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Abstract

There is accumulating evidence in humans and in experi-
mental sepsis that robust activation of the complement sys-
tem occurs along with development of defects in the innate
immune system. In this report we review evidence that the
complement activation product, C5a, appears in the plasma
of rodents following cecal ligation and puncture (CLP). C5a
interacts with its receptors (C5aR, C5L2) on phagocytes
(polymorphonuclear neutrophils, PMNs, macrophages), ulti-
mately paralyzing the ERK1/2 pathway of the mitogen-ac-
tivated protein kinase signaling pathway. C5a is also inter-
active with its receptors on a variety of other cell types in
various organs. Interaction of C5a with receptors on PMNs
results in compromised innate immunity, with intense sup-
pression of phagocytosis, chemotaxis and the respiratory
burst. Endothelial cells acquire a pro-inflammatory pheno-
type (increased ICAM-1 and tissue factor expression), while
macrophages are primed and produce large amounts of cy-
tokines/chemokines. All of these outcomes are C5a and C5a
receptor dependent. CLP also unleashes activation of clot-
ting (and fibrinolytic) factors in a C5a-dependent manner.
Finally, thymocytes upregulate C5aR and react with C5a, re-

sulting in apoptosis via the intrinsic (mitochondrial) path-
way. Collectively, these findings suggest that interception of
C5ain sepsis preserves innate immune functions and may be
a strategy for treatment of septic humans.

Copyright © 2010 S. Karger AG, Basel

Introduction

The defensive responses in sepsis involve engagement
of the innate immune system in an attempt to contain
and remove offending microorganisms by locally trigger-
ing a robust acute inflammatory response at the site of
infection. In sepsis, this response often becomes system-
ically expressed. There is strong evidence that both the
Toll-like receptor and complement systems are brought
into play as the body tries to contain the offending micro-
organisms. It is well known that these responses may re-
sultin a successful assault on the microorganisms, result-
ing in their containment and cessation of the inflamma-
tory response, with return to homeostasis. Unfortunately,
for 30-50% of septic patients in North America, the in-
flammatory response continues and becomes greatly ex-
aggerated, resulting in septic shock and lethality [1]. In
the course of progression of the septic state, there is evi-
dence for a ‘cytokine storm’” which is defined by the pres-
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Table 1. Evidence for harmful effects of C5a in sepsis

1 Protective effects of neutralizing polyclonal antibodies to C5a
in CLP rats:
a Enhanced survival
b Reduced defects in innate immune system
¢ Reduced multiorgan failure
d Reduced intensity of coagulopathy

2 Protective effects of absence or blockade of C5a receptors in
CLP mice:
a Requirement for blockade or absence of both C5aR and C5L2
b Improved survival
¢ Reduced cytokine storm
d Role of C5L2 in production of HMGB1

3 Unexpected effects of CLP in C5”/~ mice

ence in serum/plasma of numerous pro-inflammatory
cytokines and chemokines. Precisely why this occurs and
to what extent these mediators are responsible for devel-
opment of multiorgan failure (involving heart, lungs, kid-
neys and liver) is entirely unknown. We will provide a
brief review for the role of the complement system in the
setting of sepsis both in humans and in animals with an
emphasis on generation of C5a and its engagement with
Cb5a receptors (C5aR, C5L2), the result of which leads to
a large number of life-threatening outcomes in a variety
of organs.

Evidence for Complement Activation in Humans
with Sepsis

It has been known for some time that in septic hu-
mans there is robust activation of the complement sys-
tem, as signified by the loss of the hemolytic activity of
complement (CH50) and by the appearance in plasma of
complement activation products, namely, the comple-
ment anaphylatoxins, C3a and C5a, which can be mea-
sured by ELISA technology [2, 3]. In humans, the levels
of C5a can rise to levels as high as 100 nM [2]. Coincident
with complement activation is impairment of innate im-
mune functions of blood neutrophils (polymorphonu-
clear neutrophils, PMNs), involving chemotaxis, phago-
cytosis and the respiratory burst (associated with activa-
tion of NADPH oxidase, NOX2) [4]. Of considerable
interest is the finding that the impaired chemotactic re-
sponses are globally affected, since neutrophils (PMNs)
develop defective responses not only to C5a but also to
the structurally unrelated and bacterially derived che-
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motactic molecule, N-formyl-Met-Leu-Phe [2, 4]. Such
data suggest that signaling pathways involving G pro-
tein-coupled receptors, which seem to converge down-
stream, have become defective, resulting in global dys-
function of innate immune responses in PMNs. It is im-
portant to emphasize that reports describing defects in
innate immune responses of blood leukocytes from sep-
tic humans have often involved relatively small groups of
patients and frequently have lacked sequential measure-
ments over time in order to define the kinetics of such
events. The absence of such information makes it very
difficult to compare various reports and to know to what
extent findings in sepsis can be put into a reliable frame-
work of knowledge.

