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THROMBOSIS AND HEMOSTASIS

In vivo—generated thrombin and plasmin do not activate the complement
system in baboons
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Sepsis concurrently activates both coagulation and complement systems. Although

complement activation by bacteria is well documented, work in mice and in vitro suggests

* In vivo—generated thrombin
and plasmin do not contribute
to complement activation in
nonhuman primates.

e Bacteria and
lipopolysaccharide are the
main drivers of in vivo
complement activation in
E coli sepsis in baboons.

that coagulation proteases can directly cleave complement proteins. We aimed to determine
whether generation of coagulation proteases in vivo can activate the complement cascade
in 2 highly coagulopathic models. We compared temporal changes in activation biomarkers
of coagulation (thrombin-antithrombin [TAT]), fibrinolysis (plasmin-antiplasmin [PAP]),
and complement (C3b, C5a, C5b-9) in baboons infused with factor Xa (FXa) and
phospholipids (FXa/phosphatidylcholine-phosphatidylserine [PCPS]) vs LD100 Escherichia
coli. We found that, albeit with different timing, both FXa/PCPS and E coli infusion led to
robust thrombin and plasmin generation. Conversely, only E coli challenge activated the
complement system, reaching a maximum at 2 hours postchallenge during the peaks of
lipopolysaccharide and bacteremia but not of TAT and PAP. Despite inducing a strong burst
of thrombin and plasmin, FXa/PCPS infusion did not produce measurable levels of
complement activation in vivo. Similarly, ex vivo incubation of baboon serum with thrombin, plasmin, or FXa did not show noticeable
complement cleavage unless supraphysiologic amounts of enzymes were used. Our results suggest that in vivo—generated thrombin and
plasmin do not directly activate the complement in nonhuman primates. (Blood. 2017;130(24):2678-2681)

Introduction

Complement and hemostasis play essential roles in innate immunity,
protecting the host against bacterial invasion and dissemination.' These
evolutionarily conserved systems are composed of serine proteases,
which are activated by invading pathogens or pathogen-associated
molecular patterns.? Bacterial sepsis triggers robust activation of the
complement, coagulation, and fibrinolytic systems, which all contribute
to disseminated intravascular coagulation, organ damage, and death.’
Numerous reports suggest close direct or indirect interactions between
these systems during the hematologic response to injury. Complement
and coagulation have synergistic effects such that the activation of one
augments the activation of the other." Although some of the data
supporting the activation of complement by coagulation or fibrinolytic
proteases, including thrombin and plasmin, have been derived from in
vivo studies in mice,*> human data are mostly based on in vitro assays
with purified proteins, serum, or plasma.””’

Limited in vivo information from relevant primate models has
left lingering questions about the physiological significance and
implications of this proposed crosstalk in humans. To test the in
vivo role of thrombin and plasmin on complement activation in
primates, we used plasma samples from baboons infused with
factor Xa (FXa) and phosphatidylcholine-phosphatidylserine
(PCPS) vesicles (FXa/PCPS) that trigger a robust burst of thrombin

and subsequent plasmin generation in vivo.*° For comparison, we
used plasma from baboons infused with LD100 Escherichia coli'®
that leads to activation of the complement,'""'? coagulation, and
fibrinolytic systems.'>'*

We found that bacteria and lipopolysaccharide (LPS) were the main
activators of the complement system in E coli sepsis. In contrast,
FXa/PCPS-induced in vivo generation of thrombin and plasmin, even
if in large enough amounts to deplete most of the fibrinogen/fibrin,
minimally affected complement activation.

Study design

Baboon model of E coli sepsis and FXa/PCPS infusion

Plasma samples were derived from studies approved by the Institutional Animal
Care and Use Committee of the Oklahoma Medical Research Foundation. Papio
anubis baboons were IV infused with a single bolus of FXa/PCPS (36.6 pmol/kg
body weight FXa and 56.3 nmol/kg body weight PCPS)’ or LD100 E coli
(1 X 10" colony-forming units [CFUs}/kg to 3 X 10'° CFU/kg).'""'?

