL-6 as a marker of inflammatory cytokines, were assayed in 

blood samples taken at 6, 24 and 48 hours. Both were significantly increased at 6 hours, with 

a greater increase in WT mice than Cpb2−/− mice, which returned towards the baseline 

subsequently (Fig. 2G,H). At 48 hours, total C3a was also increased in the plasma from WT 

mice compared to Cpb2−/− animals (23.1±2.85 μg/ml vs. 13.05±2.36 μg/ml, n=17 and 18 in 

each group respectively p=0.0101; control plasma levels 7.14 μg/ml). There was also a 

significant increase in C5a and IL-6 in peritoneal lavage at 48 hours in both WT and 

Cpb2−/− mice. Thus there is an early increase in inflammatory mediators that is greater in 

WT than in Cpb2−/− animals.

Production of proCPB2 by liver and its activation

As CPB2 is an acute phase protein [29], we investigated its induction. Hepatic CPB2 mRNA 

was ~3 fold higher at 48 hours than that taken from sham or control mice confirming that it 

is an acute phase protein (Fig. 3A; p<0.0001 WT vs. either sham or control n=3-4). 

Residential peritoneal macrophages in control animals did not have detectable levels of 

CPB2 mRNA in baseline and only a trace amount was detectable at 48 hours.

In animals with CLP, there was an increase in levels of proCPB2/CPB2 protein determined 

by ELISA in both plasma (>14 fold, p<0.001) and in the peritoneum (>6 fold, p<0.001; Fig. 

3B,C). Since neither residential macrophages nor MCs produce much proCPB2 mRNA, the 

increase in proCPB2 levels in the peritoneum reflects an increase in production in the liver 

and subsequent leakage into the peritoneum.

Plasma proCPB2/CPB2 levels are positively correlated with plasma IL-6 (R2 = 0.361; 

p=0.0389) and fibrin(ogen) (R2 = 0.512; p=0.0089) and trend to correlate with D-dimer (R2 

= 0.193; p=0.1329) and TAT (R2 = 0.242; p=0.0881; Fig. S4), suggesting that IL-6 might be 

inducing hepatic proCPB2 similarly to its induction of fibrinogen [30] and that levels of D-

dimer and TAT levels trend to correlation with induction of proCPB2/CPB2.

We next investigated if there is active CPB2 in plasma and the peritoneum. No 

immunoreactive protein was detected in Cpb2−/− mice, while in plasma samples from 

control and sham-operated WT mice, there was a single band (60 kDa) corresponding to 

proCPB2 (Fig. 3D). Following CLP, proCPB2, active CPB2 (35 kDa), and an inactive 

fragment of CPB2 (25 kDa; CPB2i) were detected in plasma [31]. The increase in immune 

reactive material is consistent with the increase in total CPB2 detected by ELISA. Similar 

results were observed in the lavage fluid samples (Fig. 3E). Significant increases in 

activation of proCPB2 in WT mice with CLP was observed compared to the sham and 

control groups (Fig. 3F,G). Thus proCPB2 is activated during CLP in both plasma and the 

peritoneum, similar to the increase in activation in plasma reported in sepsis patients [32].
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TM is on the mesothelium and supports thrombin activation of proCPB2

TM was located on cells lining the abdominal wall, omentum and intestinal wall (Fig. S5A). 

Positive TM staining was also observed in endothelial cells lining blood vessels in the 

abdominal wall, omentum, and in the villi of the intestinal mucosa. No TM expression was 

detected in the columnar epithelium lining the gut.

To investigate if the TM present in MCs is functional in supporting activation of PC and 

proCPB2 [1, 33], MCs were isolated from peritoneal lavage after brief trypsinization of the 

peritoneal cavity (Fig. S5B-G). MCs grew in culture as adherent monolayers and expressed 

epithelial cell markers, calretinin and pan-cytokeratin as well as TM and endothelial protein 

C receptor but not endothelial cell markers, P-selectin and CD31, or the leukocyte marker, 

CD45 (Fig. S5C–F).

