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Abstract
The complement system plays a major role in innate immune defenses against infectious agents,
but exaggerated activation of complement can lead to severe tissue injury. Systemic
(intravascular) activation of complement can, via C5a, lead to neutrophil (PMN) activation,
sequestration and adhesion to the pulmonary capillary endothelium, resulting in damage and
necrosis of vascular endothelial cells and acute lung injury (ALI). Intrapulmonary (intraalveolar)
activation of complement can cause ALI that is complement and PMN-dependent, resulting in a
cytokine/chemokine storm that leads to intense ALI. Surprisingly, C3−/− mice develop the full
intensity of ALI in a C5a-dependent manner due to the action of thrombin that generates C5a
directly from C5. There is conflicting evidence on the role of the second C5a receptor, C5L2 in
development of ALI. There is accumulating evidence that C5a may suppress inflammatory
responses or divert them from Th1 to Th2 responses, impacting the innate immune system.
Finally, in experimental polymicrobial sepsis, there is evidence that many of the adverse outcomes
can be linked to the roles of C5a and engagement of its two receptors, C5aR and C5L2. These
observations underscore the diversity of effects of C5a in a variety of inflammatory settings.
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1 Acute Lung Vascular Injury Following Systemic Activation of
Complement

Several years ago, before availability of C3−/− mice, purified naja naja cobra venom factor
(CVF) was repetitively injected intraperitoneally over a period of 36 hr, resulting in nearly
complete depletion of plasma C3 as measured quantitatively by immunochemical
techniques. Such complement depletion resulted in greatly attenuated ischemia-reperfusion
injury of hind limbs, or injury of kidney, heart, small bowel, to name a few examples
(Seekamp et al. 1993; Seekamp and Ward 1993). Since later work indicated that in vivo
neutralization of C5a had similar effects, it was assumed that C3 depletion prevented
activation of C5, abolishing formation of C5a (reviewed, Collard et al. 1999;
Hammerschmidt et al. 1980). This presumption was confirmed when it was shown that CVF
isolated from naja haja cobra snakes (instead of CVF from naja naja cobra snakes) depleted
C3 but did not activate C5 and did not cause acute lung vascular damage after vascular
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infusion (Till et al. 1987). In contrast, naja naja bolus CVF infusion (intravenous) caused
rapid onset of extensive injury to the pulmonary vascular endothelium, leading to necrosis of
endothelial cells and intraalveolar hemorrhage and flooding (Till et al. 1987). Such studies
suggest that intravascular activation of complement can cause intense injury to the vascular
endothelium, which is linked to PMN adherence to the endothelium associated with CD11b/
CD18 activation on PMNs and rapid C5a-dependent expression of P-selectin on endothelial
cell surfaces, the engagement of these adhesion molecules leading to intensification of
microvascular injury due to close spatial proximity between PMNs and endothelial cells
(Till et al. 1982).

In subsequent studies we demonstrated the mechanisms by which damage of endothelial
cells in the presence of activated neutrophils (PMNs) occurs. Activated PMNs generate
H2O2, which is freely permeable across the plasma membrane of endothelial cells.
Production of H2O2 by activated PMNs is followed by O2

• generation following conversion
of xanthine dehydrogenase to xanthine oxidase in vascular endothelial cells, resulting in
formation of O2

•. O2 can react with Fe3+ from ferritin within endothelial cells, causing
reduction to Fe2+ and release of Fe2+ into the cytosol of the endothelial cell. The interaction
of Fe2+ with H2O2 within the endothelial cells results in formation of the highly-reactive
and short-lived hydroxyl radical, HO• (Gannon et al. 1987; Varani et al. 1985). Prior
depletion of iron within endothelial cells using the iron chelator, deferoxamine, or addition
of allopurinol which blocks the enzymatic activity of xanthine oxidase, will both greatly
attenuate the ability of activated PMNs to injure endothelial cells in vitro (reviewed, Till et
al. 1991).

