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Preface

Nearly 110 years after the term ‘Complement’ was coined by Paul Ehrlich,
this fascinating cascade within the innate immune system still offers many
surprises. Reports about new connections to diseases, links to other
physiological pathways, novel complement-binding molecules, and
microbial evasion proteins are emerging almost on a weekly base. With last
years’ FDA approval of the monoclonal antibody Eculizumab as the first
truly complement-specific drug (by targeting CS5), this important field
regained even more momentum. Several promising clinical candidates
covering a wide area of potential treatment applications are in the pipelines
of both industrial and academic groups. This indicates an increasing interest
in complement as a therapeutic target. In view of these exciting discoveries,
scientists from around the world convened at the 4™ Aegean Conferences
Workshop on Complement Associated Diseases, Animal Models, and
Therapeutics (June 10-17, 2007) in Porto Heli, Greece, to discuss recent
advances in this rapidly-evolving field. This volume represents a collection
of topics on the “novel” functions of complement, pathophysiology, protein
structures, and complement therapeutics discussed during the conference.

My sincere thanks to the contributing authors for the time and effort they
have devoted to writing what I consider exceptionally informative chapters
in a book that will have a significant impact on the complement field. I
would also like to express my thanks to Rodanthi Lambris for her assistance
in collating the chapters and preparing the documents for publication and I
gratefully acknowledge the generous help provided by Dimitrios Lambris in
managing the organization of this meeting. Finally, I also thank Andrea
Macaluso and Melanie Wilichinsky of Springer Publishers for their
supervision in this book’s production.

John D. Lambris, Ph.D.
Dr. Ralph and Sallie Weaver Professor
of Research Medicine, University of Pennsylvania
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1. Adipokines and the Immune System:
An Adipocentric View

Robin MacLaren'?, Wei Cui'?, and Katherine Cianflone'*

'Department of Experimental Medicine, McGill University, Montreal, Canada
%Centre de Recherche Hopital Laval, Université Laval, Québec, Canada

Abstract. There is increasing evidence of close interactions between the adipose and the
immune systems. Adipocytes secrete multiple factors, including adipokines such as leptin
and adiponectin that have both pro- and anti-inflammatory effects, and influence diseases
involving the immune system. Further, adipose tissue also secretes various chemokines and
cytokines, derived from either the adipocytes themselves, or the neighbouring cells including
both resident and infiltrating macrophages. This close physical and paracrine interaction
results in reciprocal actions of adipocytes, preadipocytes and macrophages within the
microenvironment of the adipose tissue. Adipose tissue is a source of Acylation Stimulating
Protein (ASP)/C3adesArg which interacts with the receptor C5L2 to stimulate triglyceride
synthesis and glucose transport. C5L2, present on adipocytes, preadipocytes, macrophages,
and numerous other myeloid and non-myeloid cells is also postulated to be a decoy receptor
for C5a in immune cells. Several reviews within the past year have recently examined the
role of CSL2 in C5a-mediated physiology. The present mini-review is an adipocentric view
with emphasis on the role of ASP and C5L2 in lipid metabolism. C5L2 may play a role in
mediating, on one hand, ASP stimulation of triglyceride synthesis in adipose, and, on the
other hand, a role as mediator of C5a immune function. Both roles remain controversial, and
will only be resolved with further studies.

1 Introduction

Adipose tissue, long considered as only an energy storehouse, has, in the last 15
years, expanded its role to an endocrine tissue. Adipose tissue secretes numerous
factors that impact energy metabolism, energy storage and general metabolism,
including immune functions. This recent shift in perspective has also revealed a
number of previously unrecognized links between adipose tissue, liver and the
immune system, including interaction of hormones/receptors from one system to
the other, and a long list of common enzymes. While on the surface this may
appear surprising, a common ancestor in evolution may underlie these similarities:
in Drosophila melanogaster, the common fruit fly, liver, adipose and the
haematopoietic system are all organized into a single functional unit: the “fat
body”. Thus, evolution may explain the overlapping biological profile of these
organs, and the close link between immune and metabolic systems (Hotamisligil
2000).

J.D. Lambris (ed.), Current Topics in Complement I1. 1
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2 Endocrine Functions of Adipose Tissue in the Immune System

It is now well recognized that adipose tissue secretes many autocrine, paracrine,
and endocrine factors (adipokines) that have wide ranging effects in metabolism
including satiety, regulation of energy expenditure and energy storage. However in
addition to roles directly related to metabolism, adipokines are also involved in
regulation of the following: immune function; cytokine induction, macrophage
activation, neutrophil activation, recruitment of macrophage and T cells to adipose
tissue (Lago et al. 2007; Guzik et al. 2006), and inflammatory diseases such as
rheumatoid arthritis, osteoarthritis, sepsis, atherosclerosis, insulin resistance and
obesity (Lago et al. 2007; Trayhurn and Wood 2004). The list of these adipokines
is now extensive and growing every day. Readers are referred to the following
detailed reviews (Lago et al. 2007; Bouloumie et al. 2005; Trayhurn and Wood
2004, 2005; Fain 2006). The most recent adipokines identified include examples
such as visfatin, apelin, vaspin, hepcidin, and osteopontin (Beltowski 2006; Lago
et al. 2007; Nomiyama et al. 2007). While some of the adipokines appear to be
produced exclusively in adipose tissue, many of them are secreted elsewhere,
including by myeloid cells and tissues. A brief list of those with immune associated
functions is provided in Table 1.

Among those adipokines which are produced exclusively by adipose tissue and
have been demonstrated to be involved in immune function are leptin and
adiponectin. Leptin was among the first adipokines to be identified and is best
known for its powerful role in satiety (Pelleymounter et al. 1995; Saladin et al.
1995). The absence of leptin in mice or humans results in early onset morbid
obesity (Pelleymounter et al. 1995). The central role of leptin in satiety, hormone
regulation, food intake and energy expenditure also led to effects on overall
metabolism, especially insulin sensitivity (review Uysal et al. 1997). Beyond this,
leptin plays key roles in reproduction, vascular function, regulation of bone mass
and other targets in kidney, bowel, pancreas and muscle (reviewed by Guzik 2006).

Recently, the role of leptin in immune function has been explored in some
detail. Leptin stimulates cytokine induction including secretion of IL-2 and factors
influencing chemotaxis and macrophage activation. Leptin influences natural killer
cytotoxicity, and affects neutrophil activation and naive T cell proliferation. Leptin
increases maturation and survival of thymic cells, and stimulates Theperl While
inhibiting Theper2 cells. As a consequence of the many varied functions of leptin,
the links to disease are also broad. Leptin is suggested to play a role not only in
insulin resistance and diabetes, but also in hepatitis, osteoarthritis, intestinal
inflammation, sepsis, encephalomyelitis and rheumatoid arthritis, all diseases
linked to abnormalities in immune function (Lago et al. 2007). Overall, leptin
appears to provide a pro-inflammatory role in many aspects of immunity and
inflammation (see recent review by Matarese et al. 2007). Adiponectin, a large
molecular weight protein, is found circulating at high concentrations (relative to
other adipokines, 5-10 pg/mL) and is present in multimeric forms (Koerner et al.
2005). Adiponectin interacts with cell surface receptors to stimulate fatty acid
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oxidation (Berg et al. 2001) and gene regulation (CD36 and PPARYy are just a few
examples) (Tomas et al. 2002). In obesity, adiponectin decreases, and this lack of
adiponectin contributes to changes in insulin sensitivity, dyslipidemia, cholesterol
uptake and atherosclerotic plaque formation, endothelial damage, adhesion
molecule and cytokine production, and inflammation, as reviewed elsewhere
(Meier and Gressner 2004; Tilg and Moschen 2006). Therefore, altered adiponectin
is linked not only to obesity, but also to atherosclerosis, diabetes, cardiovascular
disease, liver injury and rheumatoid arthritis, with the general view that adiponectin
is an anti-inflammatory molecule (Meier and Gressner 2004; Tilg and Moschen
2000).

In addition to leptin and adiponectin, a number of other adipokines have been
linked to immune and inflammatory function, including visfatin, resistin,
osteopontin, and the precursor to ASP, C3a and C3 (as discussed below). Overall,
evidence supports that it is not a single adipokine, but adipokine dysregulation as a
whole that is involved in insulin resistance, inflammatory processes and vascular
and tissue inflammation. Further, activation of the innate immune system and
inflammation are now considered key components in the development and
progression of diabetes (Tataranni and Ortega 2005).

The link between pro-inflammatory factors, insulin resistance and adipose
function was first proposed by Hotamisligil and Spiegelman (1994), when it was
demonstrated that TNFa interfered with insulin signalling in adipose tissue. In spite
of obesity, usually associated with insulin resistance, TNFa knockout mice remain
insulin sensitive (Uysal et al. 1997). Further studies demonstrated that adipose
tissue is a source of the source of TNFa . While adipocytes were initially suggested
to be the main cytokine secreting cell (Funahashi et al. 1999), it is now well
established that non-adipocyte cells in the stromal vascular fraction, such as
macrophages, are an important source of many of these pro- and anti-inflammatory
factors, chemokines, growth factors and proteases (see Table 1 and review
(Bouloumie et al. 2005)). Many of these factors are involved in the adipose tissue
microenvironment crosstalk between adipocytes, preadipocytes, resident macro-
phages and infiltrating macrophages.

3 Adipose Tissue Crosstalk: Adipocytes and Macrophages

The presence of macrophages in adipose tissue was first recognized in obese
adipose tissue by Weisberg et al. (2003) and was recognized to be involved in
insulin resistance (Wellen and Hotamisligil 2003; Xu et al. 2003). Lumeng et al.
examined in detail the macrophage morphology and cell surface markers in lean
and obese mice following high fat diet feeding (Lumeng et al. 2007). Their study
demonstrated that the adipose tissue macrophage (ATM) population in obese mice
is different from lean mice. In diet induced obese mice, the macrophages had
characteristics of being “classically activated,” including increased expression of
pro-inflammatory genes and co-expression of F4/80° CD11¢ markers in the gonadal
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Table 1 Adipokines in metabolic and immune systems: This table is intended to give a brief overview of
the overlap of these adipokines between metabolic and inflammatory roles but it is in no way a complete
description of all functions and/or mechanisms. For more details on cardiovascular, satiety, inflammatory,

and metabolic functions of these adipokines, please see reviews referenced in text.

Leptin Adiponectin Resistin Visfatin IL-6 TNF-a
Associated Obesity Obesity Obesity Obesity Inflammation |Obesity
diseases with |Insulin resistance |Insulin resistance |Diabetes Insulin Obesity Insulin
hormone Sepsis Diabetes resistance sepsis resistance
abnormalities |Rheumatoid Atherosclerosis Sepsis Paget disease |Sepsis
arthritis Rheumatoid of bone Cerebral
Intestinal arthritis Osteoporosis |malaria
inflammation T-cell Multiple
Thymic atrophy lymphoma sclerosis
Cancer
Psoriasis
Rheumatoid
arthritis
Stimuli that | TNFo TNF-o Inflammation TNF-a IL-1 Adiponectin
alters IL-6 Insulin TNFa Insulin TNFa Gamma-
hormone Insulin IGF-1 LPS Cortisol interferon
secretion Glucose Oleate IL-6, IL-1, IL-12 |TZD —
from AdT Estrogen Fasting / Satiety ~ |Hyperglycemia  |rosiglitizone
Angiotensin II TZD - Gonadal hormones|IL-1f
rosiglitizone TZD
Metabolic Satiety signal Anti-diabetic Regulation of Reduced Macrophage |Insulin
response to  |Regulation of Increase muscle  |insulin sensitivity |hepatocyte recruitment to |resistance
hormone insulin sensitivity |FA oxidation glucose adipose
Energy expenditure |Decrease hepatic release tissue
glucose production Increased
pancreatic -cell peripheral
apoptosis glucose
protection uptake
Immune Chemotaxis Anti-inflammatory |Pro-inflammatory |Delay B-cell Induces
response to  |Macrophage Decrease T cell Activate TNF-o & [neutrophil stimulation & |ROS
hormone activation activation & IL-6 release apoptosis differentiation |(reactive
Natural killer proliferation Increase leukocyte oxygen
cytotoxicity Inhibit TNF-a & |infliltration to species)
Theiper] stimulation, |IL-6 release tissues (including
Thelper2 inhibition  |[ncrease IL-10 adipose tissue)
Thymic T cell Decrease IFN-y
maturation/survival Vaso-protective
Neutrophil
activation
Links nutritional
status to immune
system
Immune cells |Polymophonuclear |Monocytes Macrophage Stimulated
with receptor |leukocytes Macrophage monocytes Tand B
to hormone |Monocytes B & T cells lyphocytes
Macrophage NK cells Most cells
Lymphocytes of myeloid
origin

adipose tissue stromal vascular fraction (SVF). By contrast, adipose tissue from
non-obese mice had less total macrophage content (based on percentage of cells
positive for F4/80" cells) and those macrophage had characteristics of being
“alternatively activated,” including increased expression of the anti-inflammatory
IL-10 gene (Lumeng et al. 2007).
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In agreement with the theory that both number and phenotype of macrophages
changes with obesity, Cancello et al. (2005) examined subcutaneous adipose tissue
from morbidly obese humans before and 3 months after bypass surgery when rapid
weight loss occurs. Interestingly, when the subjects were obese, the infiltrating
macrophages presented in crown-like structures surrounding mature adipocytes in a
pattern similar to that seen after injury. Further studies in a variety of mouse
models have consistently shown increased macrophage infiltration with classically
activated phenotypes (pro-inflammatory) with obesity. Correlations exist with
adipocyte cell size (Bouloumie et al. 2005; Weisberg et al. 2003) and adiposity
(Bouloumie et al. 2005; Weisberg et al. 2003; Xu et al. 2003), although there is
some debate as to whether plasma triglycerides are an independent factor (Cancello
et al. 2006, 2007). The macrophages themselves predominantly localize around
dead adipocytes (Neels and Olefsky 2006) (Cinti et al. 2005). Based on these (and
other) experimental data, it is suggested that adipose tissue expansion during
weight gain leads to recruitment of macrophages through a variety of signals. These
signals include secretion of chemoattractant factors (as discussed below) as well as
hypoxia.