Baboon blood samples and physiological parameters were collected before
(T0) and at the indicated times after challenge with FXa/PCPS or E coli. Detailed
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Figure 1. Time-course activation of coagulation,
fibrinolysis, and complement pathways during A B
Xa/PCPS vs E coli challenge. (A) TAT, (B) fibrino-
gen, (C) tissue plasminogen activator (t-PA), (D) 3 -4 LD100 E. coli :o 100 & LD100 E. coli
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descriptions of the methods are presented in the supplemental Methods (available
on the Blood Web site).

Ex vivo baboon serum assays

Baboon serum samples were incubated for 90 minutes at 37°C with
increasing concentrations of (1) human thrombin (5 or 20 pg/mL [3230
National Institutes of Health (NIH) U/mg]; Enzyme Research Laborato-
ries), (2) human plasmin (5 or 20 pg/mL [7.5 U/mg]; Sigma Aldrich), or (3)
human FXa (0.04, 0.4, 4, 40, or 100 pwg/mL human FXa [100 U/mg];
Enzyme Research Laboratories). The method is detailed in the supplemen-
tal Methods.

Results and discussion

Although temporally different, both FXa/PCPS and E coli infusion
induced robust thrombin generation as evidenced by thrombin-
antithrombin (TAT) levels in plasma (Figure 1A). Although
FXa/PCPS infusion led to maximum levels of thrombin at 10 minutes
postchallenge, E coli led to a delayed response, where TAT levels
peaked 8 hours after the challenge. Similarly, FXa/PCPS infusion
consumed 90% of fibrinogen within 10 minutes whereas the E coli
challenge consumed 90% of fibrinogen after 8 hours postinfusion
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Figure 2. Time course of bacteremia and LPS

A B content in blood. (A) Blood samples were collected at
the indicated time points and CFUs were determined
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(Figure 1B). Whereas both challenges activated the coagulation to
the extent of almost full depletion of plasma fibrinogen, FXa/PCPS
infusion generated a brief acute response whereas the procoagulant
response to E coli was spread over a larger time frame.

Because thrombin is a major secretagogue of t-PA, the main driver
of plasmin generation in the vasculature, we tested the effect of FXa/
PCPS and E coli infusion on t-PA release. We also measured (PAP as a
measure of plasmin generation, and fibrinogen/fibrin degradation
products and D-dimer as plasma markers of fibrinolysis. t-PA content in
plasma was increased by FXa/PCPS and E coli infusion (Figure 1C).
Similarly, both FXa/PCPS and E coli infusion induced robust plasmin
generation (Figure 1D) and fibrin degradation (Figure 1E). Fibrinolytic
activation markers reached maximum levels after 10 to 40 minutes after
FXa/PCPS vs 8 hours after E coli infusion.

Despite robust plasmin and thrombin generation by both FXa/PCPS
and E coli, FXa/PCPS infusion did not induce complement activation as
measured by activation markers C3b, C5a, and soluble C5b-9 16
(Figure 1F-H). In contrast, E coli challenge induced strong complement
activation with a maximum response at 120 minutes (Figure 1F-H).

E coli and LPS are reported to activate both classical and alternative
pathways of the complement system.'” Maximal amounts of com-
plement activation markers (Figure 1F-H) coincided with the level of
bacteremia (Figure 2A) and endotoxin (LPS) (Figure 2B).'® These
findings suggest that bacteria and LPS are the main activators for the
complement system in E coli sepsis. Importantly, we observed a temporal
difference between maximal activation of complement (120 minutes;
Figure 1F-H) and the peak of coagulation/fibrinolytic markers
following E coli challenge (240-480 minutes; Figure 1A-E), suggesting
no direct effect of coagulation proteases on complement activation.

