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Summary.

Background: There are two basic carboxypeptidases in plasma. Carboxypeptidase B2 (CPB2) is
activated from a circulating zymogen, proCPB2, and carboxypeptidase N (CPN) is constitutively
active with both inactivating complement C3a and Cba.

Aims: To test the roles of CPB2 and CPN in complement-driven mouse models of cobra venom
factor (CVVF) challenge and hemolytic-uremic syndrome (HUS).

Methods: Cob2~, Cpr!~ and wild-type (WT) mice were compared in an HUS model induced
by Shiga toxin and lipopolysaccharide administration and following CVF administration.

Results: HUS was exacerbated in Cpb2~~ mice more than in Cpri/~ mice, compared with WT
mice. Cpb2”~ mice developed the HUS clinical triad of microangiopathic hemolytic anemia,
uremia and thrombocytopenia. Treatment with anti-C5 antibody improved survival of both
Cpb2~ and Cpr'~ mice. In contrast, when challenged acutely with CVF, the reverse phenotype
was observed. Cpr/~ mice had markedly worse disease than Cpb2/~ mice, whereas the WT mice
were resistant.

Conclusions: CPN and CPB2 play overlapping but non-redundant roles in regulating
complement activation /n vivo. The constitutively active CPN is key for inactivation of systemic
C5a, whereas CPB2 functions as an on-demand supplementary anaphylatoxin inhibitor in
inactivating excessive C5a formed locally.
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Introduction

Two basic carboxypeptidases are present in plasma, carboxypeptidase N (CPN), which

is constitutively active, and procarboxypeptidase B2 (proCPB2, also known as thrombin-
activatable fibrinolysis inhibitor, TAFI), a plasma proenzyme activated by the thrombin/
thrombomodulin (TM) complex or plasmin to carboxypeptidase B2 (CPB2). CPB2 removes
C-terminal lysine residues from fibrin, leading to reduced incorporation of plasminogen
and tissue plasminogen activator into the partially digested clot, resulting in inhibition

of fibrinolysis as well as reduction of prourokinase-mediated activation of plasminogen
[1,2]. Both enzymes remove C-terminal arginine residues from bradykinin, complement
C3a and C5a, thereby inactivating them [1,3-5]. Although CPN is a constitutively active
inhibitor of anaphylatoxins [6], activation of proCPB2 by the thrombin/TM complex serves
as a homeostatic negative feedback mechanism to dampen adverse effects of excessively
generated pro-inflammatory mediators at sites of tissue injury [7].

Mice deficient in CPN (Cpri'™) are killed by intravenous administration of C5a as well as
cobra venom factor (CVF) that activates complement, generating C5a, whereas wild-type
(WT) mice survive [8]. In studies on Cpb2~'~ mice, a similar dose of CVF had no

effect on survival [9], suggesting that CPN is responsible for systemic inactivation of the
anaphylatoxins.

Studies using the Cob2-deficient (Cob2'~) mouse confirm that the observed in vitro
inactivation of complement C3a and C5a by CPB2 also occurs 77 vivo[10,11]. CobZ™!~
mice developed more severe alveolitis than WT mice upon tracheal instillation of Cba
[12]. In a polymicrobial sepsis model, lack of inactivation of C3a by CPB2 in Cob2~
mice leads to protection of the mice from the disease [7]. In a C5a-mediated autoimmune
arthritis model, Cpb2~'~ mice developed much more severe arthritis than WT mice [10].
Furthermore, patients with rheumatoid arthritis (RA) who carry the CpbZ2allele variant
encoding isoleucine instead of threonine at position 325, which results in an increased
plasma half-life (~16 min vs. ~8 min) of CPB2, have a lower risk of developing severe RA
[10]. Thus, CPB2 functions as a major regulator of C3a and C5a activity /n vivo.