4 Adipose Tissue Micro-Environment

Within the adipose tissue milieu, there are several ongoing processes (Fig. 1): (i)
adipocytes release factors that cause chemotaxis and infiltration of circulating
macrophages; (ii) macrophages then influence neighbouring adipocyte function;
(iii) adipocytes, in turn, simultaneously influence macrophage function; (iv) both
macrophages and adipocytes secrete factors that influence other tissues and
systems, which in turn impact on the adipose tissue milieu (i.e. CNS control of
satiety via leptin); and finally (v) preadipocytes contribute through cytokine
secretion and direct effects on adipocyte function (Bouloumie et al. 2005).

4.1 Adipocyte-Mediated Recruitment, Differentiation and Macrophage
Differentiation

With increased size of adipocytes, there is increased local secretion of most
adipokines (a decreased secretion of adiponectin is the exception). The mechanism
by which adipocytes recruit macrophages and influence their phenotype is currently
being studied extensively. Several adipokines have been identified that recruit
macrophages (MCP-1, osteopontin, TNFa, IL6, leptin). Enlarged adipocytes are
more likely to become hypoxic and then necrotic, which signal macrophage
recruitment. In fact, as the adipocyte cell grows (increases in lipid content), mRNA
of several pro-inflammatory cytokines (TNFa, MCP-1, MIP-1a, and SAA3)
increases disproportionately, potentially due to their production by other cells
within the adipose tissue, particularly macrophages which also increase
disproportionately with morbid obesity (Coenen et al. 2007). There are well
recognized differences between subcutaneous and visceral adipose tissue depots in
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MCP-1, leptin, IL-6, TNFa
Pro-inflammatory cytokines

Reactive oxygen species
@ Macrophage
‘ MCP-I

Adipocyte Preadipocyte

Fig. 1 Interactions between adipocytes, preadipocytes, macrophages and secreted factors within the
adipose tissue micro-environment

mice and humans, and increased visceral adipose tissue mass is associated with
increased inflammatory state (Lefebvre et al. 1998; Montague et al. 1998). In
agreement with this, visceral adipose tissue has been demonstrated to have
increased macrophage content as well (Tchoukalova et al. 2004; Weisberg et al.
2003).

4.2 Effects of Macrophages on Adipocyte Function

Following differentiation of the macrophages within the micro-environment of the
adipose tissue, macrophages secrete M-CSF (macrophage colony-stimulating
factor), VEGF, MIF and LPA (Bouloumie et al. 2005; Cancello and Clement
2006). There is also increased production of various pro-inflammatory cytokines
and reactive oxygen species (Pausova 2006). The effects of macrophages on
adipocyte function can be demonstrated directly in both co-culture and conditioned
media experiments. As shown by Lumeng et al. (2007), co-culture of adipocytes
with macrophages results in impaired insulin-stimulated glucose uptake, a key
insulin action in adipocytes, via inhibition of GLUT4 transporter translocation to
the cell surface. That this is likely mediated via soluble factors derived from
macrophages is demonstrated by culture of adipocytes with macrophage
conditioned media, which results in a similar insulin inhibitory effect (Lumeng
etal. 2007).
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4.3 Effects of Adipocytes on Macrophage Function

The converse action, adipocyte effects on macrophage function, is also evident. As
demonstrated by Lumeng et al. (2007) direct co-culture of macrophages with
adipocytes visually alters macrophage morphology. After several days in culture,
the macrophages take on an elongated phenotype with long cellular processes.
Increased intracellular lipid accumulation is also marked in the macrophages.

4.4 Contribution of Preadipocytes to Altered Adipocyte
and Macrophage Function

Within the environment of the adipose tissue, there exists a pool of preadipocytes,
which are proliferating cells capable of differentiation to mature lipid-laden
adipocytes. These preadipocytes are also responsive to inflammatory signals. A
recent study by Chung et al. (2006) demonstrated that LPS (lipopolysaccharide)
stimulates inflammatory cytokine gene expression in the stromal vascular
preadipocytes obtained from primary cultures of newly differentiated human
adipocytes. LPS-induced inflammation in preadipocytes, acting via TLR2 and
TLR4 receptors in preadipocytes as well as adipocytes, suppresses PPARy activity,
a key fat cell modulator, and reduces insulin responsiveness in adipocytes (Chung
et al. 2006). The MCP-1 secreted by preadipocytes also enhanced macrophage
recruitment and infiltration. Further, preadipocyte cells incubated in macrophage
conditioned medium do not differentiate into adipocytes to the same extent. In fact,
they express characteristics which are similar to macrophages, underlying the
interrelationships within adipose tissue (Chung et al. 2006).

4.5 Pros and Cons of Macrophage Infiltration

The overwhelming interpretation of previous studies (as presented above) has
suggested a negative effect of macrophage infiltration. Is all macrophage
infiltration within the adipose tissue milieu necessarily associated with negative
consequences? A study published recently by Odegaard et al. (2007) presents an
interesting conundrum. As macrophage infiltration and production of various
pro-inflammatory cytokines has been associated with insulin resistance, a macro-
phage specific knockout of PPARy was constructed (Mac-PPARYKO). These mice
are less susceptible to infection by Leishmani a major as evaluated by footpad
swelling and footpad necrosis. In the absence of macrophage PPARYy, alternative
activation of infiltrating macrophages is reduced, and indeed there is an overall
reduction of macrophages detected by histological analysis in adipose tissue
(Odegaard et al. 2007). Surprisingly, however, while this would have been
expected to improve insulin sensitivity, it does not. In fact, the Mac-PPARyYKO
mice are less insulin sensitive with delayed glucose clearance following a glucose
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Fig. 2 Potential interactions between ASP/C3adR and C5a with C5L2, C5aR and C3aR in adipocytes
and macrophages within the adipose tissue microenvironment

load or insulin challenge, and markedly increased plasma insulin levels. Clearly,
the role of macrophages in adipose tissue infiltration is complex.

Further, the presence of macrophages in adipose tissue may decrease
preadipocyte differentiation, thus restraining adipocyte tissue growth. Large fat-
laden adipocytes are thought to be more insulin resistant (Pausova 2006). It may
be that the initial infiltration of macrophages is intended to be compensatory or
regulatory, and that the continued expansion of adipose tissue (due to over-
consumption) initializes a vicious circle creating constant low grade inflammation
and the accompanying negative consequences that are associated including
associations with insulin resistance and atherosclerosis.

4.6 Effect of Weight Loss on Adipose Tissue Function

With weight gain, there is an increase both in adipocyte number (hyperplasia) as
well as adipocyte size (hypertrophy) (Drolet et al. 2007). Many studies have
demonstrated that with weight loss, there is a reduction in adipocyte tissue mass
(DiGirolamo 1991). Recent data also suggests that weight loss may also be
associated with decreased macrophage infiltration with bariatric surgery-induced
weight loss (Cancello and Clement 2005). This study found a significant decrease
in macrophage number with weight loss, correlating with BMI (body mass index)
and mean adipocyte size. In addition, weight loss induced a phenotypical change
in the ATM population with a significant increase in the anti-inflammatory
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alternatively activated macrophages after weight loss, as evidenced by increased
secretion of IL-10 and a switch from M1-M2. To the author’s knowledge, no
studies on ATM changes with weight loss from diet and exercise have been
completed, although a general reduction in inflammatory markers with weight loss
(Cottam et al. 2004) suggests that ATM infiltration would likely decrease as well.

5 The Role of C5L2: Adipose vs. Immune

The recent identification of C5L2 (aka GPR77) as a potential ligand for both C5a, a
powerful inflammatory factor, and ASP (C3adesArg), a stimulator of triglyceride
synthesis in adipocytes, has added one addition link to the interaction between the
adipose and the immune system. Although there are only a limited number of
papers published since the first identification of C5L2 as a potential G-protein
coupled receptor in 2000 (a total of = 30, six of which are review articles),
controversy remains regarding putative C5L2 ligands, C5L2 signalling capacity,
and the physiological role of C5L2 in either adipose or immune systems (Table 2 and
Figure 2). Controversy within the adipose-immune axis is not new. Other examples
include the role of CD36 that has been proposed to be a fatty acid transporter in
adipocytes (Harmon and Abumrad 1993) as well as a scavenger receptor in macro-
phages (Savill et al. 1991; Talle et al. 1983). The recent recognition of visfatin as an
adipose tissue adipokine (Beltowski 2006), has partially overshadowed its
previously identified function as a cytokine to differentiate B-cells and inhibit
apoptosis of neutrophils in sepsis (reviewed by Pilz 2007) while known as PBEF
(pre-B cell colony-enhancing factor). The roles of TNFa in lipid metabolism (Price
et al. 1986) and then insulin resistance (Stephens and Pekala 1991) in addition to its
known roles in immunity was also initially met with resistance, but is now well
accepted, providing yet another example.

5.1 Metabolism, C3, and Acylation Stimulating Protein (ASP)

An additional example of the links between immune and metabolic systems is the
presence of the alternative complement pathway in adipose tissue. Adipsin was
initially characterized many years ago in mice by Spiegelman and colleagues as
an adipose specific factor tightly linked to differentiation of preadipocytes to
adipocytes (Wilkison et al. 1990). In fact, adipose is the major source of
adipsin/factor D (Choy et al. 1992). Surprisingly, adipsin was later identified as the
mouse homologue of human factor D (Choy et al. 1992), which led to the
recognition of the adipose alternative complement pathway. In the alternative
complement pathway adipocytes, upon differentiation, produce factors C3, B and
adipsin leading to the production of C3adesArg (C3adR) (Choy and Spiegelman
1996, Choy et al. 1992).

However, prior to the identification of the adipose alternative complement
pathway resulting in C3adR, the serum derived protein acylation stimulating
protein (ASP) was characterized by its lipogenic functions (Cianflone et al. 1989).



10 R. MacLaren et al.

ASP was later identified as C3adR, produced upon differentiation by adipose tissue
(Baldo et al. 1993; Cianflone et al. 1994). Due to its lipogenic functions it is not
surprising that both C3 secretion and ASP production increase in adipocytes
following treatment with either insulin or dietary lipids (chylomicrons) (Maslowska
et al. 1997; Scantlebury et al. 1998).

Interestingly, C3 KO mice, which are deficient in ASP, display delayed
triglyceride and fatty acid clearance from the circulation following a fat meal, with
a reduced capacity for fat storage in their adipose tissue (review (Cianflone et al.
2003; Xia et al. 2004)). Acute injection of ASP/C3adR normalizes the postprandial
fat clearance. The alterations in fat clearance are also accompanied by hyperphagia
and increased energy expenditure (review (Cianflone et al. 2003; Xia et al. 2004)).
Finally, numerous studies have linked alterations in C3 as well as ASP with
obesity, diabetes, cardiovascular disease (review (Cianflone et al. 2003; Muscari
et al. 2007)). Taken together, this evidence from mice and humans highlights the
ASP pathway as an interesting target for obesity research.

5.2 Identification of CSL2 and Ligand Binding in Transfected Cells

C5L2 (aka GPR77) was first identified independently by two groups as a putative
orphan G-protein coupled receptor (GPCR) (Chen et al. 2007; Ohno et al. 2000).
Based on the similarities demonstrated with the C3a receptor (C3aR) and C5a
receptor (C5aR), this led to studies on the potential of anaphylatoxins to act as
ligands, including C5a, C4a and C3a and the related desArg (dR) forms including
ASP (C3adR). A relatively small number of published papers have actually directly
examined ligand binding, primarily using cells transiently or stably expressing
C5L2 (such as HEK and RBL)(Cain and Monk 2002; Johswich et al. 2006; Kalant
et al. 2003a, 2005; Okinaga et al. 2003; Otto et al. 2004a; Scola et al. 2007). With
respect to C5a and C5adR binding, there is agreement within the studies published
that C5a is a high affinity ligand to C5L2 (Kd 0.5-10 nM), while C5adR has lower,
but still robust affinity.