2 Complement in Experimental and Clinical Acute Lung Injury
In the literature dealing with acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS), C5a has been found in BAL fluids along with a substantial number of neutrophils,
suggesting the possibility that C5a presence in lung may be related to the buildup of PMNs
in the alveolar compartment and that products of PMNs may directly cause ALI, involving
both the vascular and alveolar epithelial barriers (Hammerschmidt et al. 1980; Pittet et al.
1997; Solomkin et al. 1985). Endotoxemia in mice has been linked to the appearance of C5a
in plasma, but, when LPS is given intratracheally, the result is ALI with alveolar
hemorrhage and fibrin deposition together with abundant accumulation of PMNs, all of
which have been shown to be associated with the requirements for migration inhibitory
factor (MIF) and LTB4 receptors (Donnelly et al. 1997; Makita et al. 1998; Nishihira 2000;
Rittirsch et al. 2008a). Surprisingly, in recent studies of LPS-induced ALI, no C5a could be
detected in BAL fluids, although, when LPS was injected intraperitoneally, C5a appeared in
the plasma (Rittirsch et al. 2008a). Furthermore, ALI after intratracheal administration of
LPS was fully expressed in C5−/− mice, quantitatively the same as ALI developing in C5+/+

mice. Collectively, the data suggest that LPS-induced ALI is complement-independent but
requires the participation of MIF and receptors (BLT1) for LTB4. In the setting of
endotoxemia, C5a appears to be required for the acute febrile response (Barton and Warren
1993; Li et al. 2005). The reason for the independence of the requirement for C5a in LPS-
induced ALI may be related to the high levels in lung of C1 esterase inhibitor and surfactant
A, which sharply limit activation of complement in the lung (Watford et al. 2000, 2001), or
the problem could be the lack of adequate amounts of complement proteins in the alveolar
compartment to generate needed levels of C5a.

It should be noted that in the setting of ALI induced by intrapulmonary deposition of IgG
immune complexes, there is robust engagement of Fc receptors (FcγRI/III) (Ravetch and
Clynes 1998) as well as complement activation as measured by buildup of C5a in BAL
fluids and suppression of IgG-induced ALI by the use of C5−/− mice (Larsen et al. 1981) or
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by use of neutralizing antibody to C5a (see Fig. 1, Huber-Lang et al. 2006; Mulligan et al.
1996; Ward 1996). Generation of C5a within lung sets the stage for the appearance of
TNFα, suppression of which reduces PMN buildup in the lung and protects from ALI,
perhaps due to the lack of upregulation of vascular ICAM-1, which is needed for full
adhesive interactions between endothelial cells and PMNs etc. (Warren et al. 1989).

3 Lessons Learned in C3−/− Mice
The genetic-based knockout of FcγRI/III, as expected, substantially reduced the intensity of
IgG immune complex-induced ALI in lungs of mice (Sylvestre et al. 1996). Earlier work
indicated that IgGIC-induced ALI was attenuated in C5−/− mice (Larsen et al. 1981). In spite
of intrapulmonary neutralization of C5a greatly attenuating ALI (Gao et al. 2006), the
finding of fully expressed ALI after IgGIC deposition in C3−/− mice led to the conclusion
that this form of ALI was independent of complement activation (Sylvestre et al. 1996).
However, it was subsequently shown that C3−/− mice undergoing IgGIC deposition had C5a
in their BAL fluids and that neutralization of C5a in these mice markedly attenuated ALI
(Huber-Lang et al. 2006). The absence of C3 in these KO mice inferred that no complement
activation pathway could be engaged under such conditions. On the basis of earlier work, we
showed that neutral proteases in PMNs could directly generate C5a in the presence of C5
(Ward and Hill 1970). More recently, we demonstrated that lung macrophages, when
activated, expressed a neutral protease that would cleave C5 to form C5a (Huber-Lang et al.
2006). In the case of C3−/− mice, the co-instillation into lung of recombinant hirudin (a
potent thrombin inhibitor) together with the IgG antibody to bovine serum albumin greatly
reduced generation of C5a. In addition, it was shown that thrombin could catalyze the
cleavage of C5 and amino acid sequencing confirmed that the peptide formed by this
interaction of C5 with thrombin was authentic C5a. In addition, we showed that C3−/− mice
had supernormal levels of plasma thrombin (Huber-Lang et al. 2006). All in all, these
studies suggested that, in the absence of C3, mice compensate by producing supernormal
levels of thrombin in liver, allowing formation of C5a at various tissue/organ sites. Recent
studies also suggest that several activated clotting factors (reviewed, Amara et al. 2010;
Markiewski et al. 2007) also have the ability to generate C5a from C5, emphasizing
interactions between the clotting and complement cascades (see below).

