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a b s t r a c t

Programmed cell death (apoptosis) is a prominent feature in human and experimental

sepsis, especially as it involves the lymphoid system with resulting immunoparalysis. In

addition, sepsis is associated with strong activation of the complement system, resulting in

generation of the powerful anaphylatoxin, C5a, as well as the upregulation of the C5a

receptor (C5aR) in a variety of different organs. The consequences of C5a interactions with

C5aR can be directly linked to apoptosis of thymocytes and adrenal medullary cells after

cecal ligation and puncture (CLP)-induced sepsis in rodents, as well as with other accom-

panying complications of CLP: cardiac dysfunction, consumptive coagulopathy, organ

dysfunction, and lethality. This communication reviews the evidence for the adverse roles

of C5a and C5aR in the setting of experimental sepsis and linkages to the various complica-

tions of sepsis, especially apoptosis as well as the roles of the two C5a receptors (C5aR and

C5L2) in experimental sepsis.
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Sepsis is a major cause of mortality in humans, resulting in

>200,000 fatalities in the U.S., a number close to the number of

deaths from acute myocardial infarction [1,2]. Septic shock is a

major complication of sepsis, usually requiring vasopressor

support in order to main vascular perfusion [3–5], although the

reason for this complication is poorly understood. The

inability of the heart during sepsis to maintain adequate
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cardiac output and blood pressure has been referred to as the

‘‘cardiomyopathy of sepsis’’ [6]. In addition to inadequate

cardiac function during sepsis, it is well known in both human

and experimental sepsis that a rapid caspase-dependent

development of apoptosis of both T and B cells occurs at an

early stage, leading to immunosuppression [7]. In rodent

sepsis occurring after CLP, we have shown that robust
.
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complement activation occurs, resulting in signaling paralysis

of blood neutrophils (PMNs) and loss of their innate immune

functions (phagocytosis, chemotaxis, respiratory burst),

together with profound apoptosis of thymocytes [8–12].

Treatment of rodents with blocking antibodies either to the

powerful complement-derived anaphylatoxin, C5a, or to its

receptor, C5aR, is highly protective, resulting in greatly

improved survival [9,11], reduced thymocyte apoptosis [11],

retention of innate immune functions of PMNs [8], and

attenuated consumptive coagulopathy after CLP [13]. In this

report we will emphasize linkages between C5a, C5aR and

development of apoptosis of thymocytes as well as onset of

other complications (listed above) of experimental sepsis. As

will be described below, during sepsis C5a is generated,

upregulation of C5aR occurs, there is loss of innate immune

functions of PMNs, contractility defects in cardiomyocytes

develops [14], apoptosis of thymocytes [11] and adrenal

medullary cells [15] are prominent, and lethality is high [9],

all of which can be linked to C5a and its interactions with

receptors during sepsis. As will be emphasized below, a link

has now been established between catecholamine release,

adrenal medullary cell apoptosis, and septic shock of sepsis

[15]. The development of apoptosis after CLP appears to be

linked to appearance of C5a and its interaction with the two

C5a receptors (C5aR, C5L2). In the setting of endotoxemia, the

use of the inhibitor of C1 esterase (C1 INH) was protective in

the setting of lethal endotoxemia [16], although treatment

with C1 INH did not reduce mortality in human sepsis [17].

This raises the question as to whether blockade of the early

steps in the complement activation cascade is desirable, since

most downstream products, especially those related to C3-

derived opsonic (phagocytosis-promoting) products, would be

curtailed in production.
1. Complement activation after CLP

As in many types of sepsis, both in humans and in animals,

CLP triggers activation of all three complement pathways

(Fig. 1), with evidence for engagement of all pathways

(classical, alternative, lectin) of complement activation [18].
Fig. 1 – The three pathways of complement activation, collective
Precisely how sepsis triggers this complex and reinforcing

pattern of activation is not understood. It seems clear that, if

bacterial lipopolysaccharide plays a role in human sepsis, its

participation is probably minor. CLP-induced sepsis is poly-

microbial (involving both gram positive and gram negative

bacteria) and, as such, features in plasma and in lymphoid

tissues draining the peritoneal cavity both aerobic and

anaerobic bacteria translocated from the gut. It should also

be noted that approximately 50% of humans with sepsis have

gram positive bacterial pneumonia [1–3]. While lipopolysac-

charide (LPS) has been speculated to cause harmful outcomes,

there is other evidence (in TLR4�/�, CD14�/�, and LPS-binding

protein�/� mice) suggesting that, at least in the setting of CLP,

LPS may not be a major determinant in the adverse outcomes

[19–21].