Hemolytic uremic syndrome (HUS) is primarily caused by enteric infection with Shiga
toxin (Stx)-producing enterohemorrhagic Escherichia coli (EHEC) and has the clinical

triad of microangiopathic hemolytic anemia, thrombocytopenia and acute renal failure.
Retrograde trafficking of Stx from the intestine to glomerular endothelial and epithelial cells
in the kidney, where the Stx receptor is highly expressed, leads to extensive cell injury
within the microvasculature and post-glomerular filtration system in the kidney. Laboratory
tests from HUS patients showed a substantial consumption of complement C3, indicating
that complement activation plays a prominent role in the pathogenesis of HUS [13,14].
Eculizumab, a monoclonal anti-C5 antibody;, is the first-line therapy for non-Stx-mediated
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atypical HUS [15,16] and is also beneficial in Stx-mediated HUS when administered early
in the course of disease, although a randomized controlled trial has not yet been performed
[17,18].

In animal models, HUS has been induced with either live £. coli expressing one of the Stx
or by administration of purified Stx co-injected with lipopolysaccharide (LPS). Treatment
with Stx induces expression of P-selectin on the luminal endothelial surface, which in

turn binds and activates C3 via the alternative pathway generating C3a and C3b [19].
Additionally, Stx2 binds to complement factor H, delaying its binding to cell membranes,
and down-regulates CD59 expression on the surface of glomerular endothelial and tubular
epithelial cells, leading to enhanced formation of C5 convertase and the membrane attack
complex (MAC), and resulting in uncontrolled complement activation [20-22]. Although the
MAC plays a role in complement-mediated tissue injury, the anaphylatoxins, C3a and C5a,
generated by the complement cascade, play an important role in leukocyte recruitment and
activation, which also are significant contributors to the course of disease.

The relative roles of CPN and CPB2 in the control of complement activation /n vivo have
not been directly compared in a disease-relevant animal model. In this study, we examined
the phenotypic response of the CobZ™/~ mice in comparison with the Corr/~ mice in an
Stx/LPS-induced HUS mouse model.

Mouse husbandry

Cpri'~ mice, generated by deleting the coding regions for CPN1 from the Cpnl gene, and
backcrossed >10 generations onto the C57BL/6 background, were obtained from Deltagen
(San Mateo, CA, USA). Cpb2™'~ mice, backcrossed > 11 generations onto the C57BL/6J
background, have been described previously [23]. WT C57BL/6 mice were from Jackson
Laboratory (Sacramento, CA, USA). CobZ™'~/Cpr!~ double-deficient mice were generated
by intercrossing the Cob2™~ and Cpri/~ mice, and the resultant F1 Cpb2*'~/Cprt!'~ mice
were then crossed to generate lines of WT, Cob2~, Cor!~ and Cob2'~/Cpri'~ mice. The
mice were housed at either Stanford University School of Medicine or at Palo Alto Veterans
Affairs Health Care System (VAPAHCS) and experiments were performed under protocols
approved by the Stanford University Committee of Animal Research or the VAPAHCS
Institutional Animal Care and Use Committee in accordance with NIH guidelines. Animals
were randomized to the different groups and analysis was blinded. All experiments were
repeated at least twice independently and all mice that entered the experiments were
accounted for. The health of animals during experiments was monitored using a seven-
component scale ranging from 0 (healthy) to 28 [24].

Mouse model of HUS

We adapted a previously published protocol on an Stx/LPS-induced HUS model in
Swiss/129 mice [25]. Twelve-week-old male mice received intraperitoneally (i.p.) 75
Hg/kg LPS 0111:B4 (Sigma-Aldrich, St. Louis, MO, USA) and 6 ug kg™t Stx2 (Toxin
Technology, Sarasota, FL, USA) dissolved in sterile saline to induce HUS. The endotoxin
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content of Stx2, determined by the ToxinSensor kit (Genscript, Piscataway, NJ, USA),
was < 1700 endotoxin units (EU) ug~1, compared with LPS, which contained 190 000

EU ug~2. Untreated animals received the same dose of vehicle. All mice received twice-
weekly subcutaneous (s.c.) 0.1 mg kg™t buprenorphine SR from HUS induction. Survival
was followed until death or mice were sacrificed at 48 h for blood collection. In some
experiments, mice received i.p. 0.75 mg anti-C5 antibody BB5.1 produced in tissue culture,
purified on protein A/G beads, with < 0.033 EU mg~! endotoxin, 3 h prior to injection of
Stx2 and LPS and subsequently every 24 h [26]. During this model, the health of the mice
was monitored with a seven-component scoring system [24] every 6 h, and mice that had
reached a score of > 23/28 were euthanized as their death would be imminent based on
preliminary studies.