By contrast, there are fewer studies which have examined C3a and ASP/C3adR
binding to C5L2, and the results are discordant. Studies by Klos and colleagues and
by Gerard and colleagues both demonstrated an absence of C3a and C3adR/ASP
binding (Johswich et al. 2006; Okinaga et al. 2003). By contrast, studies conducted
in two additional laboratories, Monk and colleagues and Cianflone and colleagues,
(Cain and Monk 2002; Kalant et al. 2003a, 2005) did demonstrate significant
binding of ASP/C3adR and C3a, with affinities in the range of 50-200 nM.
Comparisons between studies are problematic due to the extensive differences in
many parameters including cell type utilized (HEK vs. RBL cells), receptor
expression (transient vs. stably transfected), ligand purification (serum-derived vs.
recombinant vs. protease generated), ligand labelling (iodinated vs. fluorescent),
and binding methodologies (suspension cells vs. attached cells). Only Monk and
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Table 2 Role of C5L2 and ASP (C3adesArg)

Summary is presented with explanations provided in the present text with reference to recent reviews
(Ward 2007), (Monk et al. 2007), (Johswich et al. 2007), (Barrington et al. 2001; Cianflone et al. 2003;
Kalant et al. 2003b). CVD cardiovascular disease; EE energy expenditure; OM omental; SC

subcutaneous; 7'G triglyceride; 7ZD thiazolidinedione (diabetic medication)

Adipocentric Immunocentric

C5L2

Production Adipocytes (SC & OM), Macrophages, neutrophils, HL-
preadipocytes 60, HeL a, astrocytes

Regulation A Differentiation, insulin, TZD AN dbcAMP, noradrenaline
V¥ TNFa ¥ TNFo AV IFNy

Ligand binding ASP(C3adR), C3a C5a

Function A TG synthesis & glucose transport |{Decoy for C5a receptor

KO phenotype Delayed postprandial TG clearance, |fNorWresponses to C5a,
hyperphagia, altered energy negatively regulates
expenditure inflammatory response in vivo

Disease Hyperlipidemia Septic shock

C3 & cleavage

products

Production Adipocytes produce C3, B & Macrophages produce C3, B and
adipsin (D), generate ASP adipsin (D)

Regulation A Dietary lipoproteins, insulin A IL-1, IL-6, TNFa, estrogen

W IFNy, glucocorticoids

Receptor binding ASP binds only C5L2 C3a binds C5L2 & C3aR,

Function A TG synthesis & glucose uptake |Host protection & inflammation

KO phenotype Delayed postprandial TG clearance, |Decreased inflammation,
hyperphagia, altered energy increased susceptibility bacterial
expenditure infection (CLP), reduced TNFa

release

Disease A Obesity, CVD, diabetes Infection, humoral immune

W weight loss, exercise, anorexia  |response, endotoxic shock

colleagues used recombinant derived C3a and C3adR (Kalant et al. 2003a). Klos

and colleagues have pointed out the possibility of misinterpreting non-specific

1251_

C3a and '"I-ASP binding to plastic as artefactual receptor binding (Johswich et al.
2006), and certainly we and others recognize the ‘stickiness’ of both of these
proteins. On the other hand, this explanation cannot be used to explain the specific
binding of fluorescently-labelled ASP to stably transfected C5L2-HEK cells in
suspension, used in pre-screening and cell-sorting of these cells (Kalant et al.
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2003a, 2005). An example of Fluos-ASP binding in comparison to anti-C5L2
antibody binding to sorted stably transfected C5L2-HEK cells is shown in Fig. 3.

The proposed affinities for C5a (with either C5aR or C5L2) are much stronger
than the measured affinities of ASP with C5L2 (approximately 25- to 50-fold
different). However, the physiological levels of serum ASP (C3adR) are also
proportionally much greater than those of C5a: normal levels ASP =25-100 nM
(Maslowska et al. 1999), normal levels of C5a 1-2 nM (Huber-Lang et al. 2005),
and accordingly it would be expected that both the binding affinity as well as the
effective stimulatory dose would differ proportionally, with more ASP required
(and available physiologically) for stimulation. These issues will likely be resolved
with additional studies.

5.3 Signalling of C5L2 in Transfected Cells

As with ligand binding, the potential for direct signalling of the C5L2 receptor in
C5L2 transfected cells remains controversial. Both Okinaga et al. (2003) and
Kalant et al. (2005) have demonstrated phosphorylation of C5L2 subsequent
to ligand treatment (C5a and ASP/C3adR, respectively), leading to B-arrestin
translocation and internalization (Kalant et al. 2005), a marker of GPCR activation
(Luttrell and Lefkowitz 2002). On the other hand, treatment with C5a was not
found to stimulate ERK1/2 phosphorylation or intracellular Ca*" fluxes (Okinaga
et al. 2003), B hexosaminidase release (Kalant et al. 2003a) or stimulation of
triglyceride synthesis and glucose transport (Kalant et al. 2005) in C5L2 transfected
cells. By contrast, ASP/C3adR and C3a did stimulate triglyceride synthesis and
glucose transport in stably transfected C5L2 cells (Kalant et al. 2005). It should be
pointed out that the studies on ASP responsiveness were carried out in C5L2 stably
transfected cells that had been screened and sorted on the basis of Fluos-ASP
binding (Fig. 3). Again, as stated above, these issues remain controversial and will
likely be resolved with additional studies.

5.4 A DRY Motif is not Required for Signalling

Based on the absence of a DRY (Asp-Arg-Tyr) motif in C5L2, which has been
shown to be important in cell signalling in the C5aR, it has been suggested that
C5L2 is obligately uncoupled from G-protein signalling (Johswich and Klos 2007;
Okinaga et al. 2003). This is incorrect. While the motif is highly conserved in the
rhodopsin family of GPCRs, particularly the aminergic GPCRs (Chung et al. 2002),
directed mutations do not necessarily result in loss of function when the DRY motif
is present and the DRY motif is not always present in functionally signalling
GPCRs. There are several examples of mutations in an endogenous DRY motif that
do not abolish cell signalling. (i) Mutation of the Arg in the a2A (Chung et al.
2002) and B2 (Seibold et al. 1998) adrenergic receptors show that the Arg is not
required for G-protein activation by these GPCRs. (ii) In the CB2 cannabinoid



1. Adipokines and the Immune System 13

receptor, mutation of the homologous Arg only partially reduced activity (Rhee
et al. 2000), while (iii) Arg mutation in the type 1A angiotensin II receptor
abolished coupling to some G-proteins but not others (Ohyama et al. 2002). On the
other hand, some studies have shown a gain of constitutive activity with Arg
substitutions (Chen et al. 2001; Fanelli et al. 1999; Scheer et al. 2000; Seibold et al.
1998). Further, the “conserved” DRY motif can present in various forms,
including: DRS, NRY, ERY, DTW and RHG, preserving two, one or none of the
“DRY” amino acids (Arora et al. 1997; Conner et al. 2007; Gruijthuijsen et al.
2004; Rosenkilde et al. 2005; Rovati et al. 2007; Scheer et al. 2000). In C5L2, the
motif presents as a DLC motif in the human and DLF in mouse C5L2 (Kalant et al.
2005). Interestingly, the secretin family of GPCRs have a YL motif predicted to be
in the same position as the first two amino acids of the rhodopsin family DRY
motif. Mutation of the leucine in the vasoactive intestinal peptide 1 (VPACI)
receptor led to a pronounced impairment of G protein activation (Tams et al. 2001).
The use of motifs to identify potentially important sequences in GPCRs is a
valuable tool for analysis but, with exceptions as common as similarities, should be
treated as a guideline rather than a rule. As with ligand binding, this issue of
signalling motifs within C5L2 remains controversial.

5.5 Endogenous Expression of CS5L2 and Functionality

C5L2 is widely expressed in various tissues including adipose, spleen, bone
marrow, liver, intestine, lung, heart, brain, placenta and ovary (Chen et al. 2007;
Gao et al. 2005; Gavrilyuk et al. 2005; Kalant et al. 2005; Ohno et al. 2000).
Various cells, of both myeloid and non-myeloid origin, including human and
mouse adipocytes and preadipocytes, neutrophils, immature but not mature
dendritic cells, HL-60, HeLa cells and U937 macrophages express C5L2 (Huber-
Lang et al. 2005; Johswich et al. 2006; Kalant et al. 2005; MacLaren et al. 2007;
Ohno et al. 2000).

Examinations of ligand receptor responses in endogenously expressing cells are,
however, few in number, and limited to functional responses, as no direct
interaction with the C5L2 receptor has been demonstrated in these cells. With
respect to C5a, ligand effects that could be directly attributed to the C5L2 receptor
are complicated by the simultaneous expression of C5aR is these cells. Johswich et
al. demonstrated an effect of C5a on Ca”" fluxes in U937 cells and HL-60 cells,
which was completely blocked in the presence of the C5aR inhibitor
AcF[OPdChaAR] (Johswich et al. 2006), which does not prevent C5a binding to
C5L2 (Otto et al. 2004b). While one explanation of this effect is that C5L2 is not a
functional receptor, other explanations could include: (i) C5a activation of C5L2
does not result in increases in intracellular Ca** flux, or (ii) C5a activation of C5L2
requires C5aR (as discussed below in in vivo models).

By contrast, C3adR/ASP does not bind either the C3aR or the C5aR, and to
date, C5L2 is the only identified ASP receptor (Kalant et al. 2003a, 2005). ASP, as
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Fig. 3 Anti-C5L2 and Fluos-ASP binding to stably-transfected and sorted C5L2-HEK cells vs. HEK
cells

well as C3a, stimulates triglyceride synthesis and glucose transport in
preadipocytes and adipocytes (Kalant et al. 2003a, 2005), an effect that can be
reduced using antisense and siRNA to C5L2 (Kalant et al. 2005), or blocked
through antibody neutralization of C5L2, an effect comparable to anti-ASP
neutralization (Cui et al. 2007). In preadipocytes, the ASP stimulation of
lipogenesis is mediated via a PI3 kinase/phospholipase C/protein kinase C
mechanism, an effect that is blocked using inhibitors to these pathways
(Maslowska et al. 2006).
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5.6 In Vivo Role of C5L2 in Mice and Humans

Notwithstanding the controversial results obtained in transfected cells, a role of C5L2
in both immune function and lipid metabolism is supported by evaluation of C5L2
expression in cells and the few studies published in mice. The ability of C5L2 to
bind C5a without apparent activation has led to the suggestion that C5L.2 may play
a role as a decoy receptor, and therefore regulate the levels of C5a and C5adR
availability (detailed in reviews (Johswich and Klos 2007; Monk et al. 2007; Ward
2008). An alternate role for C5L2 has also been proposed, based on a recent
publication by Chen et al., suggesting that C5L2 is critical for the biological
activities of C5a and C3a (Chen et al. 2007).

With respect to lipid metabolism, C5L2 expression in 3T3 adipocytes, a
commonly used cell model, is increased with differentiation of adipocytes
(MacLaren et al. 2007). Further, insulin and dexamethasone increased CS5L2
mRNA, C5L2 cell surface expression and ASP binding, while TNFa decreased all
three parameters (MacLaren et al. 2007). Rosiglitazone, a thiazolidinedione used to
increase insulin sensitivity in diabetic patients, also increased C5L2 mRNA and
ASP binding in adipocytes. In mice, C5L2 KO mice have reduced adipose tissue
triglyceride synthesis and delayed postprandial lipid clearance, but are hyperphagic
with increased muscle and heart fatty acid oxidation (Paglialunga et al. 2007).
Interestingly, this is a similar phenotype to the C3 KO mice (Cianflone et al. 2003;
Xia et al. 2004). A similar phenotype of delayed postprandial lipid clearance and
altered lipid metabolism was obtained in wildtype mice injected for 10 days with
either anti-C5L2 or anti-ASP neutralizing antibodies (Cui et al. 2007). Finally, in
humans a C5L2 mutation has been associated with alterations in lipid metabolism
(Marcil et al. 2006).

On the other hand, additional receptors for C3a/C3adR may yet exist. Using
C5L2 KO mice, Honczarenko et al. demonstrated that the C5L2 receptor is not
involved in C3a/C3adR mediated enhancement of bone marrow hematopoietic cell
migration to CXCL12 (Honczarenko et al. 2005a). Honczarenko et al. (2005b), using
C3aR KO mice, similarly suggested the presence of an alternate C3a/C3adR
receptor based on their evaluation of responsiveness of hematopoietic cells to an
SDF-1 gradient. As C3adR does not bind C3aR, the mechanism involved remains
unidentified.