All three pathways of complement activation converge to

generate the ‘‘C3 convertase’’, which cleaves C3 into a small

(C3a) and a large (C3b) fragmentation product (Fig. 1). C3b is

known to be a vital opsonic product that coats bacteria and

other microbes, resulting in uptake by phagocytic cells

(neutrophils [PMNs] and macrophages), followed by oxygen-

dependent intracellular killing of bacteria [22]. Mice deficient

in C3 are incredibly sensitive to sepsis and die very quickly

[9,23]. Downstream activation of complement results in C5

cleavage, productive of C5a and C5b. C5a is an extremely active

proinflammatory peptide, reacting with high affinity receptors

(C5aR and C5L2) on phagocytic cells at low nM concentrations,

resulting in the case of C5aR in cell activation which causes

generation of reactive oxygen species (O2
�, H2O2, HO�) that are

toxic to other cells, connective tissue constituents and

microbes. In addition, C5a causes enzyme secretion from

phagocytic cells, which results in damage of nearby cells and

matrix [24]. C5a is highly chemotactic for phagocytic cells,

especially neutrophils. Collectively, the outcome of C5a

generation in vivo is induction of the acute inflammatory

response characterized by increased vascular permeability

and accumulation (and activation) of neutrophils and tissue

macrophages. In CLP mice, C5a can be detected in plasma in

levels that are nearly 5-fold above those in sham sera, and by

24 h the levels have risen by at least 10-fold [15]. The reason for

this lag in plasma C5a after CLP is probably related to the fact
ly resulting in biologically active split products of C3 and C5.



Table 1 – Changes in rodent thymocytes after CLP.

1. Increased mRNA for C5aR

2. Increased C5aR protein

3. Increased binding of C5a

4. Induction of apoptosis as reflected by

(a) increased binding of annexin V

(b) DNA laddering

Table 2 – Patterns of thymocyte activation of caspases
after CLP.

Caspase Fold increase relative to sham cells

CLP + IgG CLP + anti-C5a IgG

3 10 � 2 3 � 0.5

6 5 � 1 <2

8 8 � 3 6 � 1

9 30 � 4 13 � 2
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that C5aRs on blood PMNs likely have to be saturated before

plasma C5a can be detected. The other C5 activation product,

C5b, interacts with C6, C7, C8 and C9 to form the membrane

attack complex (MAC) (C5b-9) which causes pore formation in

target cells (including bacteria as well as nucleated and non-

nucleated cells), resulting in cell lysis [25]. In sub-lytic

concentrations, C5b-9 (MAC) can activate endothelial cells

to release proinflammatory chemokines such as IL-8 and

chemokines [26].
Fig. 2 – Role of IL-6 and C5a in apoptosis of thymocytes in

rodents after sepsis induced by cecal ligation and puncture

(CLP).
2. C5a, C5aR and thymocyte apoptosis

It is now recognized that C5aR binds C5a with high affinity and

is present on a variety of myeloid cells (phagocytes and

dendritic cells) as well as non-myeloid cells (endothelial cells,

cardiomyocytes, alveolar epithelial cells, to name just a few

examples). C5aR on phagocytes is present in very high levels

(circa 50,000 binding sites/cell), but on non-myeloid cells, such

as endothelial cells, the levels are much lower (<1000 binding

sites/cells). However, it is now clear that CLP-induced sepsis

causes an abrupt increase in C5aR levels in lung, spleen, liver,

thymus, and heart, indicating that C5aR is in a very dynamic

state during sepsis [27]. In the case of thymocytes, this

increased level of C5aR can be linked to IL-6 [28] which was

originally described to be released from Kupffer cells, causing

increased C5aR content on hepatocytes [29]. Table 1 sum-

marizes changes in rodent thymocytes after CLP. There is

upregulation of mRNA and protein for C5aR on thymocytes

within the first few hours after CLP [11]. Correlating with this is

increased binding of 125I-C5a, which leads to apoptosis as

defined by increased binding of annexin V binding to

thymocytes, a strong indicator of apoptosis due to expression

on the outer cell membrane of phosphatidyl serine, which has

an affinity for annexin V. Correlative changes include DNA

laddering, which is reflective of double strand breaks in DNA.