A very recent study has extended the spectrum of activated human clotting factors that can
generate complement anaphylatoxins (C3a, C5a) in the presence of purified human C3 or C5
(Amara et al. 2010). As described above, a few years ago it was demonstrated that thrombin
(Factor IIa) can react with C5 to generate C5a (Huber-Lang et al. 2006). It has recently been
shown that the following activated clotting and fibrinolytic factors (F) can generate (in rank
order) both C3a and C5a when exposed to human C3 or C5: FXa > plasmin > thrombin >
FIXa > FXIa. In the case of FXa, selective inhibitors (fondaparinux, enoxaparin) suppressed
generation of the anaphylatoxins. Such data reinforce the existence of crosstalk between the
complement, clotting and fibrinolytic cascades. Obviously, in the setting of human plasma,
the ability to rank order these various factors and relate them to anaphylatoxin generation is
extremely difficult especially because of various endogenous inhibitors present in human
plasma.

4 Role of C5aR and C5L2 in IgGIC ALI
As indicated above, it was shown many years ago that IgGIC-induced ALI was greatly
reduced in intensity in C5−/− mice (Larsen et al. 1981). The two receptors for C5a have been
characterized over the past decade (Cain and Monk 2002; Gerard and Gerard 1991; Gerard
et al. 2005; Kalant et al. 2003, 2005; Lee et al. 2008; Okinaga et al. 2003). C5aR is a
traditional G-protein coupled receptor that, when ligated to C5a, proceeds through the
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MAPK signaling pathways, resulting in phagocyte (PMNs, macrophages) responses such as
rapid Ca2+ transients, chemotaxis, respiratory burst, oxidant production and secretion of
granule enzymes. Such innate immune responses are designed to confront invading micro-
organisms, resulting in their localization and destruction. The story with the other C5a
receptor, C5L2 is much less well understood. C5L2 is reported to react with C5a,
C5a des Arg, and C3a des Arg, the last being also referred to as “acylation-stimulating protein.”
It is clear that ligation of C5L2 does not result in appearance of Ca2+ transients even though
C5L2 has very high binding affinity to the complement-derived anaphylatoxins. The lack of
Ca2+ signaling is due to an amino acid substitution in the DRY region of the third
intracellular loop of C5L2, which prevents interactions of the receptor with G-proteins. The
localization of receptor protein for C5aR is unequivocally on the outer cell membrane of
phagocytes. After ligation of C5aR with C5a, the receptor is internalized, stripped of C5a,
and some (< 50%) of the receptor is recycled to the cell membrane. The story of C5L2 is
quite complicated. It appears that, in the non-activated PMN, most of the C5L2 receptor is
present within cytosolic granules (Bamberg et al. 2010; Cain and Monk 2002; Scola et al.
2009). Assuming that C5aR and C5L2 are situated in two distinctly different locales in or on
PMNs, an important question is: How does C5a/C5ades Arg get into an intracellular position
in order to bind to cytosolic C5L2 and affect cell function and is there any interaction (such
as heterodimerization) between ligated C5aR and C5L2?

There is a consensus that Ca2+ signaling does not occur after C5a interaction with C5L2.
Beyond this point, there is little agreement regarding the biological and biochemical
responses to C5L2. The Toronto group finds that C5L2−/− macrophages or PMNs exposed to
C5a have defective phosphorylation of ERK1/2 (Chen et al. 2007), while the Boston group
claims that ERK1/2 activation is fully intact in C5L2−/− phagocytic cells (Okinaga et al.
2003). C5L2 was originally described as a “default” receptor, implying that it competes with
C5aR for C5a binding but in the absence of subsequent cell signaling events in C5L2−/−

cells (Gerard et al. 2005; Okinaga et al. 2003). In the setting of IgGIC-induced ALI, it has
been reported that ALI and PMN accumulation are depressed in C5L2−/− mice (Chen et al.
2007), while another group reports that under similar conditions C5L2−/− mice show
substantially intensified injury (defined by increased vascular permeability) as well as
enhanced PMN accumulation in lung after IgGIC ALI. On the other hand, it has been
recently reported by both groups (Toronto and Boston) that asthmatic lung responses in
C5L2−/− mice are substantially reduced when compared to Wt mice (Chen et al. 2007;
Zhang et al. 2010). How to explain such divergent observations is very difficult at present,
unless one assumes that the genetic backgrounds of C5aR−/− and C5L2−/− mice used in the
different laboratories are disparate, although all mice are on a C57BL/6 background.