MCs efficiently activated PC and proCPB2 in the presence of thrombin measured by 

chromogenic substrates and determination of the extent of proCPB2 activation by Western 

blot (Fig. 3H,I and Fig. S6). The reactions were dependent on the presence of TM, since 

anti-TM significantly inhibited the activation. Thus MCs that line the peritoneal cavity 

support the activation of proCPB2 by the thrombin/TM complex.

The key substrate for CPB2 in CLP is not C5a

Mice treated with C5aRA survived longer than untreated animals irrespective of their 

genotype (Fig. 4A), consistent with the hypothesis that C5a is deleterious in this model. 

Protein levels were higher in peritoneal lavage of WT animals at 48 hours compared to 

Cpb2−/− animals. That difference in protein levels in the peritoneal lavage between WT and 

Cpb2−/− mice was maintained even in mice treated with C5aRA, regardless of their 

genotype (Fig. 4B). Treatment with C5aRA did not alter the number of infiltrating cells in 

the peritoneum (Fig. 4C).

There was no significant change in lung edema in C5aRA treated animals in either WT or 

Cpb2−/− mice (Fig. 4D). There was improvement in liver and kidney functions with C5aRA 

administration in both groups of animals (Fig. 4E–H), while the changes were more apparent 

in the WT mice since the baseline organ dysfunction was more severe. Thus the data 

confirmed that C5a is deleterious in sepsis and both genotypes had the sepsis ameliorated by 

C5aRA treatment.

The key substrate for CPB2 in CLP is not fibrin

TA blocks the binding of plasminogen and tissue plasminogen activator to fibrin, resulting 

in suppression of fibrinolysis. We used pharmacological intervention with TA to suppress 

fibrinolysis [22, 34] to determine if fibrin is the key CPB2 substrate leading to protection in 

our CLP model.

Survival in both WT and Cpb2−/− mice was reduced by TA treatment but there was still a 

significant difference between WT and Cpb2−/− mice (Fig. 5A; p=0.049; n=15). In mice 

treated with TA, there was a worsening of peritonitis, lung edema, and liver and kidney 

damage that was greater in WT animals than in Cpb2−/− animals (Fig. 5B-H). Thus 
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inhibition of fibrinolysis exacerbates the outcomes of CLP, consistent with systemic 

thrombosis contributing to mortality and the expedient removal of fibrin is protective. But as 

the survival advantage in Cpb2-/- mice and the associated end organ damage were not 

eliminated by TA treatment, it suggests that fibrin is not the key substrate for CPB2.

The key substrate for CPB2 in CLP is C3a

C3a, another anaphylatoxin, is inactivated by CPB2 leading to C3a-desArg that is inactive in 

monocyte chemotaxis [35]. We used pharmacological intervention with C3aRA [23] to test 

if C3a is the key substrate of CPB2 leading to protection in our CLP model.

Survival in WT and Cpb2−/− mice treated with C3aRA was reduced compared to untreated 

animals and the difference between WT and Cpb2−/− mice was eliminated (Fig. 6A; Cpb2−/− 

vs. Cpb2−/− + C3aRA: p=0.026; WT vs. Cpb2−/−: p=0.047; n=24 in each group except 

Cpb2−/− where n=23). After 48 hours, 48% of the Cpb2−/− mice were alive while only 17% 

of Cpb2−/− treated with C3aRA mice survived. Treatment with C3aRA reduced the median 

survival of Cpb2−/− animals from 2 to 1.5 days (p=0.015) with a hazard ratio of 2.7 (95% 

confidence interval: 1.1–6.6) for the mice treated with C3aRA compared to untreated 

animals. Thus C3a has a protective effect in polymicrobial sepsis, and it is likely that C3a 

will have a longer half-life in Cpb2−/− mice, thus leading to an increased protective effect.

C3aR is present and functional in peritoneal macrophages but not detectable in 
neutrophils

Of the three known anaphylatoxin receptors [35], the mRNA encoding the C3a receptor, 

C3aR, was highly expressed in macrophages but not neutrophils (Fig. 6B) [27]. Flow 

cytometry confirmed that C3aR was expressed on peritoneal macrophages but was 

undetectable in peripheral blood or bone marrow neutrophils (Fig. 6C and S7). Activated 

neutrophils that had migrated to the peritoneum by 24 hours, also did not express C3aR (Fig. 