The increased binding of C5a and annexin V to thymocytes

after CLP as well as the DNA laddering are C5a-dependent, as

shown by the ability of intravenously administered blocking if

IgG antibody to C5a to greatly attenuate these indicators of

apoptosis [12].

Other evidence of thymic apoptosis after CLP has been

shown by the evaluation of thymic extracts, which show

increases in catalytic activity for caspases 3, 6 and 9, but not

caspase 8, as shown by functional assays for caspase activities

(Table 2 and Ref. [12]). The 10-fold increase in caspase 3 activity

after CLP was reduced to a 3-fold increase in rodents treated

with anti-C5a at the time of CLP. The 5-fold increase in caspase

6 activity fell to <2-fold in anti-C5a treated rodents, while the

increased activity of caspase 8 was only modestly reduced.

Finally, the 30-fold increase in caspase 9 activity fell to a 13-

fold increase when C5a was blocked in vivo at the time of CLP.
This pattern suggests that CLP induces the intrinsic pathway

of mitochondrial-dependent apoptosis. When in vitro binding

of annexin V to thymocytes was quantitated by flow

cytometry, treatment of the CLP rodents with anti-C5a

reduced annexin V binding by 80% [12], indicating that

availability of C5a is linked to caspase activation in thymo-

cytes, increased binding of annexin V and apoptosis. As well,

intervention with anti-C5a caused greatly reduced laddering

of DNA [12].

Our current concept of thymocyte apoptosis after CLP is

shown in Fig. 2. As already indicated, CLP causes an increase in

C5aR on thymocytes as well as in a variety of organs, such as

lung, liver, kidney, and heart and blockade of C5aR is

protective [31]. It appears that the increase in C5aR is driven

by IL-6, since in vivo treatment of CLP mice with anti-IL-6

greatly reduces the sepsis-induced increase in C5aR protein in

various organs [28], although the effects on thymocyte C5aR

under the same conditions have not yet been determined. C5a

generated after CLP then interacts with C5aR, leading to

activation of caspases 3, 6 and 9, resulting in thymocyte

apoptosis, as described above. Although we have not yet

determined if similar events occur on T cells and B cells after

CLP, we hypothesize that this is likely the case during sepsis. If

so, this could link the well established apoptosis of lymphoid

cells during sepsis [7,30] with interaction of C5a with C5aR on

lymphoid cells. When C5aR was blocked in vivo after CLP with

either anti-C5aR [27] or with a peptide antagonist to C5aR [31],

survival was greatly improved, again incriminating the

adverse role of C5aR in sepsis.



Table 3 – In vivo blockade of C5a after CLP.

1. Improved survival

2. Reduced loss of innate immune function of blood PMNs

3. Alleviation of the cardiomyopathy of sepsis

4. Greatly diminished apoptosis of thymocytes

5. Attenuation of consumptive coagulopathy of sepsis
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3. Apoptosis of adrenal medullary cells in
experimental sepsis

As indicated above, septic shock often develops in the setting

of human and experimental sepsis [4–6,14], usually requiring

use of vasopressor drugs to maintain tissue perfusion. The

reasons for development of septic shock are poorly under-

stood but might be related to inadequate availability of

catecholamines (epinephrine, norepinephrine) which tend

to maintain vascular tone and pressure. Catecholamines are

produced in relatively large amounts and released from

adrenal medullary cells. In addition, they are released from

presynaptic neurons and, in very small quantities, from

activated T cells. Recently, we described that phagocytic cells

(PMNs and macrophages) have the synthetic machinery to

locally produce and release norepinephrine and epinephrine,

which in a positive feedback loop, bind to a2 adrenergic

receptors on the same cells to greatly reinforce the release of

proinflammatory mediators [32]. As a result of these observa-

tions, it seems clear that phagocytes represent an important

source of catecholamines that locally may greatly influence

the inflammatory response.