5 Evidence for Regulatory Roles of C5, C3a, C5a, C3aR and C5aR in
Inflammation

As indicated above, there is abundant evidence for the proinflammatory roles of C5a and
C5aR in a variety of inflammatory responses (e.g., antigen-induced arthritis, collagen-
induced arthritis, acute vascular injury after systemic activation of complement, IgGIC
injury of venules, ALI, ARDS, etc.). There has been recently emerging evidence that in
some circumstances C5, C5a and C5aR may regulate the inflammatory response (see Fig. 2).
Several years ago it was found that mice deficient in C5 developed more intense asthmatic
responses when compared to C5-intact mice, under conditions using active immunization
and repetitive antigenic challenge of the lung (Karp et al. 2000), suggesting that C5 or its
activation products somehow suppressed immune/inflammatory responses tied with
development of experimental asthma. When C5aR was blocked with a mAb to C5aR, this
resulted in exacerbation of airway hyperreactivity (AHR), whereas blockade of IL-17A
reversed the enhanced AHR in mice in which C5aR was blocked (Lajoie et al. 2010). Such
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data suggested that, in experimental allergic asthma, AHR is mediated by IL-17A via
enhanced IL-13-driven responses and that such responses are regulated by C5aR and C5a.
Another interesting observation was that C3aR−/− mice had fewer Th17 cells and reduced
AHR after antigen challenge (Lajoie et al. 2010). Accordingly, it appears that C5a and C5aR
negatively inhibit asthmatic responses whereas C3a and C3aR have the opposite effects,
suggesting a very complicated relationship between complement derived anaphylatoxins and
their receptors in the setting of experimental asthma.

In work by another group, blockade of C5aR promoted Th2 sensitization and development
of the asthmatic response whereas, using multi-antigenic challenges, the same type of
blockade suppressed the allergen triggered acute inflammatory response in lung (Kohl et al.
2006). Other work has suggested that C5a suppresses IL-12 production (Hawlisch et al.
2005), thus skewing the immune response in lung in the direction of Th2 type responses,
resulting in the asthmatic response and suppressing the cell mediated Th1 type response.
Based on the complexity of the effects of C5a and C3a and their receptors, and the
differences in effects of antigen based on when it was administered into lung and how often
(see above), such data have greatly complicated the issue as to whether blockade of either
C5a or C3a, or their receptors, would be safe and effective for the treatment of humans with
asthma. Finally, there are data suggesting that IL-10 production from LPS-stimulated
macrophages can be enhanced in the presence of C5a (Bosmann and Ward [unpublished
results]; Zhang et al. 2007). Since IL-10 is a well known for its anti-inflammatory
properties, this could be another example in which generation of C5a results in suppression
of the inflammatory response by induction of an anti-inflammatory cytokine.

6 Roles of C3, C5 and C5a Receptors in Polymicrobial Sepsis
Extensive work has been done in order to define the roles of C3, C5, C5a and C5a receptors
in the setting of polymicrobial sepsis following cecal ligation and puncture (CLP) in rodents
(Table 1). Several years ago (Prodeus et al. 1997) and more recently (Flierl et al. 2008), it
was shown that C3−/− mice are extremely susceptible to CLP-induced sepsis, possibly
related to the loss of protective innate immune factors such as C3b and iC3b which enhance
phagocytosis and removal of bacteria from tissues. If one accepts a substantial body of
literature suggesting that C5a and its receptors have major negative impacts in the setting of
CLP (Ward 2010), the absence of C5 would be expected to be protective. While C3−/− CLP
mice had a much higher mortality rate compared to Wt mice, C5−/− mice after CLP were
largely indistinguishable from Wt mice, which raises questions as to why C5−/− mice could
not be distinguished from C5+/+ mice in the setting of CLP (Flierl et al. 2008). After CLP,
Wt mice depleted of C6 with a neutralizing antibody, showed an almost 400-fold increase in
bacterial colony forming units in blood when compared to C5+/+ mice, suggesting that
products from C5 and C6, such as C5b-9, might be regulating the level of bacteremia after
CLP, perhaps related to the ability of C5b-9 to cause lysis of gram-negative bacteria. On the
other hand, it has been reported that C6−/− rats or rats depleted of C5 with an antibody had
improved survival and reduced bacterial burden in various tissues. On the basis of such
conflicting data, it is difficult to determine to what extent C5b-9 plays a significant role in
the outcome of polymicrobial sepsis.