S8) irrespective of their genotype. In contrast, the two C5a receptors, C5aR1 and C5aR2, 

were well expressed in neutrophils as well as macrophages.

To test if C3aR on peritoneal macrophages was functional, calcium transients and ROS 

induction were assessed [36]. Calcium flux was detected immediately following addition of 

C3a, but less with C3a-desArg (Fig. 6D). A signal was also detected upon addition of C5a. 

No response was detected in bone marrow neutrophils with either C3a or C3adesArg, while 

C5a induced a robust response. Similarly stimulation of macrophages with C3a gave a dose-

dependent increase in ROS production [37] while C3a-desArg was much less potent (Fig. 

6E). Thus, peritoneal macrophages, but not neutrophils, have functional C3aR responsive to 

C3a, while the product of C3a treatment by CPB2, C3adesArg, had much lower potency.

Discussion

As CPB2 substrates are involved in host defense mechanisms, this study sought to define its 

role in polymicrobial sepsis. Originally, we hypothesized that the Cpb2−/− mice would have 

exacerbated disease due to excessive generation of C5a [17]. To our surprise, the Cpb2−/− 

mice were protected from the disease in comparison to WT mice.
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Our results are consistent with the data from an E. coli challenge model in which there was 

less liver damage in Cpb2−/− mice than WT mice [15] and with a rat model of sepsis 

induced by Pseudomonas aeruginosa in which treatment with a CPB2 inhibitor improved 

outcomes [38].

Activation of multiple protective cascades, including complement and coagulation, occurs in 

this polymicrobial sepsis model resulting in the generation of C3a, C5a, membrane attack 

complex (MAC) and thrombin respectively (Fig. 7). While the formation of the MAC is 

crucial in reducing the bacteremic load, C5a has been shown to be predominantly 

deleterious. Thrombin leads to fibrin deposition and thrombosis, contributing to 

coagulopathy and end organ damage.

CPB2 plays a complex role in this setting because several of its known substrates such as 

fibrin, C3a and C5a are relevant in this model. It reduces the activity of C5a thereby 

minimizing its multiple deleterious side effects [2]. C5a blockade, based on either anti-C5a 

antibody or C5aRA, has been shown to protect animals [39, 40]. In contrast, CPB2 retards 

fibrinolysis, resulting in a greater thrombotic burden [41]. Here, we showed that C5aRA 

prolonged the survival of the animals, irrespective of the genotype, confirming the 

deleterious role of C5a, while TA aggravated the disease irrespective of the genotype but did 

not eliminate the survival benefit of Cpb2−/− mice. Monocytopenia was observed in 

Cpb2−/− mice, which may contribute to less coagulopathy via a reduction in monocytic 

tissue factor. Thus the unexpected survival benefit in the Cpb2−/− mice is not due to either 

increased C5a levels or enhanced fibrinolysis.

In addition to C5a and fibrin, CPB2 can cleave other substrates in vitro, including C3a and 

BK. BK is unlikely to be the key substrate here since an increase in active BK levels in the 

Cpb2−/− mice would lead to greater hypotension [2] thereby exacerbating rather than 

ameliorating the disease. Measurement of blood pressure in these animals did not show any 

difference between WT and Cpb2−/− mice (data not shown), in agreement with BK not 

playing a critical role in this model.

We found that C3aRA-treated Cpb2−/− mice had significantly worse survival than untreated 

Cpb2−/− mice, and their survival advantage compared to treated WT mice was eliminated. 

This is consistent with C3aR−/− mice being more sensitive to LPS challenge [42] as well as 

being more sensitive to Gram-negative bacteremia [43]. Thus in the Cpb2−/− mice, C3a is 

not inactivated by CPB2, allowing it to exert a greater protective effect, over-riding 

excessive C5a, and leading to the observed survival benefit (Fig. 7). This is the first 

experimental model in which C3a, rather than C5a, is the key substrate for CPB2 with the 

two anaphylatoxins having opposing effects in vivo.