CVF challenge

Twelve-week-old male mice had 300 pg per mouse of CVF administered intraperitoneally
(600 units, Comp-Tech, Tyler, TX, USA) and their health was monitored at 30 min, 1, 2 and
3 h after initiation before sacrifice at 3 h. In preliminary experiments all mice that were alive
at 3 h were alive the next day. In some experiments, blood was collected by cardiac puncture
7 days before CVF administration and 20 min after.

Laboratory tests

Blood was collected by cardiac puncture into 3.2% sodium citrate ina 9 : 1 ratio in a
heparinized Eppendorf tube at 48 h after disease induction and analyzed for levels of alanine
transaminase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN), creatinine,
lactate dehydrogenase (LDH), total bilirubin, and complete blood count (CBC). In some
experiments, plasma was prepared and levels of C3, C5 and C5b-9 (LifeSpan Biosciences
Inc., Seattle, WA, USA), fibrinogen (Innovative Research, Novi, MI, USA), D-dimer

and thrombin-antithrombin complexes (TAT) determined by enzyme-linked immunosorbent
assays (ELISAs; Kamiya Biomedical Company, Seattle, WA, USA). Levels of plasma CPB2
and CPN activity and protein were measured as previously described [23]. Blood smear
slides were stained by the Wright-Giemsa method and examined under a microscope.

Flow cytometry analysis of leukocyte—platelet aggregates

Citrated mouse whole blood was fixed with 1% paraformaldehyde and stained with anti-
CDA41, Ly-6G, CD11b (BD Bioscience, San Jose, CA, USA) [27]. The peripheral blood
neutrophils were defined as CD11bM9" Ly6GNi9" and monocytes as CD11b*Ly6G™. Events
in neutrophil and monocyte gates that were also CD41-positive were leukocyte—platelets
aggregates.

Histopathology

Kidney tissue was collected from mice in the HUS model that were either sacrificed at

48 h or immediately ante-mortem as determined by having a health score > 23. Tissues
were fixed in 10% neutral buffered formalin and subsequently dehydrated and embedded
in paraffin for routine histology. Sections were stained with hematoxylin and eosin (H&E),
periodic acid-Schiff or Jones silver stain and evaluated by light microscopy.
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Data were analyzed with Prism v6 for Mac. Comparisons between two groups were
analyzed with two-tailed Student’s #test and two-way analysis of variance (anova), with
post hoc Tukey’s correction used for comparison of three or more groups. Error bars show +
standard error of the mean (SEM). Kaplan—Meier survival curves were analyzed by the log-
rank (Mantel-Cox) test and in experiments with more than two groups by multiple two-way
comparisons by the log-rank (Mantel-Cox) test, followed by the Bonferroni correction for
the number of comparisons. < 0.05 was considered as statistically significant.

Cpb27/~, Cpn~ and Cpb2~-/Cpn~'~ mice

To define the relative roles of the two basic carboxypeptidases in plasma, CPB2 and CPN,
we used Cpb2™=, Cor'~ and Cob2™'~/Cpri!~ mice [8,23]. When Cpb2*'=/Cprit'~ mice were
crossed, all expected genotypes were recovered in the expected Mendelian ratios, including
the double-deficient Cob2=/Cpr!~ mice. Both male and female Cob2~/Cpor'~ mice are
fertile and the female mice carry to term with normal-sized litters and have no apparent
phenotype before challenge. Thus, the presence of a plasma basic carboxypeptidase is not
required for murine life.