Complement Activation and Role of C5a in
Experimental Sepsis

We will deal with evidence for the adverse roles of C5a
as well as C5a receptors (C5aR, C5L2) in experimental
sepsis. Several decades ago, monkeys infused intrave-
nously with live Escherichia coli showed evidence of com-
plement activation [5]. The copresence of a rabbit poly-
clonal antibody to C5a in this model resulted in neutral-
ization of C5a, attenuating some of the features of sepsis
such as shock, oxygen consumption and development of
the acute respiratory distress syndrome [6]. There were
suggestions that mortality rates in the anti-C5a-treated
monkeys were reduced, but the number of monkeys
was too small to obtain statistical significance that would
link C5a neutralization to attenuated pathophysiological
changes and improved survival.

Most of the work dealing with the role of C5a and C5a
receptors in the setting of sepsis (cecal ligation and punc-
ture, CLP) has been done in our own laboratories, using
the rat and rodent models of CLP. Technical details of the
CLP model in rodents have been recently described [7].
The data outlining evidence for the linkage between C5a
and its receptors in the setting of sepsis are briefly sum-
marized in table 1. The first strong hint for the adverse
role of C5a in CLP rats came from the finding that intra-
venous infusion of neutralizing polyclonal antibody to
rat C5a was highly protective, caused reduced evidence
of multiorgan failure and resulted in dramatically im-
proved survival (from 0% survival in the unprotected to
50% survival in rats treated with neutralizing antibody
to Cba) [4, 8]. In successive studies, treatment of either
CLP rats or mice with neutralizing antibodies (poly-
clonal or monoclonal antibodies, mAb) to C5a resulted
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in improvements in survival and was found to be related
to amount of antibody infused (intravenously) at the
time of CLP as well as the time of administration of the
antibody [9]. Such treatment greatly reduced evidence of
multiorgan dysfunction [10]. Several important observa-
tions arose from these studies. When the rabbit poly-
clonal IgG was employed and given intravenously at the
time of CLP, the protective effects in rats (survival over
a 10-day period) were directly related to the dose of an-
tibody employed (200, 400, 600 pg). The antibodies that
were affinity purified were directed towards three differ-
ent peptide regions of rat C5a: the N-terminal area (resi-
dues 1-16), the mid-region of C5a (residues 17-36) and
the C-terminal region (residues 58-77). The most pro-
tective antibodies were those directed at the mid- and
C-terminal regions of C5a. By the use of these synthetic
peptides for each of the three regions of C5a, it was pos-
sible to demonstrate that they could reduce chemotactic
responses of rat PMNs to intact C5a, thereby establishing
that C5a binds to C5aR at at least three different sites,
which seems unusual for a G protein-coupled receptor-
ligand interaction. Such data infer that at least three dif-
ferent regions on C5a could be targeted to reduce the
ability of C5a to interact with its receptor(s). The use of
600 wg of antibody targeted at the mid- or C-terminal
regions of C5a improved survival over 10 days from 23%
in rats receiving pre-immune IgG to 83-90% survival in
rats given antibodies to the mid- or C-terminal or mid-
regions of C5a.

Another fascinating outcome of these studies was the
fact that the polyclonal antibodies to C5a, when added to
normal rat serum, did not inhibit C5b-9-dependent lysis
of sensitized rabbit red cells [11]. In other words, the an-
tibodies behaved like mAbs that could recognize C5a
only after it had been cleaved from C5 but not when it was
still present in intact C5. This implies that C5a, when re-
leased from its parent molecule, undergoes a conforma-
tional change that results in expression of a unique epi-
tope. Such observations are important, since, if such an
anti-C5a were to be used in humans, it would neutralize
C5a but would not cause C5 depletion, resulting in loss of
C5b-9 generation and compromising the lytic ability of
C5b-9 for Gram-negative bacteria.