It is notable that the expression pattern of the receptors for the two anaphylatoxins is quite 

different, with the C5a receptors expressed on peritoneal macrophages, neutrophils and other 

cells, while C3aR is restricted to peritoneal macrophages. Thus C3a does not function as a 

chemoattractant for neutrophils, and its primary role may reside in the activation of 

peritoneal macrophages to limit the dissemination of infection following CLP, ameliorating 

the subsequent peritonitis. On the other hand, when the infection can no longer be contained, 
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excessive C5a is generated, signaling to cells expressing C5a receptors and leading to influx 

of neutrophils into the peritoneum, exacerbating the peritonitis and resulting in a deleterious 

systemic inflammatory state (Fig. 7).

In children with severe meningococcal infections, the CPB2 325 Ile/Ile genotype with the 

longer plasma half-life was overrepresented in patients admitted with severe DIC when 

compared to the 325Thr/Thr genotype, consistent with the hypothesis that CPB2 exacerbates 

some infections [44].

As sepsis is a common challenge in the wild and CPB2 exacerbates sepsis, the Cpb2 gene 

ought to be eliminated without countervailing selection pressure. One possibility is that in 

the face of catastrophic hemorrhage, CPB2 stabilizes the thrombus by inhibiting fibrinolysis. 

The Cpb2−/− mouse has more fibrinolysis in the batroxobin-induced model of pulmonary 

embolism [45]. Whether these mice will display a survival advantage in a severe 

hemorrhage model is untested.
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Fig. 1. Cpb2−/− mice are protected from polymicrobial sepsis compared to WT mice
(A) Kaplan-Meier survival curves comparing Cpb2−/− to WT mice following CLP analyzed 

by Mantel-Cox log-rank test (p=0.021; n=40 in each group, median survival WT 3 days vs 

Cpb2−/− 4 days [p=0.015]; hazard ratio: 2.3 for WT vs Cpb2−/− [95% confidence interval: 

1.1–4.6]). (B-H) Groups of Cpb2−/− and WT mice with CLP plus WT sham-operated and 

control mice were sacrificed after 48 hours. Data are shown from one of four independent 

experiments with similar results. (B) Protein in peritoneal lavage. (C) Cells in peritoneal 

lavage. (D) Lung edema (E) ALT, (F) AST, (G) BUN, (H) Creatinine in plasma at 48 h. B–

H: WT n=11, Cpb2−/− n=8, sham n=8, control n=15. Data were analyzed by one-way 

ANOVA with post-hoc Bonferroni correction. * p<0.05; ** p<0.01; *** p<0.001; **** p < 

0.0001.
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Fig. 2. Both Cpb2−/− and WT mice develop coagulopathy during polymicrobial sepsis
(A-F) Groups of Cpb2−/− and WT mice with CLP plus WT sham-operated and control mice 

were sacrificed 48 hours after CLP. Data are shown from one of two independent 

experiments with similar results. WT n=15, Cpb2−/− n=15, sham n=5, control n=5. Data 

were analyzed by one-way ANOVA with post-hoc Bonferroni correction. * p<0.05; ** 

p<0.01; *** p<0.001; **** p < 0.0001. (A) Plasma TAT levels. (B) Plasma fibrin(ogen) 

levels. (C) Plasma D-dimer levels. (D) TAT levels, in peritoneal lavage (E) Fibrin(ogen) 

levels, in peritoneal lavage and (F) D-dimer levels in peritoneal lavage. (G,H) Groups of 

Cpb2−/− and WT mice with CLP plus WT sham-operated and control mice were sacrificed 

6, 24 or 48 hours after CLP. (G) C5a levels in plasma at different times after polymicrobial 

sepsis was initiated and in lavage at 48 hours. (H) IL-6 levels in plasma at different times 

after polymicrobial sepsis was initiated and in lavage at 48 hours. G,H: WT n=15 (6 hours), 