Plasma levels of basic carboxypeptidases in Cpb2~~ and Cpn™~ mice

We measured basic carboxypeptidase activity by a chromogenic assay in plasma samples,
both with and without activation by the thrombin/TM complex, and showed that Cob2~/~
mice did not have increased CPN activity and Cpri/~ mice did not have increased CPB2
activity, whereas there was no detectable carboxypeptidase activity in the plasma from
Cpb2™'~1 Cpr'~ double-deficient mice (Table 1).

Cpb2~~ mice were more susceptible to Stx2 and LPS than WT or Cpn™~ mice

A survival study following the induction of HUS with Stx2 and LPS showed both Cob2~
and Cpri’~ mice had exacerbated disease, resulting in earlier death than WT mice (Fig.

1A, B). Cpb2”~ mice had a median survival of 60 h vs. 96 h in WT mice (7= 15 and

42, respectively; £< 0.0001), whereas Cpri/~ mice had a median survival of 81.5 h (n=

28; P=0.0002). The hazard ratio for CPB2 deficiency is 11.1 compared with WT mice
(95% confidence interval [Cl], 4.2-29.5) and is 3.33 (95% Cl, 1.79-6.2) for CPN deficiency
compared with WT mice. Loss of CPB2 leads to worse disease than loss of CPN (P=
0.0083), with a hazard ratio of 3.07 (95% Cl, 1.34-7.04).

Cpb2~~ mice had greater changes in markers of the HUS clinical triad than WT or Cpn™/~

mice

To investigate differences between mice with different genotypes following administration
of Stx2 and LPS, we assayed markers of hemolysis, thrombocytopenia and renal
insufficiency 48 h after induction of disease. In these experiments no mice died before
sacrifice, so there was no survivor bias. Stx2 and LPS treatment induced hemolysis in treated
mice, as shown by a reduction in red blood cell (RBC) count (Fig. 1C) and hemoglobin
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levels (Fig. 1D), and more elevated LDH (Fig. 1E) and total bilirubin levels (Fig. 1F).
CpbZ™'~ mice had a larger increase in LDH and total bilirubin compared with WT or
Cpri'~ mice or untreated mice from all three genotypes. Cob2™~, Corr’~ and WT mice
all developed thrombocytopenia with platelet counts < 20% of baseline (Fig. 2A). Fewer
platelets were present in treated Cob2~~ mice than in treated Cpr7/~ or WT mice. Renal
function abnormalities at 48 h with elevated levels of BUN (Fig. 2B) and creatinine (Fig.
2C) were observed only in CpobZ™/~ mice. Additionally, there was more liver damage in
treated Cpb2~"~ mice than in WT and Cpri/~ mice, shown by elevated ALT (Fig. 2D) and
AST levels (Fig. 2E).

As the Cprr!~ mice had an intermediate phenotype between Cpb2™/~ and WT mice, in
subsequent HUS experiments we evaluated only those two genotypes. Microangiopathy,
as demonstrated by schistocytes on peripheral blood smears taken at 48 h after disease
induction, was present in Cpb2”'~ mice but not in WT mice (Fig. 2F). Thus, the
administration of Stx2 and LPS induces a pathological condition that recapitulates the
clinical triad of human HUS. Taken together, these data demonstrate that Cob2~~ mice are
more susceptible to HUS than Cpr7/~ or WT mice, supporting our hypothesis that CPB2
plays an important role in inactivating C5a /n vivo.

Kidney pathology in mice with HUS

In mice sacrificed 48 h after HUS induction, no kidney pathology was observed, irrespective
of genotype (data not shown). Some mice were sacrificed ante-mortem because their health
score had reached a value of greater than 23, and kidney pathology was investigated.
Irrespective of genotype, necrotic tubular epithelial cells were observed, consistent with
previous reports (Fig. 2G) [17,28].

Hematologic parameters in mice with HUS

In addition to the development of hemolytic anemia, there was significant lymphopenia and
neutrophilia observed in all three genotypes, which is commonly seen upon acute bacterial
infection [29], whereas there was no change in the total leukocyte count (Fig. 3).