6 Summary

It is now generally well accepted that there is clear evidence of interaction between
the adipose and the immune system. Activation of the innate immune system and a
systemic low grade inflammatory state are integral parts of the response to obesity
leading to insulin resistance and diabetes, and indeed, are used more and more for
diagnosis of potential risk and treatment of risk factors. Vascular and tissue
inflammation, endothelial dysfunction and cardiovascular disease are further
complications. Notwithstanding the important role that C3a, C3aR, C5a, C5aR and
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potentially C5L2 play in the immune system, the implications of these and other
immune factors in adipose tissue metabolism cannot be ignored. How the
interaction between ASP and C5L2 vs. C5a and C5aR evolves remains to be seen.
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Abstract. Cerebral ischemia and reperfusion initiate an inflammatory process which results
in secondary neuronal damage. Immunomodulatory agents represent a promising means of
salavaging viable tissue following stroke. The complement cascade is a potent mediator of
inflammation which is activated following cerebral ischemia. Complement is deposited on
apoptotic neurons which likely leads to injury in adjacent viable cells. Studies suggest that
blocking the complement cascade during the early phases of infarct evolution may result in
decreased penumbral tissue infarction and limit the extent of brain injury. Additionally, other
elements of the complement cascade may play a critical role in cell survival. In this paper,
we review the role of the complement cascade in neuronal damage following ischemic injury
and emphasize possible therapeutic targets.

1 Introduction

Stroke is a leading cause of morbidity and mortality in the U.S. (Dirnagl et al.
1999). This condition severely impacts quality of life, and its burden on health care
resources is staggering (Dirnagl et al. 1999; Fischer et al. 1995; Gladstone et al.
2002). To further complicate the issue, there exists a paucity of effective stroke
therapies, the majority of which are not options for approximately 97-98% of
patients presenting with acute ischemic stroke (Multicentre Acute Stroke Trial —
Italy (MAST-I) Group 1995). To this end, research efforts have focused on
developing therapeutic avenues that ameliorate ischemic brain injury and can be
administered safely at delayed time points.

Arterial occlusion initiates an inflammatory cascade with spatial and temporal
variation that can be exploited for therapeutic benefit. In particular, although the
ischemic core suffers irreversible damage, the more peripheral portions (penumbra)
continue to be viable and represent salvageable tissue. Although establishing
reperfusion is clearly an integral component to stroke management, manipulation of
the inflammatory processes involved in cerebral ischemia will be critical to achieve
maximal therapeutic benefit. In addition to the relatively delayed nature of
neuroinflammatory pathophysiology, the inflammatory cascade offers numerous
potential targets subject to a broad arsenal of immunomodulatory agents. In this
paper, we review the complement cascade, a potent inflammatory mediator
involved with neuronal damage following ischemic injury.
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2 Inflammation Following Cerebral Ischemia

Reperfusion of ischemic parenchyma activates pro-inflammatory effectors, thereby
exacerbating cerebral injury. As demonstrated in both animals and humans,
inflammation leads to the release of proteases and free radicals by infiltrating
neutrophils and increased leukocyte adhesion leading to capillary plugging, both of
which are deleterious and expand the zone of irreversible injury ( Bednar et al.
1991, 1997; Dawson et al. 1996; del Zoppo et al. 1991; Dirnagl et al. 1999; Matsuo
et al. 1994; Shimakura et al. 2000; Small et al. 1999; Sughrue and Connolly 2004;
Yano et al. 2003). A major component of the inflammatory response involves the
complement cascade. Complement is deposited on apoptotic neurons following
cerebral ischemia (Cowell et al. 2003a; Huang et al. 1999; Schafer et al. 2000).
While the majority of systemic complement is produced hepatically, extrahepatic
cells are also capable of manufacturing complement proteins (Morgan and Gasque
1996, 1997). Although the origin of neuronal complement deposition remains
unclear, various brain cells have been demonstrated to produce mRNA for the
entire complement cascade in vitro (Gasque et al. 1992, 1993; van Beek et al.
2003). Moreover, ischemic environments appear to up-regulate the expression of
complement proteins, notably Clq (Schafer et al. 2000). Given the loss of blood-
brain-barrier integrity that occurs after stroke, it is also likely that some portion of
complement deposited in the brain enters with systemic circulation (Belayev et al.
1996). Regardless, given the diffusible nature of complement cascade byproducts, a
reasonable hypothesize is that apoptotic cells injure adjacent viable cells by
promoting inflammation via complement activation (Chakraborti et al. 2000).

3 Complement Mediated Ischemia/Reprefusion Injury

Complement has been shown to play a role in ischemia/reperfusion injury
throughout the body. The majority of this work has focused on myocardial
ischemia, where complement deposition occurs within 3 h of onset, which may be
related to the focal loss of regulators of complement activation (RCA) in the infarct
region (Vakeva et al. 1994). In addition, animals genetically deficient in
complement (Kilgore et al. 1998), as well as those treated with soluble complement
inhibitor-1 (sCR1) (Lazar et al. 1998; Weisman et al. 1990), Cl-esterase inhibitor
(Buerke et al. 1995), and C5 activation blocking antibodies (Vakeva et al. 1998)
have attenuated post-ischemic myocardial injury. The hypothesis of complement
mediated ischemia/reperfusion injury has been further strengthened by similar
benefits observed in renal (Duffield et al. 2001), intestinal (Stahl et al. 2003), and
limb (Weiser et al. 1996) ischemia. Drawing conclusions from experiments relying
on complement inhibition, however, is problematic due in part to their lack of
specificity. For instance, recent work utilizing Cl-esterase inhibitor has demon-
strated that the protection mediated by this inhibitor does not involve Clq but
instead results from inhibition of cell recruitment and inflammation (De Simoni
et al. 2004; Storini et al. 2005).
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The complement cascade is activated in a host of neurological diseases
(Gasque et al. 1992, 1993, 1996, 2000, 2002; Morgan and Gasque 1996, 1997;
Morgan et al. 1997; Rogers et al. 1996; van Beek et al. 2003). While not the
primary inciting event, complement up-regulation in the acute stage of neurologic
disease likely exacerbates injury. More specifically, complement has been
demonstrated to have pro-inflammatory effects in dementia secondary to
Alzheimer’s disease (Eikelenboom et al. 1989; Head et al. 2001; Matsuoka et al.
2001; McGeer et al. 1989), and Pick’s Disease (Gasque et al. 2000; Singhrao et al.
1996; Yasuhara et al. 1994), while transgenic mice producing a soluble form of the
murine complement inhibitor Crry, were shown to develop less profound brain
injury secondary to head trauma (Rancan et al. 2003).

Neurons, in vitro, are capable of spontanecously activating the complement
cascade (Gasque et al. 1996, 2000; Singhrao et al. 2000). Singhrao et al. (2000)
demonstrated this phenomenon, as human primary neurons cultured in the presence
of complement activate the entire complement cascade without the presence of
external stimuli, eventually leading to neuronal lysis by MAC. This may be the
result of a relative deficiency in Decay activating factor (DAF, CDS55) and
Membrane Cofactor Protein (MCP, CD46). Diminished levels of these factors
render neurons susceptible to spontaneous complement activation (Singhrao et al.
2000). Although these data suggest that neurons may be susceptible to lysis by
complement, it is important to note that certain soluble complement inhibitors, such
as C4-binding protein and Factor H, are mainly produced by astrocytes and likely
lacking in a pure culture of neurons (D’Ambrosio et al. 2001).

4 Complement Mediated Cell Clearance

Complement deposition on the surface of pathogens greatly increases the rate at
which these opsonized pathogens are phagocytosed and destroyed (Mevorach
1999). Studies have also demonstrated that early complement components such
as Clg, C3, and C4 play a critical role in facilitating the clearance of apoptotic cells
(Fishelson et al. 2001; Mevorach 1999, 2000, 2003; Mevorach et al. 1998). This
may explain why genetic complement deficiencies strongly predispose individuals
to develop autoimmune diseases, such as lupus, which are generally considered to
result in part from the failure to clear apoptotic cells that spill cellular debris after
acute tissue injury (Elward and Gasque 2003; Fadok 1999; Fadok and Henson
1998; Fadok et al. 1998a,b; Fishelson et al. 2001; Mevorach 2003).

It has been demonstrated that phagocytosis of apoptotic cells is not a bio-
logically neutral event, but rather has profound effects on cytokine expression
(Fadok 1999; Fadok and Chimini 2001; Fishelson et al. 2001; Savill 2000). In
experimental models, for example, macrophage ingestion of apoptotic cells reduces
expression of pro-inflammatory cytokines such as TNF-alpha and IL-1, and
increases expression of anti-inflammatory cytokines such as TGF-f (Fadok 1999;
Knepper-Nicolai et al. 1998; Ren et al. 2001; Savill 1997). This phenomenon has
also been demonstrated to occur in human microglia, with the interesting caveat
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that growth factors such as NGF are also released (De Simone et al. 2003). In
another study, mice doubly transgenic for human amyloid precursor peptide
(hAPP) and sCrry, experienced significantly more extensive Alzheimer’s-type
neurodegeneration compared to mice only transgenic for hAPP (Wyss-Coray et al.
2002). While the exact mechanism for this observation is currently unclear, it is
hypothesized that this increase in neuronal loss is secondary to failed amyloid
plaque clearance in the complement-inhibited mice (Wyss-Coray et al. 2002). In
short, complement inhibition appears to exacerbate certain disease processes as a
result of decreased clearance of cellular debris.

5 Implications of Complement Inhibition

Work involving non-specific pharmacologic complement inhibitors, such as cobra
venom factor (Cowell et al. 2003b; Figueroa et al. 2005; Vasthare et al. 1998), and
Cl-esterase inhibitor (Akita et al. 2001; De Simoni et al. 2003), supports the
hypothesis that complement activation contributes to cerebral ischemia/reperfusion
injury. Moreover, studies involving treatment with a specific complement inhibitor,
soluble complement receptor-1 (sCR1), led to significant reductions in neutrophil
and platelet aggregation, as well as significantly improved neurological function
following experimental stroke. Cerebral infarct volume was also reduced, although
this difference was not statistically significant (Huang et al. 1999). These results
were more marked when a sialylated form of the sCR1 molecule, which both
inhibits complement activation and blocks neutrophil adhesion via P/E-selectin,
was administered (Huang et al. 1999). Taken together, these data strongly suggest
that blocking the complement cascade during the early phases of infarct evolution
may be able to decrease recruitment of penumbral tissue into the infarct and
thereby limit the extent of brain injury following stroke.

Despite systemic complement inhibition, however, sCR1 treatment did not
improve outcome in non-human primate stroke models (Mocco et al. 2006a). While
the reasons for failure to translate remain unclear, further dissection of the
complement cascade revealed that complete C3 inhibition was critical for neuro-
protection (Mocco et al. 2006b). The protective effects of C3 blockade appear to be
mediated by C3a and associated with diminished PMN infiltration. Moreover, C3
depletion and/or blockade lead not only to improved outcome and decreased PMN
infiltration, but also to reduced P-selectin transcription and microvascular
thrombosis (Atkinson et al. 2006).

6 Complement and Neurogenesis/Neurorecovery

Recent studies have supported the role of complement in basal and ischemia-
induced neurogenesis, as C3a and C5a are highly expressed on neural progenitor
cells (Rahpeymai et al. 2006). In addition, C3 deficient and C3aR deficient mice, as
well as wild type mice treated with C3aR antagonists for ten days showed reduced
basal neurogenesis. Moreover, C3 deficient mice had decreased ischemia-induced
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neurogenesis and demonstrated no benefit in outcome following permanent MCA
occlusion.

While the anaphylotoxins C3a and C5a are best known for their profound pro-
inflammatory effects, more recently it has been appreciated that these molecules
play critical roles in promoting cell survival, differentiation, and regeneration
following injury (Markiewski et al. 2004; Ratajczak et al. 2004; Strey et al. 2003).
For example, it has been shown that C3 —/— knockout mice subjected to either toxic
injury or partial hepatectomy, demonstrate marked impairment of liver regeneration
secondary to their failure to produce C3a and C5a (Markiewski et al. 2004; Strey
et al. 2003). C3a and C5a are thought to prime cells for rapid tissue regeneration/
repair by increasing their responsiveness to specific growth factors (Markiewski
et al. 2004; Strey et al. 2003). Similarly, work by Ratajczak and colleagues have
implicated C3a in the engraftment of hematopoetic stem cells into bone marrow
stroma (Ratajczak et al. 2004). They demonstrated that C3 —/— knockout mice
irradiated and then administered bone marrow mononuclear cells demonstrate a
profound impairment in the ability of these stem cells to form functional colony
forming units when compared to wild-type controls. This effect was hypothesized
to result from a combination of two C3 mediated mechanisms. First, C3 activation
releases C3a, which, acting in a large part through its catabolite C3ades-Arg, binds
the C5L2 receptor, potentiating the stem cell chemotactic response to the growth
factor stromal-derived factor-1. Second, C3b deposited in the stroma is broken
down to iC3b, mediating stem cell-stroma attachment via the iC3b-CR3 interaction.