5 (24 hours), 13 (48 hours) and 15 (lavage), Cpb2−/− n=14 (6 hours), 5 (24 hours), 15 (48 

hours) and 14 (lavage), sham n=5 (6 hours), 5 (48 hours) and 5 (lavage), control n=5 (6 

hours), 5 (48 hours) and 5 (lavage).
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Fig. 3. CPB2 mRNA and protein is induced and CPB2 activated during polymicrobial sepsis
(A-G) Groups of Cpb2−/− and WT mice with CLP plus WT sham-operated and control mice 

were sacrificed 48 hours after CLP. Data are shown from one of two independent 

experiments with similar results. Data were analyzed by one-way ANOVA with post-hoc 

Bonferroni correction. * p<0.05; ** p<0.01; *** p<0.001; **** p < 0.0001. (A) CPB2 

mRNA determined by qPCR from liver at 48 hours. WT n = 3, sham n=3 control n=3. (B) 

CPB2 levels in plasma determined by ELISA at 48 hours. (C) CPB2 levels in peritoneal 

lavage determined by ELISA at 48 hours. WT n=14, sham n=5, control n=5. (D,E) proCPB2 

(mw = 60,000), CPB2 (mw=35,000) and CPB2i (mw=25,000) detected by Western blot in 

plasma (D) and lavage (E). In each case, a representative experiment is shown from one of 

four independent experiments. (F,G) Levels of proCPB2, CPB2 and CPB2i in (F) plasma 

and (G) lavage from WT (n=15), sham (n=3) and control (n=3) animals were determined by 

scanning the Western blots with the total signal from one lane set to 100% and then the 

fraction present in each band was calculated. (H,I) MCs were prepared from trypsinization 

Shao et al. Page 16

J Thromb Haemost. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the peritoneal lavage. MCs were incubated with the reagents shown below the graph as 

described in Methods before stopping the reaction with hirudin and measuring the activity of 

aPC (H) and CPB2 (I). Baseline readings for PC alone or proCPB2 alone, due to hydrolysis 

of the chromogenic substrates by proCPB2 itself (51), were subtracted. n=3-11.
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Fig. 4. Antagonism of C5a with C5aRA does not equalize outcomes for Cpb2−/− and WT mice in 
polymicrobial sepsis
(A) Kaplan-Meier survival curves comparing untreated Cpb2−/−, C5aRA-treated Cpb2−/−, 

untreated WT to C5aRA-treated WT mice in the CLP model (n=10 each genotype; C5aRA 

treated vs untreated: p=0.0422). (B-H) Groups of Cpb2−/− and WT mice with CLP untreated 

or treated with C5aRA were sacrificed after 48 hours. Data are shown from one of two 

independent experiments with similar results. (B) Protein in peritoneal lavage. (C) Cells in 

peritoneal lavage. (D) Lung edema (E) ALT, (F) AST, (G) BUN, and (H) Creatinine in 

plasma at 48 hours. B–H: WT n=5, Cpb2−/− n=6, WT + C5aRA n= 6, Cpb2−/− + C5aRA 

n=8. Closed columns: untreated; open columns treated. Data were analyzed by two-way 

ANOVA with post-hoc Fisher's least significant difference correction. * p<0.05; ** p<0.01; 

*** p<0.001.

Shao et al. Page 18

J Thromb Haemost. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Inhibition of fibrinolysis with TA does not equalize outcomes for Cpb2−/− and WT mice in 
polymicrobial sepsis
(A) Kaplan-Meier survival curves comparing untreated Cpb2−/−, TA-treated Cpb2−/−, 

untreated WT to TA-treated WT in the CLP model (n=15 each genotype; TA treated vs 

untreated p=0.0241; WT + TA vs Cpb2−/−: p=0.049). (B-H) Groups of Cpb2−/− and WT 

mice with CLP untreated or treated with TA were sacrificed after 48 hours. Data are from 

one of three independent experiments with similar results. (B) Protein in peritoneal lavage. 