Coagulation and fibrinolysis markers

Plasma fibrinogen levels measured by ELISA were increased upon Stx2 and LPS challenge,
similar to the increase we previously observed in a polymicrobial sepsis model, as
fibrinogen is an acute phase protein [29], but no difference was detected between WT and
Cpb27!'~ animals (Fig. 4A). Because the fibrinogen ELISA used here detects both intact and
degraded forms of fibrinogen, we also measured D-dimer, a marker of fibrinolysis. There
were higher D-dimer levels in WT, Cpb2™'~ and Cpr™/~ animals than in control animals, but
only in Cpb2™!~ mice did the increase reach significance (Fig. 4B). This is consistent with
the expected increase in fibrinolysis in Cob27/~ mice compared with WT mice [30]. There
was no difference in levels of TAT observed in animals treated with the toxins in either
genotype, suggesting that there was no increase in thrombin generation in Cob2”~ mice
despite their exacerbated disease (Figure S1).
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Leukocyte—platelet aggregates were decreased more in Cpb2~/~ mice than in WT mice

Leukocyte—platelet aggregates contribute to the pathogenesis of HUS [31]. We measured
the absolute number of neutrophil-platelet and monocyte—platelet aggregates in mouse
whole blood and showed that in Cpb2™/~ and WT mice the number of neutrophil-platelet
aggregates was markedly increased with Stx/LPS treatment (Fig. 4D) but the number of
monocyte—platelet aggregates was unaltered (Fig. 4C). The percentage of neutrophils and
monocytes aggregated with platelets was reduced in animals with HUS as the platelet
number dropped in both genotypes (Fig. 2A), but in Cob2™/~ mice there was less reduction
in the proportion of neutrophils and monocytes in aggregates than in WT mice (Figure S2).

Anti-C5 treatment attenuated Stx2 and LPS-induced HUS in Cpb2~/~ and WT mice

CPB2 has several substrates, including fibrin, C3a and C5a, of which C5a is known to

be involved in HUS. We tested if C5a was the relevant CPB2 substrate in our model

by administering an antibody that prevents C5 cleavage, thereby preventing generation of
C5a, a known CPB2 substrate, and C5b-9 (MAC) [26,32]. Both WT and Cpb2~ mice

had prolonged survival with treatment (Fig. 5; 7= 11 in each group). Cob2™~ mice had
increased survival (P< 0.0001), with a median survival of 60 h vs. 168 h with anti-C5
treatment (hazard ratio = 0.078; 95% CI, 0.023-0.264), and in WT mice survival was also
improved (P = 0.003), with median survival of 96 h vs. 168 h in the treatment group (hazard
ratio = 0.129; 95% CI, 0.022-0.755). In this experiment, untreated Cpb2~/~ mice had worse
survival than untreated WT mice (P = 0.0253; hazard ratio = 3.53; 95% CI, 1.17-10.6), in
agreement with the earlier data. Interestingly the difference in survival between WT and
CpbZ™!~ mice was not observed in animals treated with anti-C5 antibody, as median survival
was 168 h in both genotypes and the hazard ratio is 1.18 (95% Cl, 0.431-3.22).

Susceptibility to CVF was increased in Cpn™~ but not Cpb2~/~ mice

Administration of CVF at 7.5 g i.v. per mouse to Corr™/~ mice caused 100% mortality
within 1 h, with no deaths occurring in WT mice [8]. To test susceptibility to C5a, we treated
WT, CpbZ™!l=, Con!~ and Cpb2~'~/Cpri'~ mice with 7.5 or 15 ug per mouse of C5a i.v., but
no responses were observed in any genotype, even at the higher dose.