While the precise effects of C3a and C5a on neurorecovery remain unclear,
there is evidence that these molecules have non-inflammatory effects in the CNS
and may effect neuronal survival following stress. Mice genetically deficient in C5
demonstrate markedly increased susceptibility to glutamate excitotoxic neuronal
death following an intrahippocampal injection of kainate (Pasinetti et al. 1996).
Additionally, more recent in vitro work has demonstrated that pretreatment of
neuronal cultures with C5a reduces induced neuronal cell death, in part due to
MAP-kinase dependent inhibition of Caspase activation (Mukherjee and Pasinetti
2000, 2001; Osaka et al. 1999).

Thus, there exists a potential conflict in the most recent findings of
complement-related cerebral ischemia research: whereas C3 inhibition has been
shown to reduce infarct volume in some stroke models, C3 deficiency has been
shown to hinder neurogenesis. It will be critical for future studies to determine the
etiology for these differences, as timing, dosing, and the type of experimental
model implemented may play important roles.

7 Steps Towards Clinical Translation

Since anti-C3 strategies appear to be protective via diminished anaphylatoxin
dependent neutrophil trafficking and improved microvascular patency within the
penumbra, C3 blockade may not be beneficial in a setting where reperfusion is not
significant. In support of this hypothesis, data not yet published from our laboratory
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has found C3a receptor antagonism protects mice from transient, but not permanent
cerebral ischemia. Although transient and permanent MCA occlusion resulted in
similar degrees of endothelial ICAM-a expression and granulocyte infiltration into
post-ichemic cortex, C3aR antagonism markedly diminished this phenomenon only
in cases involving reperfusion. These findings suggest that translational efforts to
bring anti-complement therapies to the bedside in patients suffering acute ischemic
stroke should concentrate on administration in the setting of known reperfusion, for
example following proven recanalization with IV TPA or endovascular methods.

Along these lines, clinical studies regarding anti-inflammatory stroke therapies
have been discouraging thus far. For example, the Enlimomab (anti-ICAM-1)
antibody Acute Stroke Trial was halted following enrollment of 625 patients, as
Enlimomab treated patients demonstrated worse outcomes than placebo treated
patients (Furuya et al. 2001). Subsequent investigation revealed, however, that the
mouse antibody utilized in this study activated the complement cascade when
incubated with blood from healthy human volunteers (Vuorte et al. 1999).

While complete inhibition of complement may appear therapeutic following
stroke, recent advances indicate that the complement cascade is multi-potent and
critical to ensuring proper mammalian physiology. Therefore, a thorough
understanding of each component is essential. While C3a has been shown to
mediate ischemia/reperfusion injury in the brain by recruiting and activating
neutrophils, the exact mechanisms by which the C5a receptor mediates its effects
are still unknown. Future studies are necessary to eclucidate the mechanism by
which the C5a receptor is upregulated in the brain following ischemia/reperfusion
injury and the specific targets through which it mediates its effects. In addition,
efforts to validate post-ischemic efficacy should be pursued.

8 Conclusion

Anti-complement strategies appear to hold great promise for the development of
stroke therapeutics. Yet caution should be exercised, for if any knowledge has been
gained from the many failed attempts at translating stroke therapies to the bedside,
it is that cavalier application of under-elucidated therapies lead to wasted resources
and the potential for poor patient outcomes. Since it is clear that the complement
cascade is a complex and intricate system with widely varied effects, it will be
critical for future studies to determine the specific roles of the individual
complement components and the mechanisms by which each component affects
cerebral injury in the context of stroke.
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Abstract. Complement C3a and C5a are released from C3 and CS5, respectively, on
activation of the complement system and play an important role in immune response. C3a,
C5a and their receptors have been revealed to be present in the central nervous system
(CNS) as well as the peripheral immune system. We found that centrally administered C3a
suppresses food intake, while CSa stimulates food intake, and their food intake regulation
may be associated with the prostaglandin system. We propose that complement C3a and C5a
are regulators not only of the immune system but also of the CNS.

1 Introduction

The complement system, consisting of a series of proteins from Clq to C9, is
activated in response to pathogenic microorganism invasion, and plays an
important role in immune response (Law and Reid 1995). Among these proteins,
complement C3a (77 amino acid residues) and C5a (74 amino acid residues) are
released from the amino terminus regions of C3 and C5, respectively, by enzymatic
degradation during the complement system activation (Law and Reid 1995). C3a
and C5a stimulate histamine secretion in mast cells, increase capillary vessel
permeability and contract smooth muscle (Law and Reid 1995). C5a has
chemotaxic activity and facilitates phagocytes mobilization (Law and Reid 1995).
C3a and C5a are also called anaphylatoxins, since they induce anaphylactic-like
reactions after their peripheral administration (Law and Reid 1995).

C3a and CS5a receptors, seven transmembrane G-protein coupled receptors
(Ames et al. 1996; Tornetta et al. 1997; Gerard and Gerard 1991; Boulay et al.
1991), were thought to be restricted to the peripheral immune system; however, it
has been reported that these receptors are also present in the central nervous system
(CNS), including glial cells and neurons (Nataf et al. 1999; Davoust et al. 1999;
Gasque et al. 1997, 1998; O’Barr et al. 2001); however, little is known about
central functions of C3a and C5a. In the current review, we focused on food intake
regulation by C3a and C5a.
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2 C3a Effect on Food Intake

2.1 Anorexigenic Action of Central C3a

It was reported that C3a administered into the perifornical hypothalamic region of
non-fasted rats potentiated feeding stimulation by norepinephrine (Schupf et al.
1983); however, we found that intracerebroventricular (i.c.v.)-administered C3a
suppressed food intake in fasted mice (Ohinata et al. 2002). C3a-des-Arg was
inactive under this experimental condition (Ohinata et al. 2002), indicating that the
anorexigenic effect was specific to C3a. We thus revealed that C3a agonist
suppresses food intake after central administration.

It is known that acute infections trigger a host defense reaction with several
physiological and behavioral changes, including anorexia (Langhans 2007).
Lipopolysaccharide (LPS), a Gram-negative bacterial cell-wall used as a model of
microbial infections, suppresses food intake after central and peripheral administra-
tion (Langhans 2007; Inui 2001). Intraperitoneally (i.p) administered LPS increased
C3 mRNA levels in the median eminence and arcuate nucleus of the hypothalamus
(Nadeau and Rivest 2001), which is an important brain site for food intake
regulation. C3a receptor mRNA expression was also elevated in the mouse brain
after i.p. injection of LPS (Nadeau and Rivest 2001). Although it is not clear
whether the complement components originate from astrocytes and microglia in the
brain parenchyma or systemic immune cells after leakage from the blood-brain
barrier (BBB), the complement system might be involved in anorexia during an
acute inflammatory response (Nadeau and Rivest 2001). Furthermore, anorexia
under infection and inflammation might also be associated with stimulating
anorexigenic cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-1
and IL-6 derived from neurons and glial cells as well as peripheral lymphocytes
and/or monocyte macrophages (Hopkins and Rothwell 1995; Inui 1999a).
Interestingly, mice lacking C3a receptor had elevated plasma IL-1J3 concentrations
and enhanced lethality to endotoxin LPS shock (Kildsgaard 2000), suggesting that
C3a receptor acts as an anti-inflammatory receptor. It is also suggested that the
central complement system might be activated during acute brain injury, such as
ischemia and trauma, and chronic neurodegeneration, including Alzheimer’s
disease and Huntington’s disease (Nadeau and Rivest 2001; van Beek et al. 2003;
Gasque et al. 2000). It should be clarified how the complement system, including
anorexigenic C3a, contributes to eating disorders in these diseases.

The other major source of C3a is white adipose tissue, which is well-known as
not only an energy storage tissue but also an active endocrine organ (Cianflone
et al. 2003). Adipocyte also produces and secretes leptin, which is an afferent signal
from the periphery to the brain that regulates adipose tissue mass (Inui 1999b). The
level of leptin is positively correlated with body fat mass (Inui 1999b). Leptin
reduces appetite and increases energy expenditure via the CNS (Inui 1999b).
Similarly to leptin, C3a decreases food intake after central administration (Ohinata
et al. 2002). It is thought that after C3a secretion from white adipose tissue, the
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C-terminal arginine of C3a was considerably removed to give C3a-des-Arg
(acylation-stimulating protein, ASP) by carboxypeptidase. Plasma concentrations
of C3a-des-Arg are elevated in human obesity (Sniderman et al. 1991). Fasting,
chronic hypocaloric diets or gastric bypass surgery, which lead to decreased body
weight, also increases plasma C3a-des-Arg levels (Sniderman et al. 1991). In
contrast to leptin, C3a-des-Arg increases energy storage by stimulating
triacylglycerol synthesis and increasing glucose transport independently of C3a
receptor (Sniderman et al. 1991). C3a receptor agonists with resistance to
peptidase, especially carboxypeptidase, might be used as anti-obesity drugs.

2.2 C3a Agonist Peptides Derived from Natural Proteins

A number of low molecular peptides with C3a agonist properties have also been
found in the enzymatic digests of human, animal and plant proteins (Takahashi et
al. 1996, 1997, 1998; Chiba et al. 1989), and we investigated whether these C3a
agonist peptides change food intake after central or peripheral administration. We
previously isolated C3a agonist peptides such as human albutensin A (Ala-Phe-
Lys-Ala-Trp-Ala-Val-Ala-Arg) (Takahashi et al. 1998), bovine casoxin C (Tyr-Ile-
Pro-Ile-GIn-Tyr-Val-Leu-Ser-Arg) (Chiba et al. 1989; Takahashi et al. 1997) and
oryzaetensin (Gly-Tyr-Pro-Met-Tyr-Pro-Leu-Pro-Arg) (Takahashi et al. 1996)
derived from serum albumin, k casein and rice albumin, respectively, by
guinea pig ileum-contraction assay. Primary structure at the carboxy termini
of these peptides have homology to that of C3a, Leu-Gly-Leu-Ala-Arg, which is
minimally essential for the C3a activity. Among these peptides, human albutensin A
decreased food intake after i.c.v. and i.p. administration (Ohinata et al. 2002).
Although albutensin A had low affinities for C5a and bombesin receptors as
well as C3a receptor (Ohinata et al. 2002; Takahashi et al. 1998), the anorexigenic
activity induced by albutensin A may be mediated by C3a receptor for the following
reasons: 1) Albutensin A suppressed food intake in mice lacking bombesin receptor
subtype 1, which mainly mediates bombesin-induced food intake suppression
(Ohki-Hamazaki et al. 1999); 2) It has been reported that centrally administered
C5a increased food intake in rats (Schupf and Williams 1987; Williams et al. 1985)
and we confirmed the orexigenic effect of C5a after i.c.v. administration under our
experimental conditions (Ohinata et al. 2002); 3) Albutensin A-des-Arg without
affinity for C3a receptor did not show anorexigenic activity i.c.v. and i.p. adminis-
tration. Taken together, food intake suppression of albutensin A may be mediated
through C3a receptor.

[Trp’]-oryzatensin(5-9) (Trp-Pro-Leu-Pro-Arg, WPLPR) is an agonist peptide
for C3a receptor designed based on the C-terminal region of ileum-contracting
peptide oryzatensin derived from rice protein (Jinsmaa et al. 2001). WPLPR
suppressed food intake after i.c.v. and i.p administration (Ohinata et al. 2007).
Orally administered WPLPR also suppressed food intake (Ohinata et al. 2007).
WPLPR may be at least partly absorbed into the blood, probably because of its low
molecular weight and resistance to digestive enzymes in the gastrointestinal tract
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Fig. 1 Model of food intake regulation by a C3a agonist. A C3a agonist suppresses food intake via PGE,
production and EP, receptor activation

owing to presence of two proline residues. Both C3a agonist peptides and C3a itself
suppressed food intake after central administration in fasted mice. Further
investigations will reveal whether peripherally administered WPLPR crosses the
BBB or whether its signal is neurally transmitted to the CNS after peripheral C3a
receptor activation.

Since anorexigenic peptides are known to often decrease the gastric emptying
rate, we tested whether C3a agonist peptides delayed it. Centrally and i.p.
administered human albutensin A and WPLPR delayed the gastric emptying rate at
a higher dose than that required for food intake suppression (Ohinata et al. 2002,
2007). These results suggest that peripherally administered human albutensin A and
WPLPR might suppress food intake via acting on the central C3a receptor rather
than via inhibiting peripheral gastrointestinal motility.

2.3 Involvement of the PGE,-EP4 Receptor Pathway

We also investigated the mechanism underlying the anorexigenic activity of a C3a
agonist peptide, WPLPR. Its anorexigenic activity was blocked by pretreatment
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with a cyclooxygenase (COX) inhibitor indomethacin (Ohinata et al. 2007). Among
COX products, prostaglandin (PG) E, is known to suppress food intake. We found
that anorexigenic activity of the C3a agonist peptide was completely inhibited by
an antagonist for EP, receptor among four receptor subtypes for PGE; (Ohinata et al.
2007). These results suggest that the C3a agonist might suppress food intake via
PGE, production followed by activation of EP, receptor (Fig. 1).