In the setting of sepsis, a rapid buildup of norepinephrine

occurs in plasma 6 h after CLP [15]. This may represent the

‘‘fight or flight’’ response of the autonomic nervous system in

order to cope with the onset of a life-threatening situation, via

release of large amounts of catecholamine from the adrenal

medulla. When frozen sections of rat adrenal medulla regions

were obtained and stained for evidence of apoptosis (by

TUNEL staining), extensive evidence of apoptosis was found

[15]. If animals had been treated with sera rich in blocking

antibodies to C5aR and to C5L2, nearly all evidence of adrenal

medullary apoptosis disappeared. In another set of experi-

ments, a rat pheochromocytoma cell line (PC12) was used.

After in vitro incubation with rat recombinant C5a (0.01–

100 nM), PC12 cells showed a dramatic reduction in release of

norepinephrine and dopamine (a precursor of norepinephr-

ine) when compared to PC12 cells maintained in tissue culture

fluid during which time the cells constitutively released

norepinephrine and dopamine. PC12 cells incubated with

10 nM C5a had striking evidence of apoptosis as shown by

annexing V binding as well as binding of propidium iodide–

rhodamine, indicating that C5a induces apoptosis of PC12 cells

[15]. Collectively, these data suggest that C5a may cause

apoptosis of intrinsic adrenal medullary cells via engagement

of C5aR and C5L2 as well as causing apoptosis of the rat

pheochromocytoma cell lines, PC12. Thus, the 6 h. peak in

noradrenaline after CLP in rats may represent rapid apoptosis

of adrenal medullary cells, followed by greatly reduced ability

of the adrenal medulla to respond to stressful stimuli. Perhaps,

at least in part, this contributes to the septic shock occurring in

rodents after CLP and in septic humans.
Table 4 – Evidence for lymphoid apoptosis in experi-
mental sepsis.

1. Apoptotic lymphocytes in CLP mice

2. Resistance of mice overexpressing Bcl2

3. Protective effect of chemical inhibitors (Z-VAD) of caspases in

CLP mice

4. Protective effect of Fas�/� or FAS ligand�/� mice after CLP
4. Protective effects of anti-C5a in CLP

In Table 3, we summarize how in vivo blockade of C5a greatly

attenuates many of the complications that develop following

CLP. Firstly, survival in CLP rodents is greatly enhanced (for

example, survival that is approximately 20% rises to 60%) after
in vivo blockade of C5a when anti-C5a is given at the time of

CLP [9]. Secondly, blockade of C5a at the time of CLP protects

against the loss of innate immune functions of blood

neutrophils [10]. In the setting of CLP, neutrophils lose their

phagocytic ability and become globally refractory to chemo-

tactic factors (C5a and N-formyl-Met-Leu-Phe). At this point,

PMNs have a greatly reduced respiratory burst (production of

H2O2) after cell stimulation with phorbol ester and show

impairment of chemotaxis and phagocytosis. The loss of

innate immune functions in neutrophils is associated with

signaling paralysis in these cells, as measured by the inability

of stimulated neutrophils to demonstrate activation of Erk1/2

(phosphorylation) after CLP [10]. C5a blockade or blockade of

C5aR in vivo preserves this signaling pathway (reviewed, [33]).

A third effect of C5a blockade at the time of CLP is reversal in

the loss of cardiac function. In the usual course of CLP, left

ventricular output diminishes and left ventricular pressures

fall both during systole and diastole. In addition, cardiomyo-

cytes isolated from the left ventricular wall of CLP rats show

that contractility in vitro is greatly reduced. Another feature of

changes in cardiomyocytes in CLP-induced sepsis is the

presence of substantially increased C5aR content on the

surfaces of these cells [14]. Cardiomyocyte contractility

defects, which are associated with ‘‘cardiomyopathy of

sepsis’’, are totally reversed in the presence of C5a blockade

in vivo [14]. Fourthly, as described above, C5a blockade in CLP

rodents greatly diminishes apoptosis of thymocytes. In vitro

addition of C5a to these cells results in the development of

apoptosis as measured by increased binding of the annexin V.