CVF is a C3b homolog that forms a C3/C5 convertase that activates complement
systemically, generating C3a, C5a and the membrane attack complex, C5b-9 [33]. In
preliminary studies, we treated WT and Cpb2~~/Cpn~'~ mice with increasing doses of
CVF and found that 300 ug per mouse was the lowest dose at which some Cpb2~/~/Cpr'~
mice, but no WT mice, died. We treated WT, CpbZ™'=, Cori'= and CpbZ™'~/Cpri'~ mice
(n=9, except Cor™!~ mice where 7= 10) with this dose and found that deaths only
occurred in the Cob2'~/Cpri!~ mice between 30 min and 1 h after administration of

CVF (44% of Cob2=/Con'~ mice died; deaths in Cob2~=/Cpr~!~ mice different from the
other three genotypes, £< 0.0001). Cpb2™=, Cor'~ and Cob2™'~/Cpri'~ mice all had a
significant deterioration in their health score at 30 min compared with WT mice, with the
CpbZ™!=/Cori'= mice worst, then Cpri’~ mice, whereas the CobZ/~ mice had relatively
mild disease (Fig. 6A). All mice alive at 1 h subsequently recovered. Thus, in this acute
challenge model, CPN plays the dominant role, whereas CPB2 played a supplementary
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role in inactivating C5a, as the absence of CPN alone exacerbates the disease, which is
compounded when CPB2 is also missing.

There was no difference in baseline levels of C3, C5 and C5B-9 before CVF challenge
(Fig. 6B-D). In control mice there was a significant increase in C5b-9 in all four genotypes,
whereas C3 and C5 were consumed in Cpb2™~, Cor!~ and Cob2™'~/Cpri!~ mice but not
WT mice.

Discussion

HUS has been described, in part, as a disease of complement dysregulation [34]. Although
CPB2 has several substrates described /7 vitro, only three have been validated as
physiological substrates, fibrin, C3a and C5a. Based on our previous data showing CPB2
inactivation of C3a and Cb5a is relevant pathophysiologically in a murine polymicrobial
sepsis model [7], we hypothesized that in an HUS model, Cpb2~~ mice would have worse
disease than WT mice due to excessive levels of the anaphylatoxins. We employed a
published model and found the expected changes in renal insufficiency, microangiopathic
hemolysis and thrombocytopenia [25]. Cpb2~~ mice clearly had worse disease than WT
mice, consistent with our hypothesis. CPB2 is activated from proCPB2 by either the
thrombin/TM complex or plasmin bound to glycosaminoglycans, and evidence of activation
of fibrinolysis was found, as documented by elevated D-dimer levels, consistent with
enhanced plasmin generation. Increased plasmin has paradoxical effects on the complement
system, both causing an increase in activation of C5 [35] but also inhibiting complement by
cleaving C3b into inactive fragments [36,37].

The lack of an observable phenotype in the Cpb2~/~/Cpr'~ mice shows that inactivation
of the complement anaphylatoxins is not required for fertility, development or survival. No
differences were observed in baseline levels of several markers related to coagulation and
complement activation between the four genotypes, showing that lack of one or both of the
plasma basic carboxypeptidases does not result in a phenotype in the absence of challenge.

Treatment of CpbZ™/~ mice with LPS, using 30 or 40 mg kg™! LPS, the LDsq for LPS

in C57BI/6 mice, did not result in any observable differences with WT mice in survival
experiments [23]. Here we used 75 pg kg™, which is ~0.1% of the dose used previously.
The level of endotoxin in the Stx2 lots used here would increase the exposure by < 1% of
the LPS administered, as the model requires both toxins (data not shown). Thus, the disease
phenotype observed in this model was not mediated by a direct toxic effect of LPS.

Treatment with an antibody that prevents cleavage of C5, and hence formation of C5a as
well as the MAC, protected both CpbZ/~ and WT mice, showing that the cleavage products
of C5 play an important role in exacerbation of the disease. C5a is a good substrate for
CPB2 in vitro[38], whereas to our knowledge there are no reports of CPB2 affecting

the formation of the MAC. Thus, C5a is the probable CPB2 substrate in this HUS model
responsible for the difference in phenotype to WT mice. This study does not, however,
eliminate a role for other substrates of CPB2 in this model. Blockade of the C3a receptor
protects mice against HUS induced by Stx2 and LPS [19] and it is plausible that increased
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levels of C3a could also play a role here. On the other hand, enhanced plasmin generation
and fibrinolysis, as expected in the Cob27/~ mice and supported by the higher levels of
D-dimer, should lead to a decreased clot burden and a beneficial effect in these mice, rather
than increased disease susceptibility; thus, fibrin is probably not a key substrate in this
model. Eculizumab is an anti-human C5 antibody with an equivalent mode of action to the
anti-mouse C5 antibody used in our studies and has been shown to have beneficial effects in
Shiga toxin-producing £. coli infections, especially when administered early [39-41].