PGE,, a bioactive lipid produced in the CNS of mammals, including humans,
has a variety of physiologically and pathophysiologically central actions on
wakefulness, fever, pain response and food intake (Hayaishi 1991; Ushikubi et al.
1998; Huang et al. 2003; Horton 1964; Levine and Morley 1981). PGE, exerts its
actions through four different types of G-protein-coupled seven-transmembrane
receptors, known as EP;_4 (Narumiya et al. 1999; Narumiya and FitzGerald 2001).
Recently, it has been revealed that EP; and EP, mediate the febrile response and
wakefulness of PGE,, respectively (Ushikubi et al. 1998; Huang et al. 2003). We
found that an EP, agonist, ONO-AE1-329, decreased food intake after i.c.v.
administration among four highly selective EP,-EP, agonists (Ohinata et al. 2006).
The anorexigenic action of ONO-AE1-329 and PGE, was blocked by an EP,
antagonist ONO-AE3-208 (Ohinata et al. 2006). These results suggest that EP,
activation in the CNS suppressed food intake.

It was reported that PGE, also inhibited gastrointestinal motility (Van Miert
et al. 1983). An EP, agonist suppressed the gastric emptying rate at a higher dose
than required for food intake suppression (Ohinata et al. 2006). These results were
consistent with C3a agonist peptides such as human albutensin A and WPLPR
suppressing gastric empting at a higher dose than that required for food intake
suppression (Ohinata et al. 2002 and 2007).

Since PGE, is reported to elevate blood glucose levels (Yatomi et al. 1987), we
examined whether an EP,4 agonist could change blood glucose levels, which might
also be associated with food intake regulation. An EP, agonist at a dose of
10 nmol/mouse elevated fasted blood glucose levels after central administration in
mice (Ohinata et al. 2006). I.c.v.-administered human albutensin A also increased
blood glucose levels (Ohinata et al. 2002). These suppressed food intake at a lower
dose than that required to elevate blood glucose, suggesting that hyperglycemia
might be independent of anorexigenic activities.

The EP, receptor is widely distributed throughout the whole body and its
mRNA is also expressed in almost all mouse tissue (Narumiya et al. 1999). In the
brain, EP, mRNA is expressed in the hypothalamic area, which plays important
roles in the regulation of food intake (Narumiya et al. 1999). In the hypothalamus,
EP, mRNA was abundantly localized in the paraventricular nucleus (PVN) and the
supraoptic nucleus in rats (Zhang and Rivest 1999). PGE, is produced from
arachidonic acid by COX followed by PGE synthase, and acts near its production
site (Narumiya et al. 1999; Matsuoka et al. 2003). It was reported that COX and
PGE synthase are constitutively present in the PVN (Matsuoka et al. 2003). The
relationships between the PGE,-EP; system and hypothalamic neuropeptides
regulating food intake should be clarified. To our knowledge, a C3a agonist
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Fig. 2 Model of food intake regulation by C5a. C5a stimulates food intake via PGD, production and DP,
receptor activation coupled to the NPY system

peptide, WPLPR, is the first example of an anorexigenic peptide to activate the
PGE,-EP, pathway.

Mediators of C3a agonists in ileum contraction are thought to be histamine and
acetylcholine as well as PGE, (Takahashi et al. 1996). Histamine and PGE, are
anorexigenic (Levine and Morley 1981; Ohinata et al. 2006; Ookuma et al. 1993;
Sakata 1995); however, the anorexigenic action of WPLPR was not blocked by
pretreatment of an antagonist for histamine H; receptor (Ohinata et al. 2007), which
mediated the anorexigenic activity of histamine (Ookuma et al. 1993; Sakata 1995;
Wada et al. 1991), suggesting that the suppression of food intake by WPLPR is
independent of the histamine system. In addition, an antagonist for cholecystokininl
(CCK)) receptor (Moran and Kinzig 2004; Strader and Woods 2005; Marczak et al.
2006), which mediated the anorexigenic activity of a well-known anorexigenic
peptide CCK, did not change the food intake suppression induced by WPLPR
(Ohinata et al. 2007). Taken together, a C3a agonist, WPLPR, decreases food intake
through PGE, production and EP, receptor activation but not through anorexigenic
signaling by histamine H; and CCK, receptors.
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3 C5a Effect on Food Intake

3.1 Orexigenic Action of Central C5a

It was previously reported that C5a injected into the perifornical region of the
hypothalamus stimulated food intake in non-fasted rats (Schupf and Williams 1987;
Williams et al. 1985). The increased food intake induced by C5a was inhibited by
phentolamine, an o-adrenergic antagonist, suggesting that C5a activates an o-
adrenergic receptor in the hypothalamus (Williams et al. 1985). C5a receptor, a
seven transmembrane G-protein-coupled receptor, is found in neurons, astrocytes
and microglia in the CNS, and is up-regulated during inflammatory conditions such
as meningitis, brain trauma and multiple sclerosis (Nataf et al. 1999). C5L2
receptor, a recently identified G-protein-coupled receptor belonging to a subfamily
of C3a, C5a and fMLP receptors that are related to the chemokine receptor family
(Ohno et al. 2000), showed affinity for C5a, C3a, C5a-des-Arg and C3a-des-Arg,
and is found in astrocytes of the CNS (Monk et al. 2007; Scola et al. 2007;
Gavrilyuk et al. 2005). Centrally administered C5a stimulated food intake in mice
(Ohinata et al. 2002); however, C5a-des-Arg, which had no affinity for C5a
receptor, was inactive (unpublished data), suggesting that C5a receptor might
mediate the orexigenic activity of C5a. On the other hand, C3a-des-Arg, which
promotes positive energy balance by stimulating triacylglycerol synthesis via C5L2
receptor, was reported to increase food intake after i.c.v. administration in rats (Saleh
et al. 2001), indicating involvement of C5L2 receptor in food intake stimulation.
Further investigations will elucidate whether C5a stimulates food intake via C5a or
C5L2 receptor.

3.2 Involvement of PGD,-DP; Receptor

PGD, is a mediator of C5a in peripheral tissue such as rat Kupffer cells (Puschel
et al. 1996). PGD,, the most abundant PG produced in the CNS (Narumiya et al.
1982), is involved in various central actions including sleep induction, hypothermia
and attenuation of the pain response (Hayaishi 1991, 2002; Urade and Hayaishi 1999;
Eguchi et al. 1999). PGD, is produced endogenously from arachidonic acid, via
PGH,, by PGD synthase in the brain (Urade et al. 1993; Beuckmann et al. 2000), and
prostaglandin DP; receptor for PGD, is also present in the CNS (Hirata et al. 1994;
Mizoguchi et al. 2001; Oida et al. 1997). Recently, we found that central PGD,
stimulates food intake via DP receptor (Ohinata et al. 2008). We also found that the
orexigenic activity of C5a was mediated by DP; receptor using a DP; receptor-
selective antagonist or antisense oligodeoxynucleotide (unpublished data). NPY, a
well-known orexigenic peptide that is abundant in the hypothalamus of the brain
(Inui 1999b,c; Asakawa et al. 2001, Blomqvist and Herzog 1997), mediates the
orexigenic actions of endogenous neuropeptides such as ghrelin and orexin. We
found that the orexigenic activity of C5a is coupled to the neuropeptide Y (NPY)
system (unpublished data), consistent with our report that PGD, stimulates food intake
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through activating NPY Y, receptor, downstream of DP; receptor (Ohinata et al.
2008). Taken together, C5a stimulates food intake via PGD, production and DP,
receptor activation followed by activating the NPY system (Fig. 2). Although LPS is
known to suppress food intake, it activates orexigenic C5a and its receptor after i.p.
administration (Schupf and Williams 1987; Williams et al. 1985). The physiological
significance of C5a in food intake regulation during normal and pathological
conditions should be clarified in the future.
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Abstract. Complement cascade (CC) and innate immunity emerge as important and
underappreciated modulators of trafficking of hematopoietic stem/progenitor cells (HSPC).
Accordingly, we reported that (i) C becomes activated in bone marrow (BM) during G-CSF-
induced mobilization by the classical immunoglobulin (Ig)-dependent pathway, and that (ii)
C3 cleavage fragments increase the responsiveness of HSPC to an stromal derived factor-1
(SDF-1) gradient. Furthermore, our recent data in immunodeficient mice support the concept
that the CC is a major factor modulating egress of HSPC from bone marrow (BM) into
peripheral blood (PB). Thus, in light of these findings, mobilization of HSPC could be
envisioned as part of an immune response that requires CC activation by the classical Ig-
dependent and/or Ig-independent pathways. Hence modulation of CC activation could allow
for the development of more efficient mobilization strategies in patients who are poor
mobilizers of HSPC.

1 Introduction

Hematopoietic stem/progenitor cells (HSPC) circulate in peripheral blood (PB)
under steady state conditions at very low levels in order to keep in balance a pool
of stem cells in the bone marrow (BM) microenvironment that is distributed in
bones located in different parts of the body. Thus PB could be envisioned as a
“highway” by which HSPC are trafficking in the organism while relocating
between hematopoietic niches (Lapidot et al. 2005; Quesenberry and Becker 1998;
Ratajczak et al. 2006).

Similarly, during hematopoietic transplant, allogeneic donor- or autologous
patient-derived HSPC are infused intravenously and circulate for a short period of
time in PB and subsequently, from PB migrate (home) to the hematopoietic niches
in BM, where they are supposed to engraft permanently (Lapidot et al. 2005). In
contrast, during a reverse process called mobilization, HSPC egress from the BM
into PB — as it is seen, for example, after the administration of certain drugs (e.g.,
granulocyte colony stimulating factor — G-CSF) (Papayannopoulou 2004), during
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systemic inflammation (Ratajczak et al. 2006) or stress related to tissue organ
injury (Reca et al. 2006; Ratajczak et al. 2004b).

We reported recently that complement cascade (CC) becomes activated in BM
during (i) conditioning for hematopoietic transplantation by myeloablative radio-
chemotherapy, (ii) G-CSF induced mobilization and (iii) several models of tissue
organ/injury (Allendorf et al. 2003; Ratajczak et al. 2004a,b, 2006; Reca et al.
2003). These observations in toto suggest the existence of a close link between
inflammation, tissue damage and stem cell trafficking. In this context, CC and
innate immunity emerged as important and underappreciated modulators of this
process (Ratajczak et al. 2006; Reca et al. 2006). The role of CC in mobilization of
HSPC could be explained by (i) enhancement of responsiveness of HSPC to the
gradient of the major BM-secreted chemoattractant for these cells that is o-
chemokine stromal derived factor-1 (SDF-1), (ii)) modulation of adhesiveness of
HSPC in BM microenvironment, as well as (iii) an probably increase in
permeability of bone marrow endothelium that is crucial for homing and
egress/mobilization of HSPC respectively (Reca et al. 2007; Kucia et al. 2005;
Ratajczak et al. 2007).

Accordingly, mounting evidence accumulated that SDF-1 — seven transmem-
brane span G,; protein coupled receptor CXCR4 axis plays a crucial role in the
retention and homing of HSPC in BM as well as in their egress (mobilization) from
BM into PB (Lapidot et al. 2005; Kucia et al. 2005; Ratajczak et al. 2007).
We reported recently that cleavage fragments of the third component (C3) of the
CC — C3a and 4esarC3a play an important role in enhancing the homing responses
of HSPC to an SDF-1 gradient (Allendorf et al. 2003; Ratajczak et al. 2004a,c,
2006; Reca et al. 2003). We also noticed that G-CSF, which is a more commonly
used drug to induce mobilization, activates CC and this activation depends on the
classical immunoglobulin (Ig)-dependent CC activation pathway (Reca et al. 2007).
This suggests a potential link between Ig level, CC activation and mobilization of
HSPC. Moreover, since patients suffering from severe combined immuno-
deficiency (SCID) mobilize poorly (Sekhsaria et al. 1996), we hypothesized that
this could be directly linked to the lack of CC activating Ig in these patients (Reca
et al. 2007).

In this chapter, we will discuss this novel role of CC in regulating the
trafficking of HSPC and present a concept that the mobilization of HSPC and their
egress from BM occurs as part of an immune response (Ratajczak et al. 2006; Reca
etal. 2007).

2 Mobilization of HSPC and Problem of Poor Mobilizers

The forced migration of HSPC from BM into PB is called mobilization
(Papayannopoulou 2004). Mobilization could be envisioned as a reverse
mechanism (mirror image) for stem cell homing (Fig. 1) and is important from a
clinical point of view as a procedure that allows for the collection of HSPC for
hematopoietic transplantation (Papayannopoulou 2004). As mentioned above,
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Fig. 1 Homing of HSPC into BM and their mobilization into PB. Homing of HSPC to BM after
transplantation and mobilization of HSPC from BM into PB depends on the activity of the SDF-1-
CXCR4 axis. Conditioning for transplantation by chemotherapy (e.g., cyclophosphamide - CY) and/or
total body irradiation (TBI) increases via hypoxia inducible factor-1 (HIF-1a) the concentration of SDF-
1 in the BM microenvironment. This results in chemoattraction of CXCR4" HSPC. During the reverse
process, mobilization, a mobilizing agent (e.g., G-CSF) i) increases the concentration of proteases in the
BM microenvironment, degrading SDF-1 and CXCR4 and ii) decreases SDF-1 expression at the mRNA
level. This results in the release of CXCR4" HSPC into PB. Both these processes are modulated by C3
cleavage fragments (C3a, asareC3a and iC3b) whose BM-concentration increases due to CC
activation/cleavage both during conditioning for transplant by CY/TBI or stimulation of mobilization by
G-CSF

mobilization can be performed on the patient itself (autologous transplantation) or
on an MHC related or unrelated donor to the patient (allogeneic transplantation).
The molecular mechanisms governing mobilization of HSPC are still not well
understood. However, as shown in Fig. 1 attenuation of SDF-1-CXCR4 interaction
between BM-secreted SDF-1 and HSPC-expressed CXCR4 plays a pivotal role in
release of these cells from the BM into PB (Levesque et al. 2002, 2003).