Blockade of C5a during sepsis largely reverses the indicators of

consumptive coagulopathy as measured by reduced platelet

levels in blood and the presence in plasma of activation

products of the clotting system (such as thrombin–anti-

thrombin complexes, various defects in clotting times, fibrin

degradation products, etc.) [13].

In the context of apoptosis after CLP in mice, there are

several published reports regarding the development and role

of apoptosis in CLP-induced sepsis in mice (Table 4). Apoptosis

of lymphoid cells in spleen and in Peyer’s patches of the small

intestine has been documented both in septic humans and

mice [7,30]. Mice with overexpression of BCL2 (a well known

natural inhibitor of apoptosis, functioning to prevent the loss

of mitochondrial membrane potential and release of

cytochrome C into the cytosol), demonstrate resistance to
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CLP-induced apoptosis and show improved survival [30]. In

addition, the use of chemical inhibitors of activated caspases

protects against the apoptosis of CLP-induced sepsis [30].

Finally, there are also suggestions that the extrinsic pathway

of caspase activation may also be involved in the apoptosis of

sepsis, since blockade of either Fas or Fas ligand have led to

reduced apoptosis of lymphoid tissues after CLP and improved

survival [34]. Collectively, it appears that lymphoid apoptosis

in sepsis causes immunosuppression and inability to contain

bacteria.
5. Roles of C5a receptors in sepsis

With the recognition and structural definition of C5aR many

years ago, it was quickly shown that this receptor bound C5a

with high affinity. Mutational alteration of C5aR also demon-

strated the important regions of the receptor necessary for

high affinity binding of C5a and for signaling responses of this

G-protein dependent receptor. The recent recognition of the

second C5a receptor, C5L2, demonstrated that ligan (C5a or

C5a des Arg) binding did not result in an intracellular Ca2+

signal [35]. The functional responses in PMNs (chemotaxis,

enzyme release, respiratory burst) occurring with C5a/C5aR

interaction were not found with C5a/C5L2 interaction, leading

to the designation of C5L2 as a ‘‘default’’ or ‘‘decoy’’ receptor

[35], suggesting that C5L2 competes with C5aR for C5a binding,

with the cell responses being determined by the balance of C5a

binding to c54ar and C5L2 (reviewed, [36]). Recently, however,

it has been shown that in CLP-induced sepsis in mice, both

C5aR and C5L2 contribute to the harmful outcomes of sepsis,

since absence of receptor or blockade of either receptor

attenuated the end results (lethality and the ‘‘cytokine storm’’)

[37]. It was also demonstrated that C5L2 contributes in vitro

and in vivo to the release of HMGB1, a transcription factor that

is secreted and binds to phagocytic cells to cause elaboration

of pro-inflammatory mediators from PMNs, macrophages and

peripheral blood mononuclear cells (monocytes). C5L2�/�

mouse macrophages or PMNs stimulated with LPS � C5a

would not release HMGB1, whereas C5aR�/� or wild type

phagocytic cells released equivalent amounts of HMGB1 [37].

Since HMGB1 has been shown to play a harmful role in

experimental sepsis [38], there is now a direct linkage between

C5L2 and HMGB1 [38].
6. Concluding remarks

The development of experimental sepsis in CLP rodents

unleashes a large number of changes which collectively

define a state of unregulated inflammation, together with

development of adverse changes in blood PMNs and cardio-

myocytes as well as apoptosis of T and B cells, thymocytes and

adrenal medullary cells. There is an accompanying intense

consumptive coagulopathy. In addition, there is surge of

proinflammatory cytokines appearing in the plasma (systemic

inflammatory response syndrome, SIRS). All of these changes

in rodents can be greatly mitigated by in vivo blockade of C5a,

C5a receptors or caspases. Understanding in greater detail the

molecular mechanisms involved in these adverse outcomes
could set the stage for more effective treatment in vivo of

septic patients.
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