(C) Cells in peritoneal lavage (D) Lung edema (E) ALT, (F) AST, (G) BUN and (H) 

Creatinine in plasma at 48 hours. B – H: WT n=6, Cpb2−/− n=7, WT + TA n=5, Cpb2−/− + 

TA n=9. Closed columns: untreated; open columns treated. Data were analyzed by two-way 

ANOVA with post-hoc Fisher's least significant difference correction. * p<0.05; ** p<0.01; 

*** p<0.001.
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Fig. 6. C3a is the protective substrate for CPB2 in CLP
(A) Kaplan-Meier survival curves of WT and CPB2−/− mice either untreated or treated with 

C3aRA (n=24 in each group except CPB2−/− where n = 23; C3aRA treated vs untreated 

p=0.0383; Cpb2−/− + C3aRA vs. Cpb2−/−: p=0.026; WT vs. Cpb2−/−: p=0.047) (B) 

Expression of C3aR, C5aR1 and C5aR2 mRNA in macrophages (■) and blood neutrophils 

(□). * p<0.05; **** p<0.001. Expression data from the Immgen Consortium [27]. (C) 

Expression of C3aR, C5aR1, and C5aR2 on peritoneal macrophages and bone marrow 

neutrophils. Peritoneal lavage and bone marrow cells were stained with fluorescence labeled 

anti-Gr-1, F4/80, C3aR, C5aR1, C5aR2, and isotype control antibodies. Peritoneal 

macrophages were defined as F4/80+, Gr-1- cells in the nongranulocyte gate. Bone marrow 

neutrophils were defined as Gr-1 high cells in the granulocyte gate. Plain histogram, isotype 

controls; filled black histogram, target antigens. The data are representative of cells prepared 

independently from 4 animals. (D) Peritoneal lavage and bone marrow cells were loaded 

with calcium indicator Fluo-8 prior to flow cytometry. Macrophages and neutrophils were 
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identified by staining with GR-1 and F4/80. Human C3a, C3a-desArg, or C5a, all at 100 

nM, were added at 60 secs (vertical arrow) after the start of signal acquisition. Intracellular 

calcium levels were detected by mean fluorescence intensity of green fluorescence of 

Fluo-8. Representative data showing one of four independent experiments. (E) Peritoneal 

macrophages were loaded with DHR 123. Various concentrations of C3a and C3a-desArg in 

HBSS, PMA in DMSO, and DMSO vehicle were added. Green fluorescence (excitation 488, 

emission 530) was read at 2 hours. Changes in fluorescent emission at 530 nm (ΔE530 nm) 

indicate the generation of ROS. Fluorescence values in vehicle only were subtracted from 

treated wells. The positive control, PMA gave a maximum response of 600 ΔE530 nm at 3 

μM. n=13, data pooled from 4 independent experiments. * p<0.05 comparing C3a to 

C3adesArg at the same concentration.
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Fig. 7. Model of polymicrobial sepsis showing activation and activities of proCPB2
Following CLP, blood from damaged vessels and bacteria from the cecum leak into the 

peritoneum, resulting in the activation of complement and coagulation as well as a general 

inflammatory reaction, producing C3a, C5a, thrombin and IL-6 amongst other inflammatory 

mediators. IL-6 triggers production of acute phase proteins in the liver including proCPB2 

and fibrinogen. Thrombin converts fibrinogen to fibrin, which subsequently undergoes 

fibrinolysis. Establishment of bacterial infection systemically (septicemia) causes DIC and 

leads to systemic inflammatory response syndrome (SIRS), with multiple organ failure and 

death. Thrombin in combination with mesothelial TM activates proCPB2 to CPB2. In WT 

mice, CPB2 then inactivates its substrates including C3a, C5a and retards fibrinolysis. 

Fibrinolysis is protective as treatment with TA causes increased mortality. C5a exacerbates 

the disease via neutrophils as treatment with C5aRA is protective. C3a is protective via 

macrophages expressing C3aR1 as treatment with C3aRA exacerbates the disease. In the 

absence of CPB2, the levels of C3a are increased, over-riding the deleterious effect of C5a, 
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and conferring an overall survival benefit on Cpb2−/− mice. The sites of action of the 

pharmacological interventions with C3aRA, C5aRA and TA are shown.
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