In contrast to previous in vivo studies in mice or in vitro studies with
human blood,>” our results demonstrate that thrombin and plasmin
have no detectable effect on in vivo complement activation in baboons
(Figure 1A-F). Testing the effect of proteases ex vivo using whole
blood or plasma approaches is not feasible as blood anticoagulants
interfere with complement activation or directly block thrombin.
Because human serum was previously used as a source of complement
proteins in ex vivo assays,® we incubated baboon serum with thrombin,
FXa, or plasmin (see supplemental Results). As shown in supplemental
Figure 1, incubation with thrombin even at very high concentrations did
not induce complement activation, whereas incubation with plasmin
and FXa induced elevation of complement activation markers only at
supraphysiologic doses (20 pwg/mL plasmin or 40-100 pwg/mL FXa,
respectively). Our ex vivo data support the conclusion that cross-
activation of the complement system by coagulation proteases is very
low or nonexistent, and probably has no physiological implications.
These results are not necessarily suggesting that baboons are somehow
different from humans in this respect, as similar results were obtained

when we used human serum (data not shown). We had to use baboon
serum because all known anticoagulants strongly interfere with com-
plement activation. However, we recognize that this approach has
limitations, including a small consumption (<1%) of complement
proteins and partial depletion of antithrombin (AT) and a2-antiplasmin
during serum preparation.

Discrepancies between our and previously published data may
result from differences in complement and coagulation systems
between species'® or reflect differences in the experimental conditions.
The bulk of published data are derived from ex vivo assays using
nonphysiologic amounts of purified proteases incubated with plasma
or purified complement proteins.>® Differently from ex vivo, both
thrombin®® and plasmin®' are tightly controlled in vivo by inhibitors
such as AT and a,-antiplasmin, resulting in short-lived protease
activity. Moreover, thrombin inactivation in vivo is enhanced by vessel
wall-associated heparan sulfates®* that strongly amplify AT activity.?*
Inex vivo assays, inhibition of thrombin by AT is inefficient in the absence
of hepan'n23 and there is no clearance involved. In contrast, TAT* and
PAP?' complexes are rapidly formed and cleared in vivo within minutes,
affecting the availability of the enzymes to act on complement proteins.

We cannot fully refute that baboon clotting or fibrinolytic enzymes
could cleave complement proteins in a purified system. Unfortunately,
we cannot replicate experiments with purified proteins as neither ba-
boon coagulation proteases nor complement proteins are available in
purified forms. However, experiments with a high concentration of
purified enzymes in the absence of natural inhibitors have limited
physiological relevance.

The published in vivo data are restricted to mouse models of injury-
induced thrombosis® that do not differentiate between the effects of the
proteases and tissue damage. Differently, we used a model of pure
coagulopathic challenge, with no significant tissue damage. Our model
has clinical relevance because nonhuman primates have the closest
phylogenetic proximity to humans.

The caveat of this study is that the time frame of thrombin and
plasmin generation in the 2 models is not comparable, as Xa/PCPS
infusion leads to an acute burst of thrombin and plasmin, whereas in
E coli sepsis, thrombin and plasmin are generated over several hours.

In conclusion, because thrombin and plasmin generated after
FXa/PCPS infusion did not increase complement biomarkers, our
results suggest that these proteases do not contribute by themselves to
complement activation in vivo. However, it is possible that chronically
produced coagulation proteases could act synergistically with the
bacteria to promote complement activation and immunothrombosis
during bacteremic sepsis. Actually, the converse effect of comple-
ment on activation of coagulation was demonstrated, as complement
inhibition in baboon models of E coli sepsis was accompanied by
dampening of coagulation biomarkers.''*> Hence, future studies to
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determine whether inhibition of coagulation proteases can decrease
complement activation induced by sepsis are warranted.

Delineating the crosstalk between the complement and coagulation
pathways is important to better understand the pathophysiology of
sepsis and may help to identify new therapeutic targets.
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