It is notable that although the deficiency of either carboxypeptidase renders the mouse more
susceptible in the HUS model, Cob2/~ mice clearly had worse disease than Cpri/~ mice.

In contrast, when challenged acutely with CVF, the reverse phenotype was observed. Cor/~
mice had markedly worse disease than Cpb2~'~ mice, whereas the WT mice were resistant
at this dose of CVF. Previous studies have also shown that Cor™/~, but not CobZ™/~, mice
are susceptible to acute CVF challenge [8,9]. Taken together, the data suggest that CPN

and CPB2 play overlapping but non-redundant roles in regulating complement activation

in vivo. The constitutively active CPN is key for inactivation of systemic C5a in the

blood compartment, whereas CPB2, whose activation from proCPB2 requires either the
thrombin/TM complex or plasmin, functions as an on-demand supplementary anaphylatoxin
inhibitor in inactivating excessive C5a that is formed locally. Thus, the Cpri/~ mice
succumb to the acute systemic CVF challenge, whereas Cob2™/~ mice are more susceptible
to the Stx2/LPS-induced HUS, which is a more subacute disease model. It would be
interesting to determine if this phenotypic difference between the Corr/~ and Cob2~ mice
is observed in other complement-mediated murine disease models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials
. Two basic carboxypeptidases are present in plasma, B2 (CPB2) and N (CPN).

. Cpb2™"= and Cpr'~ mice were challenged in a hemolytic uremic syndrome
(HUS) model vs. wild type.

. Cpb27'~ exacerbates HUS while Cpri/~ exacerbates cobra venom factor
challenge vs. wild type mice.

. CPB2 and CPN have overlapping but non-redundant roles.
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Fig. 1.

Cpb2~ mice have exacerbated hemolytic-uremic syndrome (HUS) compared with
wild-type (WT) or Cpri’= mice. Disease was induced by treatment with Stx2 and
lipopolysaccharide (LPS) together as described in Methods, and in C-F the mice were
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sacrificed at 48 h for blood collection (7= 10) for complete blood count (CBC) and clinical
chemistry analysis. (A) Cob2=, Con™!~ and WT mice were followed until death (7= 15, 28
and 42, respectively). (B) Data analyzed by the log rank method with Bonferroni correction

for multiple testing. Data analyzed by the log rank method (P = 0.0708). (C) red blood

cell (RBC) count, (D) hemoglobin levels, (E) plasma lactate dehydrogenase (LDH) and (F)

plasma total bilirubin. *£< 0.05, **P< 0.01, ****P < 0.0001.
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Fig. 2.
Cpb27'~ mice have worse liver and kidney damage in hemolytic-uremic syndrome (HUS)

compared with wild-type (WT) mice. Disease was induced by treatment with Stx2 and
lipopolysaccharide (LPS) together as described in Methods and mice were sacrificed at 48
h for blood collection (7= 10). (A) Platelet count, (B) blood urea nitrogen (BUN), (C)
creatinine, (D) alanine transaminase (ALT) and (E) aspartate transaminase (AST). *P<
0.05, **P<0.01, ***P< 0.001, ****P < 0.0001. (F) Blood smear showing schistocytes
(open arrows) in a sample from CpbZ™'~ mice but not WT mice. (G) Kidney section
harvested ante-mortem stained with H&E. Arrows point to necrotic tubular epithelial cells.
The sections were examined under a Nikon 40x/0.95 objective lens using a Nikon Eclipse
E1000M and images captured with a Diagnostic Instruments 15.2 Mp Shifting Pixel using
Spot Imaging solutions Version 5.3 acquisition software.
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Complete blood count changes in hemolytic-uremic syndrome (HUS) model. Disease was
induced by treatment with Stx2 and lipopolysaccharide (LPS) together as described in
Methods and mice were sacrificed at 48 h for blood collection (7= 10). (A) White blood cell
count, (B) lymphocytes, (C) monocytes and (D) neutrophils. **£< 0.01, ***£< 0.001.
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Fig. 4.