Many agents have been described that may induce mobilization of HSPC
(Papayannopoulou 2004). G-CSF most frequently employed in the clinic efficiently
mobilizes HSPC after a few consecutive daily injections (Papayannopoulou 2004;
Levesque et al. 2003). Other compounds such as polysaccharides (e.g., zymosan)
mobilize HSPC within 1h after a single injection (Papayannopoulou 2004).
Mobilization could also be induced by chemokines (e.g., IL-8, Gro-B), growth
factors (e.g., VEGF) and CXCR4 antagonists (e.g., AMD3100, T140), and it is
additionally modulated by lipopolysaccharide (LPS) that is released by intestinal
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bacteria (Broxmeyer et al. 2005; Fukuda et al. 2007; Velders et al. 2004).
Unfortunately, ~25% of patients do not respond efficiently to currently
recommended mobilization protocols and are termed poor mobilizers. Therefore,
shedding more light on the molecular mechanisms governing process of HSPC
mobilization could allow us to develop more efficient mobilization strategies.

3 G-CSF-Induced Mobilization Triggers Activation of CC

The model of G-CSF-induced HSPC mobilization is the one best studied so far and
evidence from several laboratories suggests that attenuation of the SDF-1-CXCR4
axis precedes egress of HSPC from the BM into PB (Levesque et al. 2002, 2003). It
is proposed that after G-CSF infusion the BM turns into a proteolytic
microenvironment (Fig. 1) that leads to enzymatic degradation of SDF-1 and
enzymatic processing of the N-terminus of CXCR4 (Levesque et al. 2003). In the
process of proteolysis of SDF-1 and CXCR4 various proteolytic enzymes are
secreted by myeloid precursors and granulocytes in BM, e.g., elastase, cathepsin
and metalloproteinases (MMPs) (Levesque et al. 2003). Furthermore, as recently
reported, G-CSF may directly down-regulate the expression of SDF-1 at the mRNA
level in BM (Semerad et al. 2005). The end result is a decrease in responsiveness of
HSPC to an SDF-1 gradient, and their release into circulation.

We propose that G-CSF induced proteolytic processes in the BM that leads to
“BM injury” also triggers the local activation of CC and C3 cleavage (Ratajczak
et al. 2006). The mechanism of CC activation involves mostly the classical (Ig-
dependent) but also to some degree the alternative (Ig-independent) CC activation
pathways (Reca et al. 2007). The former is triggered after exposure of a neo-
epitope in BM tissue damaged by secreted proteases. The neo-epitope binds
naturally occurring antibodies that circulate in peripheral blood and via Clq
triggers CC activation through the classical pathway (Allendorf et al. 2003; Reca
et al. 2007). Furthermore, it is likely that C3 could also be cleaved/activated
directly by mentioned above G-CSF-induced proteolytic proteases (Reca et al.
2007). Similarly, since G-CSF activates the coagulation system (Canales et al.
2002) and thrombin has recently been identified as a C5 activator (Huber-Lang
et al. 2006), CC could be also activated in G-CSF mobilized patients as a result
of activation of the coagulation cascade.

However, G-CSF induced mobilization of HSPC involves several mechanisms,
we hypothesized that lack of neo-epitope binding naturally occurring Ig could be
responsible for a reported poor G-CSF induced mobilization in immunodeficient
patients (Reca et al. 2007; Sekhsaria et al. 1996).
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Fig. 2 G-CSF-induced mobilization is impaired RAG2™~ mice — as evidenced by a number of circulating

primitive CD34"Sca-1"kit'lin" (CSKL) cells.

(a) Rag2”" as well as age- and sex-matched wt (B6) mice were mobilized for 3 or 6 days with G-CSF
(250 pg/kg s.c./day) (n= 16 animals/group). Number of circulating CSKL cells/ul of PB in B6
mice compared to wt mice. P <0.09 as compared to wt mice mobilized for 3 days. * p<0.0001 as
compared to wt mice mobilized for 6 days

(b) Lin PBMC were stain with anty-c-kit, anty-Sca-1 and anty-CD34. Representative dot-plots for
CSKL analysis are shown
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4 Experimental Evidence that Ig-Deficient RAG2, SCID and Jh
Mice, but not T-Cell-Depleted Mice, Respond Poorly to G-CSF
Induced Mobilization

Based on our preliminary data and fact that immunodefcient patients are poor
mobilizers (Sekhsaria et al. 1996), we became interested on a potential role of Ig
and their role in CC activation during mobilization process. To better address the
role of CC activation in HSPC mobilization, we mobilized mice that lack Ig
(RAG2, SCID and Jh) by G-CSF or zymosan, compounds that activate CC and
cleave C3 by the classical Ig-dependent and the alternative Ig-independent
pathways, respectively. In addition, we evaluated mobilization in C5-deficient
animals.

Therefore, to test the role of Ig in triggering CC activation in G-CSF-induced
mobilization of HSPC, immunodeficient RAG2 and SCID mice (lacking both B
and T lymphocytes and Ig) and Jh mice (selectively Ig-deficient) were mobilized
by G-CSF for 3 or 6 days. First, we observed that under normal steady-state
conditions all of these mice which display an unaffected myeloid compartment and
normal numbers of CFU-GM in BM, have a slightly lower number of circulating
CFU-GM and a significantly lower number of white blood cells (WBC) in their PB
compared to their wt littermates (Reca et al. 2007). The decrease in number of
circulating WBC was related to a severe deficiency of circulating lymphocytes that
in mice are a major fraction of nucleated cells in PB.

More importantly, we found that after administration of G-CSF, the
immunodeficient RAG2 and SCID mice had significantly less (~four times)
circulating clonogenic CFU-GM in their PB at days 3 and 6 of mobilization as
compared to genotypically matched wt mice (Reca et al. 2007). Similarly, the
number of primitive Sca-1'kit'lin" (SKL) cells as well as CD34 Sca-1'kit lin"
(CSKL) in immunodeficient SCID and RAG2 mice mobilized by G-CSF was
significantly lower than in wt littermates (Fig. 2). Interestingly, we also noticed that
the level of mobilization of HSPC in these animals correlated positively with
activation of MMP-9 but not MMP-2 (Fig. 3).

Since RAG2 and SCID mice lack also T cells, in order to exclude the
possibility that T lymphocytes could account in part for the defective mobilization
of these mice, we performed mobilization in wt T-cell-depleted animals. To
achieve this, wt BALB/c mice were depleted of T-lymphocytes using a cocktail of
antibodies (Abs) against CD4" and CD8" T lymphocytes. The efficiency of T-
depletion after administration of Abs was confirmed by FACS analysis.
Subsequently, wt control mice and T-cell- depleted mice were mobilized for 6 days
by G-CSF. We did not find any effect of T-cell depletion on the number of
circulating CFU-GM in PB, although the WBC (white blood cell) count in PB was
slightly reduced due to Ab-mediated T cell depletion (Reca et al. 2007). This
supports that lack of T-lymphocytes in immundeficient RAG2 and SCID mice was
not responsible for poor G-CSF induced mobilization in these animals.
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A

Fig. 3 Mobilization of HSPC in wt and immunodeficient mice as a function of MMP-9 activation.

(a) SCID as well as age- and sex-matched wt (Balb-c) mice were mobilized for 3 or 6 days with G-
CSF (250 pg/kg s.c/day) (n=16 animals/group). Activity of MMP-9 but not MMP-2 by
zymography correlates with mobilization in these mice.

(b) Ig-deficient Jh mice as well as as well as age- and sex-matched wt (Balb-c) mice were mobilized
for 3 or 6 days with G-CSF (250 ng/kg s.c./day) (n = 16 animals/group). Activity of MMP-9 but
not MMP-2 by zymography correlates with mobilization in these mice.

Based on these observations in SCID and RAG2 mice, and lack o T cell
involvement in mobilization process, we turned our attention to Jh mice that
selectively lack Ig. We observed that the mobilization response to G-CSF of the
selectively Ig-deficient mice (Jh) was lower than in wt mice (Reca et al. 2007). Jh
mice similarly as immunodeficient RAG2 and SCID mice had a significant
decrease (~ four times) in the numbers of circulating clonogenic CFU-GM in their
PB at days 3 and 6 of mobilization as compared to genotypically matched wt mice.
Similarly, all Ig-deficient Jh animals displayed also a lower number of mobilized
PB white blood cell counts (Reca et al. 2007).

This observation, together with the fact that Ig deficiency correlates with poor
G-CSF induced mobilization, supports the pivotal role of Ig in mobilization of
HSPC. However, since some degree of mobilization still occurred in all Ig-deficient
mice (SCID, RAG2, Jh), CC must become activated during G-CSF administration
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also by alternative mechanisms as well. In fact, C3a cleavage fragments remained
still detectable in the serum of these animals (Reca et al. 2007).

5 Defective Mobilization in RAG2, SCID and Jh Mice is Restored
by Purified Immunoglobulins Supports Further a Pivotal Role
of Ig in this Process

To obtain proof that poor mobilization in RAG2, SCID and Jh mice could be
explained by a lack of C-activating Ig, we reconstituted these mice with purified wt
Ig and subsequently mobilized them for 6 consecutive days with a suboptimal (five
times lower as in previous experiments) dose of G-CSF (50 pg/kg/day).

We noticed that the defective G-CSF mobilization observed in these mice was
significantly improved if they were supplemented with wt Ig prior to G-CSF
mobilization and corresponded with elevated PB white blood cell counts and
increased number of CFU-GM circulating in PB (Reca et al. 2007). Of interest, Ig
infusion enhanced mobilization not only in Ig-deficient (SCID, RAG2 and Jh) but
also in wt animals, particularly in C57BL/6 mice, which are regarded as poor
mobilizers (Papayannopoulou T 2004), however this effect was less pronounced
when mobilization was forced by a high dose of G-CSF (250 pg/kg/day).

This indicates that wt Ig contains an admixture of naturally occurring
antibodies that are able to recognize a neo-epitope and activate CC in BM that has
been exposed to G-CSF (Allendorf et al. 2003). This specific requirement for wt Ig
was subsequently supported in the experiments in which irrelevant purified
monoclonal IgG or IgM antibodies were used and no increase in mobilization was
observed (Reca et al. 2007). At the same time in our control experiments, the
potential contamination of Ig preparations by endotoxin, which alone can mobilize
HSPC (Velders et al. 2004), was excluded by showing an enhancing effect of Ig +
suboptimal dose of G-CSF in C3He/J mice. In our control experiments we also
noticed that the addition of Ig preparations alone without G-CSF did not mobilize
mice.

6 Evidence that CC Activation and C3a Generation in Serum
correlate with G-CSF Induced HSPC Mobilization

C3 activation leads to the generation of liquid (C3a and desArgC3a) as well as
solid phase (iC3b) cleavage fragments (Fig. 4). We reported in the past that in
G-CSF induced mobilization, C3 was cleaved and C3ages.are (liquid phase C3
cleavage product) became detectable by ELISA in serum (Allendorf et al. 2003;
Ratajczak et al. 2004a,c, 2006; Reca et al. 2003). At the same time, the solid phase
C3 cleavage product, iC3b, was deposited on BM-derived fibroblasts and endothelial
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cells as determined by FACS analysis of these cells stained with anti-iC3b
antibodies (Ratajczak et al. 2004c).

To test directly whether C becomes activated or not during G-CSF
mobilization, we at first tested the serum of wt, RAG2, SCID and Jh mice for the
presence of 4esargC3a (soluble C3 cleavage fragment) before and after G-CSF

mobilization. The serum of G-CSF-mobilized animals revealed impaired C
activation/cleavage in Ig-deficient animals and its increase in animals
supplemented with wt Ig (Reca et al. 2007). As expected, no CC
activation/cleavage was detected in €3 mice (Reca et al. 2007). In the next step
using FACS, we evaluated iC3b deposition on BM mononuclear cells (MNC) in Ig-
deficient RAG2 mice mobilized by G-CSF. We found no increase in iC3b deposits
in RAG2 animals mobilized by G-CSF compared to wt C57BL/6 mice, although an
increase was detectable on BM MNC if the mice were supplemented with Ig during
mobilization (Reca et al. 2007). This again supports a pivotal role of Ig in CC
activation in G-CSF mobilized animals.