It is clear that C5a and C5a receptors play a harmful role in the setting of CLP both in rats
and in mice. Neutralization of C5a resulted in dramatically improved survival after CLP
(Czermak et al. 1999), together with largely intact innate immune responses of blood PMNs
from CLP rats (Huber-Lang et al. 2001, 2002b), greatly reduced intensity of activation of the
clotting and fibrinolytic cascades (Laudes et al. 2002), substantially reduced evidence of
apoptosis of thymocytes (Riedemann et al. 2002), greatly reduced intensity of the cytokine
storm (Rittirsch et al. 2008b), reduced evidence of defects in contractility and relaxation

Bosmann and Ward Page 5

Adv Exp Med Biol. Author manuscript; available in PMC 2012 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



responses of cardiomyocytes after CLP (Niederbichler et al. 2006), and reduced levels of
plasma/serum biomarkers of multiorgan failure (Huber-Lang et al. 2001, 2002a, b). Using
survival of CLP mice as the main endpoint, it was concluded that both C5aR and C5L2
contribute to the adverse outcomes of sepsis. This was determined by use of receptor KO
mice (C5aR−/−, C5L2−/−) as well as by the use of blocking antibodies to C5aR and C5L2
(Rittirsch et al. 2008b). One of the interesting facets of these studies was the observation that
production of the pleiotropic mediator, HMGB1, which is known to be an important harmful
mediator in CLP-induced sepsis (Lotze and Tracey 2005; Qin et al. 2006), was derived from
engagement of the C5L2 receptor on macrophages (Rittirsch et al. 2008b). Based on the
absence of C5a receptors or antibody-induced inhibition of C5aR and/or C5L2, the cytokine
storm was dependent on both receptors, since absence or blockade of either receptor
substantially reduced the cytokine storm. This observation suggested that the cytokine storm
after CLP may depend on sequential engagement of C5aR and C5L2.

7 Possible Translational Applications to Human Sepsis
Taken together, these data suggest in the setting of polymicrobial sepsis that the sequences
of adverse events can be collectively linked to complement activation, production of C5a
and engagement of C5a with both C5aR and C5L2. The appearance of C5a (10–100 nM) in
serum/plasma from septic human patients, as well as the development of the defects in blood
PMNs of these patients, resulting in defective innate immune responses, apoptosis of
lymphoid cells resulting in immunodeficiency and intense consumptive coagulopathy and
activation of the fibrinolytic system, demonstrate striking parallels between experimental
polymicrobial sepsis (CLP) and human sepsis. It is possible that the extensive data obtained
in polymicrobial sepsis of rodents may have translational implications for the treatment of
septic humans.
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Fig. 1.
Pathophysiology describing development of acute lung injury induced introdent lung
following intrapulmonary deposition of IgG immune complexes.
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Fig. 2. Roles of C3a, C5a and their receptors in development of experimental asthma in mice
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Table 1
Examples of adverse outcomes linked to C5a and C5a receptors during polymicrobial
sepsis. (Described in greater detail in Ward 2010)

1. Early in sepsis, upregulation on PMNs of CD11b/CD18 and chemokine receptors that are usually expressed at very low levels.

2. Later in sepsis, paralysis of MAPK signaling pathways in blood PMNs, resulting in loss of innate immune responses of PMNs
(phagocytosis, chemotaxis, onset of respiratory burst and activation of NADPH oxidase).

3. Upregulation on endothelial cells of ICAM-1 and tissue factor.

4. Enhancement of cytokine/chemokine storm.

5. Apoptosis of lymphoid cells.

6. Activation of consumptive coagulopathy and fibrinolytic cascades.
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