Hgmolytic-uremic syndrome (HUS) causes changes in coagulation and fibrinolysis markers
and platelet-leukocyte aggregates. Disease was induced by treatment with Stx2 and
lipopolysaccharide (LPS) together as described in Methods and mice were sacrificed at 48 h
for blood collection (n7> 8). ELISAs were run for (A) fibrinogen and (B) D-dimer. Platelets
were identified by staining with anti-CD41, neutrophils were defined as CD11bNi9"y6Ghigh
and monocytes were defined as CD11b*Ly6G™. Events in neutrophil and monocyte gates
that were also CD41 positive were leukocyte—platelet aggregates. /= 6. (C) Monocyte—
platelet aggregates and (D) neutrophil-platelet aggregates. *~ < 0.05, **P< 0.01.
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Fig. 5.

Anti-C5 antibody prolongs survival in the hemolytic-uremic syndrome (HUS) model in
both Cob27~ and wild-type (WT) mice. Disease was induced by treatment with Stx2 and
lipopolysaccharide (LPS) together as described in Methods and mice were followed until
death (7= 11). Anti-C5 antibody was administered intraperitoneally at 3 h before disease
induction and then every 24 h. Data were analyzed by the log rank method with the

Bonferroni correction for multiple tests.
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Fig. 6.
CpbZ™'=/Cpr!~ mice have worse disease after cobra venom factor (CVF) treatment than

Cpbz!=, Cpr!~ or wild-type (WT) mice. Mice were treated with 300 pg/mouse CVF and
their health score was monitored. (A) Four CobZ™'~/Cpr!~ mice died between 30 min and
1 h. The health scores for all genotypes were different from each other (Cob2'~/Cpr!-,
CpbZ~ and WT, n=9; Cori’~, n=10; P< 0.0001). Plasma was collected before and 20
min after CVF administration and ELISAs were run for (B) C5b-9, (C) C3 and (D) C5 (n=
6). *P<0.05, **P<0.01.
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Table 1

Plasma basic carboxypeptidase activity

CPB2 activity (mOD/min)  CPN activity (mOD/min)

WT (n=23)

CpbZ'= (n=13)

Cor'= (n=3)

CobZ"= | Corr'= (n=5)

0.15+0.06 1.60+0.16
0.02 +0.03 1.80 +£0.22
0.17 £0.05 0.01+0.01
0.04 £ 0.05 0.03 £0.04
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Citrated plasma, collected from the four genotypes, was assayed for carboxypeptidase N (CPN) and carboxypeptidase B2 (CPB2) activity. WT,

wild type.

J Thromb Haemost. Author manuscript; available in PMC 2021 October 05.



	Summary.
	Introduction
	Methods
	Mouse husbandry
	Mouse model of HUS
	CVF challenge
	Laboratory tests
	Flow cytometry analysis of leukocyte–platelet aggregates
	Histopathology
	Statistics

	Results
	Cpb2−/−, Cpn−/− and Cpb2−/−/Cpn−/− mice
	Plasma levels of basic carboxypeptidases in Cpb2−/− and Cpn−/− mice
	Cpb2−/− mice were more susceptible to Stx2 and LPS than WT or Cpn−/− mice
	Cpb2−/− mice had greater changes in markers of the HUS clinical triad than WT or Cpn−/− mice
	Kidney pathology in mice with HUS
	Hematologic parameters in mice with HUS
	Coagulation and fibrinolysis markers
	Leukocyte–platelet aggregates were decreased more in Cpb2−/− mice than in WT mice
	Anti-C5 treatment attenuated Stx2 and LPS-induced HUS in Cpb2−/− and WT mice
	Susceptibility to CVF was increased in Cpn−/− but not Cpb2−/− mice

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1