Finally, these studies showed that the protective effects
of anti-C5a antibodies to the mid- or C-terminal regions
of rat C5a were, as expected, time dependent based on
induction of CLP. When given at time 0 of CLP, 90% sur-
vival was found; when delayed until 6 h after CLP, sur-
vival was still approximately 60%; when infusion of anti-
C5a was delayed until 12 h after CLP, survival was still
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40-50%. Such data infer that there is a substantial ‘win-
dow’ after onset of sepsis when antibody-induced neu-
tralization of C5a is still efficacious. Similar data have
been found using mouse neutralizing mAbs to rat C5a
(data not shown). In addition to being highly protective
(defined as greatly improved survival), these interven-
tions substantially reduced the intensity of multiorgan
failure as defined by diminished levels of plasma lactate,
transaminases, creatinine and blood urea nitrogen [4,
10].

The time frame for sepsis development after CLP oc-
curs in a short period of approximately 3 days in rodents.
The early phase (in the first 36 h) is the ‘hyperdynamic’
phase featuring, among other things, fever, tachycar-
dia, increased cardiac output and leukocytosis. The late
phase (between 36 and 72 h) is the ‘hypodynamic’ phase
characterized by hypothermia, shock, bradycardia, tachy-
pnea and falling core body temperature, among other
things. In humans, the sequence of pathophysiological
events in sepsis is more spread out, often occurring over
4-6 days. Based on the protective effects of delayed infu-
sion of anti-C5a into CLP rats (described above), it is pos-
sible that such a therapeutic approach in septic humans
might still be effective when patients enter the phase of
septic shock.

Another strategy used in CLP mice was employment
of a cyclical inhibitor of C5aR (and also C5L2), which
blocks the ability of C5a to react with its receptors [12].
This compound was highly effective in enhancing sur-
vival of CLP mice [13]. The intensity of the coagulopathy
of sepsis was greatly attenuated in CLP rats (for example,
clotting times were minimally prolonged, thrombocyto-
penia was reduced and plasma levels of fibrin split prod-
ucts as well as thrombin-antithrombin complexes were
greatly reduced) as a result of neutralization of C5a after
CLP [14].

Roles of C5a Receptors in Experimental Sepsis

Based on the key role of C5a in sepsis (as described
above), the crucial issue deals with the possible coordi-
nate roles of C5aR and C5L2 in the setting of experimen-
tal sepsis. Aside from interception of C5a in sepsis (as
described above), blockade of C5a receptors is an alterna-
tive approach. However, it is essential to know which re-
ceptor is dominant in sepsis or whether both participate,
in order to assess a receptor blocking strategy. Figure 1
shows a scheme in which CLP-induced sepsis in rodents
induces complement activation, resulting in C5a produc-
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Fig 1. Roles of C5a and C5a receptors in
experimental sepsis.
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tion and engagement of both C5aR and C5L2 in a variety
of cell targets that bear these receptors (PMNs, macro-
phages, endothelial cells, thymocytes and perhaps lym-
phocytes, as well as organs such as lung, liver, spleen,
heart and kidneys). As indicated above, sepsis is associ-
ated with the appearance of C5a (and C5a desArg) as well
as C3a (and C3a desArg) in plasma. C5a and C5a desArg
interact with C5aR (CD88) and C5L2, each of which is a
seven-membrane spanning receptor. C5L2 also appears
to interact with C3a desArg [17]. Engagement of C5aR
with C5a causes C5aR to engage with the G protein sys-
tem, resulting in a rapid cytosolic Ca*" transient and rap-
id intracellular translocation of the C5a-C5aR complex.
Because of an amino acid substitution in the DRY region
of the second intracellular loop of C5L2, engagement of
this receptor with C5a does not result in G protein-cou-
pled activation and, thereby, no Ca®" transient occurs
[15-19]. Somewhat surprisingly, the bulk of C5L2 appears
to be chiefly within intracellular granules of PMNs [20,
21]. As C5a-C5aR translocates into the cytoplasm, it ap-
pears to associate with C5L2, whereupon signal trans-
duction occurs in a manner that may represent the com-
peting influences of C5aR (positive outcomes) and C5L2
(negative outcomes). These interactions and subsequent
responses of phagocytes appear to be contained by the
binding of B-arrestin to the C5a receptors [20]. On bal-
ance, while activation of C5aR clearly leads to ERK1/2
activation, the extent to which C5L2 interacting with C5a
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affects ERK1/2 activation is a subject of considerable con-
tention. In PMNs from C5L2~/~ mice, in nonmyeloid cells
transfected to express C5L2 or in wild-type (Wt) PMNs
in which C5L2 has been blocked with an antibody, one
group argues that under such conditions engagement of
C5L2 seems to attenuate ERK1/2 activation linked to
C5a-C5aR engagement [20]. It seems clear that ERK1/2
activation (phosphorylation) is linked to C5a interacting
with C5aR [22]. In contrast, another group reports that,
in the absence of C5L2, reduced activation of ERK1/2 oc-
curs [23]. It is currently not possible to reconcile these
divergent views.

There is strong evidence recently obtained that both
C5aR and C5L2 contribute to the adverse outcomes of
sepsis. As indicated above, in CLP mice treated with a
synthetic, cyclic inhibitor which blocks both C5aR and
C5L2 [13], infusion of a competing peptide that blocks
both receptors [24] or after the use of mice lacking one of
the two Cb5a receptors and also treated with a blocking
antibody to the other receptors [24], there was consider-
ably improved survival following CLP. Our group has
also described in CLP mice that antibody-induced block-
ade of C5L2 resulted in significantly increased (by 3-fold)
levels of IL-6 in the plasma, suggesting that C5L2 in some
manner regulates the cytokine appearance in plasma
under conditions of CLP [25]. When Wt, C5aR~~ and
C5L27"~ mice (all on a C57Bl/6 background) were used in
the mild and severe CLP models of sepsis [7], it was fairly
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clear that in the severe form of sepsis the absence of C5aR
together with antibody-induced blockade of C5L2 result-
ed in significantly improved survival (going from 0%
survival up to 80%) [24]. In the mild form of sepsis, ab-
sence of C5L2 as compared to Wt mice also led to im-
proved survival (from 40 to 80%) in C5L27/~ mice [24].
Interestingly, in either C5aR™/~ or C5L27"~ mice, levels of
various cytokines and chemokines in the cytokine storm
were in general substantially reduced (=80%) after CLP.
This pattern suggests that the sepsis-induced cytokine
storm may occur in a sequential fashion and in a manner
that requires C5a engagement of both C5aR and C5L2.
Another important observation obtained from these
studies was that C5L27/~ mice after CLP had greatly re-
duced levels of HMGBI1, which is a well-known transcrip-
tion factor that appears in plasma after CLP or endotox-
emia and whose blockade in these models of sepsis is
protective [26]. Interestingly, in C5aR™"~ mice after CLP,
there was no reduction in plasma levels of HMGBI [24].
Furthermore, peritoneal exudate macrophages from Wt
or C5aR”~ mice produced HMGBI when stimulated with
LPS, whereas macrophages from C5L2~~ mice showed no
HMGBI1 production. Accordingly, HMGBI expression
from LPS-stimulated peritoneal macrophages is a func-
tion of C5L2 but not C5aR. However, as described above,
the bulk of cytokines and chemokines expressed in plas-
ma after CLP requires participation of both C5aR and
C5L2.

Early after CLP, PMNs show a gain of function by ex-
pressing CCL1, CCL2 and CCL5 [27], which would be
expected to lead to pro-inflammatory outcomes. Ordi-
narily, these receptors are expressed in small amounts, if
at all, on PMNs and these cells respond very poorly to li-
gands for these receptors, based on chemotaxis as the
functional endpoint. Blood PMNs after CLP show in-
creased binding of MCP-1 and MIP-1a and acquire the
ability to respond chemotactically in vitro to these che-
mokines [27]. Non-CLP PMNs are ordinarily nonrespon-
sive to these chemokines. In addition, CLP causes blood
PMNs to show increased expression of 3, integrins
(CD29) and (3, integrins (CD18), indicating a hyperre-
sponsiveness to the ‘counter receptors’ for these integrins
[28]. Collectively, these data demonstrate that, in the ear-
ly stages after CLP, blood PMNs develop an exaggerated
ability to respond to a variety of inflammatory mediators.
As indicated above, as time progresses after CLP, the
MAPK (ERK1/2) pathways in PMNs become paralyzed
in a C5a-dependent manner [4] and lose innate immune
functions (phagocytosis, chemotaxis, respiratory burst),
causing an inability to clear gut-derived bacteria from
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blood and from the peritoneal cavity. In rodents with
CLP, these bacteria are both Gram-positive and -nega-
tive). Under these conditions, the respiratory burst in
blood PMNs becomes defective and assembly of NADPH
oxidase (NOX2) is greatly impaired due to an inability to
translocate from the cytosol critical subunits (such as
p47Pho%) of the oxidase to the cell membrane, indicating
that the ability to generate H,O, for MPO-dependent
killing of ingested bacteria is greatly reduced (fig. 1) [4].
It is clear that such defects are C5a dependent and can be
largely averted after CLP by in vivo neutralization of C5a
[4]. Macrophage interaction with C5a does not result in
impairment of signaling pathways for reasons that are not
understood. This may be due to the fact that binding sites
for C5a on macrophages are far fewer when compared to
the number of sites on PMNs. The chief effect of C5a on
macrophages is their ‘priming’ and greatly enhanced pro-
duction of pro-inflammatory mediators, likely related to
the cytokine storm in sepsis which is followed by multi-
organ failure. Endothelial cells during sepsis have in-
creased expression of ICAM-1 as well as tissue factor,
both being linked to interaction of these cells with C5a
[29]. In this manner, endothelial cells bind many more
PMNs resulting in increased translocation of PMNs into
organs. As well, endothelial cells with their increased sur-
face content of tissue factors now enhance the likelihood
of intravascular clots. Thymocytes as early as 3 h after
sepsis have increased expression of C5aR and then un-
dergo apoptosis via the internal (mitochondrial) pathway
of apoptosis [30]. Whether this also occurs in T and B
cells which become apoptotic very early in the setting of
sepsis [31] is unclear. Finally, sepsis induces the well-
known phenomenon of consumptive coagulopathy. This
is characterized by platelet activation together with acti-
vation and consumption depletion of clotting factors, as
the clotting cascade is activated following the conversion
of prothrombin to thrombin. These events lead to reduc-
tion of clotting factors in blood, platelet depletion and
presence of thrombin-antithrombin complexes and fi-
brin split products, among others. Concurrent with acti-
vation and depletion of clotting factors during sepsis is
activation of the fibrinolytic system, whose function is to
bring about conversion of plasminogen to plasmin, which
is the major serine protease that degrades fibrin into fi-
brin split products. Removal of fibrin from the luminal
surfaces of vessels or from extravascular locales is critical,
inefficient removal of fibrin deposits can lead to more
and more fibrin deposition, resulting in vascular occlu-
sion and thrombus formation as well as fibrosis in areas
of peripheral lung if fibrin breakdown is insufficient. In
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vivo blockade of C5a in CLP rats reverses most of the fea-
tures of coagulopathy [loss of clotting factors, thrombo-
cytopenia, prolonged clotting times, continued presence
of products of clotting (such as thrombin-antithrombin
complexes) and fibrin split products, among others] [14].
How and why Cb5a interception after CLP curtails the
consumptive coagulopathy of sepsis is not at all under-
stood. Such outcomes might be linked to the well-known
interconnections between the complement and the clot-
ting cascades [32]. In general, the ability of C5a neutral-
ization to greatly reduce the complications of experimen-
tal sepsis has great appeal, since the only FDA-approved
drug for human sepsis is recombinant activated protein
C, which is intrinsically an anticoagulant. Using an anti-
coagulant in a condition (sepsis) in which consumptive
coagulation is occurring means that strict limitations in
its use are mandatory.

Unexpected Effects of CLP in C5/~ Mice

There have been several lessons learned about molecu-
lar events occurring in sepsis vis-a-vis the role of C5, C5
activation products (C5a, C5b-9) and Cb5a receptors.
Based on all of the evidence presented above, the predic-
tions to be drawn from the use of C57/~ mice would be
that, since no C5a can be generated, these mice should be
well protected from the adverse events of sepsis, assum-
ing that C5a and its receptors are ‘major players’ in the
harmful outcomes of experimental sepsis. The surprise
which we recently uncovered was that C5~/~ mice had no
survival advantage compared to Wt CLP mice [33]. Using
the high-grade intensity of CLP [7], by day 5 all mice in
both groups (Wt, C57") were dead. Clearly, absence of C5
conferred no survival advantage. When plasma samples
were examined for mediator content, in C5~/~ CLP mice
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