3a/

desargC3a X?

Cc C3aR

C3 ————= (3p —— iC3b —— CR3

Short half-life |  Long half-life

C3 cleavage | C3 cleavage Receptors
fragments fragments

Fig. 4 Cleavage of C3 into biologically active fragments. Cleavage/activation of C3 in BM is initiated
by a C3-convertase to generate fluid-phase C3a and stromal cell-bound C3b. Both C3a and C3b have a
short half-life. Fluid C3a is rapidly degraded to ges-areC3a and bound C3b is proteolyzed to iC3b. While
C3a mainly activates the C3aR, ges-areC3a binds to another unidentified receptor X? iC3b tethers HSPC
by interacting with CR3. All these C3 cleavage fragments increase responsiveness of HSPC to an SDF-1
gradient
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7 In Contrast to G-CSF-Mobilization, RAG2, SCID and Jh Mice
Display Normal Zymosan-Induced Mobilization

Zymosan activates CC by the Ig-independent alternative pathway (Reca et al.
2007). To better understand the role of Ig and the classical pathway of CC
activation in mobilization, we performed similar mobilization studies in RAG2,
SCID and Jh mice employing zymosan as a mobilizing agent. These studies
revealed that these immunodeficient animals respond to zymosan like their wt-
matched controls, and mobilization of CFU-GM was again associated with CC
activation/cleavage (Reca et al. 2007). Notably, as predicted C37~ mice very poorly
mobilize CFU-GM in response to zymosan. These results further support the
evidence for a pivotal role of CC activation in the mobilization of HSPC. However,
since zymosan activates CC by the alternative Ig-independent pathway, all Ig-
deficient (RAG2, SCID and Jh) mice mobilized normally (Reca et al. 2007).

8 Impaired Mobilization in C5-Deficient Mice Supports
a Pivotal Role for CC in Egress of HSPC from BM
and their Mobilization into PB

In previous studies, we reported that C3 cleavage fragments increase
responsiveness of HSPC to an SDF-1 gradient, and postulated that C3a and
C3agesarg provide a “last line of defense” to protect HSPC from uncontrolled egress
from BM during mobilization (Allendorf et al. 2003; Ratajczak et al. 2004a,c,
2006; Reca et al. 2003, 2007). Our current data, however, show that activation of
the CC cascade downstream from C3 is crucial to execute both G-CSF- and
zymosan-induced egress of HSPC.

Accordingly, since both classical and alternative pathways of CC activation
merge at C3, subsequently leading to the activation of C5, to better address the role
of C in mobilization, we performed mobilization studies in C5-deficient mice. We
found that in contrast to C3 deficient mice that, as we reported, are easy mobilizers
(Ratajczak et al. 2004a) the C5 deficient mice were severely suppressed in response
to both G-CSF (~five times) and zymosan (~three times) (Reca et al. 2007). The
different effect of C3 and C5 cleavage fragments on mobilization of HSPC
suggests that the CC cascade modulates egress of HSPC in both a negative (C3)
and positive (C5) manner and our recent observations that C5-deficient and Ig-
deficient mice, which do not activate CC by the classical pathway, are poor
mobilizers support this notion.

However, this observation does not, at first glance, corroborate our previous
report on the mobilization of C37~ and C3aR™™ mice, which we reported to be easy
mobilizers (Ratajczak et al. 2004a). This apparent discrepancy can be explained by
the fact that the various CC cleavage fragments have different effects on
mobilization. Based on the previous and current data a more complex picture of the
role of CC in HSPC mobilization has now emerged. Accordingly, we hypothesize



4. A Pivotal Role of Activation of Complement Cascade 57

that mobilization/retention of HSPC in BM is regulated differentially at various
levels of the CC activation cascade (Fig. 5), and that the CC system may contain
internal checks and balances that modulate trafficking of HSPC. We believe that
the soluble (C3a, C3agesarg), and solid (iC3b) phases of C3 cleavage are primarily
involved in retention of HSPC in BM. In this context the BM microenvironment,
by expressing C3a and C3agesar,, is increasing the responsiveness of HSPC to an
SDF-1 gradient as a “last line of defense” against an uncontrolled egress of HSPC
from BM into PB (Ratajczak et al. 2004a,c; Reca et al. 2003). Similarly, iC3b
deposited in the BM microenvironment tethers HSPC and increases their retention

Complement (C) activation

N/

C3

Retention/engraftment

C5

Mobilization

MAC |— ?

Fig. 5 Complement cascade activation products differentially modulate stem cell trafficking. Upon
activation of the CC system C3 and C5 cleavage products play opposite roles in the retention or
mobilization of cells, respectively. While liquid phase C3 cleavage fragments (C3a and C3agesare)
enhance responsiveness of HSPC to an SDF-1 gradient, solid phase cleavage fragment iC3b deposited
onto surrounding surfaces helps to retain HSPC in their niche. In contrast as we hypothesize, activation
of C5 promotes mobilization of HSPC by increasing the permeability of the BM endothelium and the
recruitment/degranulation of granulocytes. Thus we propose that an activated CC can affect stem cell
mobilization in a negative (C3) or a positive (C5) way. The potential contribution of other CC cascade
proteins (e.g., membrane attack complex — MAC) requires further study
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in BM (Ratajczak et al. 2004a). This explains why C3- or C3aR-deficient mice that
lack “this last line of defense” are easy mobilizers.

On the other hand, C3 activation is obligatory for activation of downstream CC
proteins including C5 and we demonstrate here that lack of C5 activation is
associated with impaired mobilization of HSPC. An explanation of this
phenomenon might be that C5 cleavage fragments (C5a and C5agesarg) known as
potent anaphylatoxins increase the vascular permeability of BM vasculature as well
as activate granulocytes to release proteolytic enzymes (Reca et al. 2007) which
could potentially activate CC by alternative mechanisms and we are currently
testing this hypothesis. Thus, this recent observation further confirms the role of the
CC cascade as a pivotal modulator of stem cell mobilization and a molecular
explanation of the phenomenon which C5 cleavage products play in egress of
HSPC from BM needs further studies.

Overall, our data supports the idea that CC is involved in crucial mechanisms
responsible for the egress of HSPC from the BM. On the other hand, since the
generation of two less potent anaphylatoxins (C3a and C4a) is not impaired in C5-
deficient mice, this explains why some HSPC are still mobilized even in the total
absence of C5a. Furthermore, it is also likely that some other downstream C
proteins (e.g., C6 or the membrane attack complex) may be required for the egress
of HSPC from BM. This issue will be addressed by performing mobilization in C6
deficient mice as well as in mice deficient both in C3 and CS.

9 Conclusions

In conclusion, our data support the concept that the activation of CC is a major
factor modulating egress of HSPC from BM into PB. We found that (i) G-CSF- but
not zymosan-induced mobilization, was severely reduced in RAG2, SCID and Jh
mice, (ii) impaired G-CSF-induced mobilization was restored after infusion of
purified wild type Ig, and (iii) mobilization was severely reduced in C5-deficient
mice. Thus, in light of our recent findings, mobilization of HSPC could be
envisioned as part of an immune response that requires CC activation by the
classical Ig-dependent and/or Ig-independent pathways. Hence modulation of CC
activation could allow for the development of more efficient mobilization strategies
in patients who are poor mobilizers of HSPC. Finally, competitive repopulating
studies using mobilized PBMNC performed in murine model will address the effect
of CC on mobilization of the most primitive long-term repopulating hematopoiesis
stem cells.
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Abstract. Thrombin-activatable procarboxypeptidase B (proCPB or thrombin-activatable
fibrinolysis inhibitor or TAFI) is a plasma procarboxypeptidase that is activated by the
thrombin-thrombomodulin complex on the vascular endothelial surface. The activated CPB
removes the newly exposed carboxyl terminal lysines in the partially digested fibrin clot,
diminishes tissue plasminogen activator and plasminogen binding, and protects the clot from
premature lysis. We have recently shown that CPB is catalytically more efficient than
plasma CPN, the major plasma anaphylatoxin inhibitor, in inhibiting bradykinin, activated
complement C3a, C5a, and thrombin-cleaved osteopontin in vitro. Using a thrombin mutant
(E229K) that has minimal procoagulant properties but retains the ability to activate protein C
and proCPB in vivo, we showed that infusion of E229K thrombin into wild type mice
reduced bradykinin-induced hypotension but it had no effect in proCPB-deficient mice,
indicating that the beneficial effect of E229K thrombin is mediated through its activation of
proCPB and not protein C. Similarly proCPB-deficient mice displayed enhanced pulmonary
inflammation in a CS5a-induced alveolitis model and E229K thrombin ameliorated the
magnitude of alveolitis in wild type but not proCPB-deficient mice. Thus, our in vitro and in
vivo data support the thesis that thrombin-activatable CPB has broad anti-inflammatory
properties. By specific cleavage of the carboxyl terminal arginines from C3a, CS5a,
bradykinin and thrombin-cleaved osteopontin, it inactivates these active inflammatory
mediators. Along with the activation of protein C, the activation of proCPB by the endothelial
thrombin-thrombomodulin complex represents a homeostatic feedback mechanism in
regulating thrombin’s pro-inflammatory functions in vivo.

1 Introduction

Thrombin-activatable procarboxypeptidase B (proCPB or thrombin-activatable
fibrinolysis inhibitor or TAFI) is a recently described plasma procarboxypeptidase
that plays a role in modulating fibrin clot lysis. In this chapter, we reviewed recent
studies and suggest that its physiological function is not limited to controlling
fibrinolysis but may serve a much broader anti-inflammatory role in the regulation
of thrombin and tissue inflammation.
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2 Procoagulant and Anticoagulant Properties of Thrombin

The procoagulant activities of thrombin are well established: it is the final enzyme
of the clotting cascade and responsible for forming the fibrin clot; in a positive
feedback fashion, it also activates other clotting factors and accelerates the
efficiency of the cascade; and it activates platelets via the cleavage of the protease
activated receptors (PAR) to form platelet aggregates. Thus thrombin is the major
physiological mediator for the formation of platelet-fibrin thrombus at the site of
vascular injury (Coughlin 2005). It is noteworthy that the expression of the PAR
receptors is not restricted to platelets and they also exist on endothelial cells,
monocytes, and smooth muscle cells; activation of PARs in these cells generally
leads to a proliferative and pro-inflammatory phenotype and contributes to
thrombin’s proinflammatory properties.

While the procoagulant properties of thrombin are well recognized, it is less
well appreciated that thrombin also has anticoagulant properties (Esmon 2003).
This is mediated by its binding to thrombomodulin (TM), an integral membrane
protein found on the vascular endothelial cell surface. Binding of thrombin to TM
acts like a molecular switch — thrombin is not inhibited as an enzyme, but its
substrate specificity is completely altered. When bound to TM, thrombin no longer
clots fibrinogen or activates platelets, but instead acquires the ability to activate
protein C, a pro-enzyme (zymogen) in plasma, efficiently (by >1,000-fold).
Activated protein C cleaves and inactivates activated clotting factors Va and Vllla,
two key cofactors in the clotting cascade, and dampens thrombin generation. It also
has intrinsic anti-inflammatory properties and is efficacious in the treatment of
severe sepsis (Esmon 2005; Bernard et al. 2001).

3 Dissociation of Thrombin’s Procoagulant and Anticoagulant
Properties

It is remarkable that the procoagulant and anticoagulant properties of thrombin can
be completely dissociated by a single mutation, with the discovery of E229K
thrombin (Leung and Gibbs 1997). To define the structure-function relationships of
thrombin, a library of 53 thrombin mutants was created; based on the crystal
structure of thrombin and using the alanine scanning mutagenesis approach, we
systematically replaced all the surface exposed hydrophilic amino acid residues on
thrombin with alanine. The thrombin mutants were then screened empirically for
those that retained protein C activation but had diminished clotting function.
Thrombin mutant E229A was identified (Gibbs et al. 1995); glutamic acid 229 is
located quite a distance from the active site of thrombin, and from a priori
considerations, one would not have guessed that replacement of glutamic acid at
this location would have such a profound effect. Saturation mutagenesis at position
E229 was performed and replacement of glutamic acid with lysine (E229K) gave
the most desirable property of minimal clotting function (<1%) while retaining
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Fig. 1 Complementary roles for aPC and CPB at sites of vascular injury

significant protein C activation in the presence of thrombomodulin (~50% WT
activity) (Tsiang et al. 1996). When infused into a monkey, E229K thrombin
prolonged the PTT clotting time, and the anticoagulant activity correlated with the
activation of protein C. It did not cause any consumption of platelets or fibrinogen.
E229K thrombin also functions similarly in mice. Thus E229K is an engineered
anticoagulant thrombin.

4 Thrombin-Activatable Procarboxypeptidase B as a
Physiological Substrate for the Thrombin/Thrombomodulin
Complex

Given the biological importance of the thrombin-thrombomodulin protein C
activation pathway, does the thrombin-thrombomodulin complex activate any other
physiological substrates? Thrombin-activatable procarboxypeptidase (proCPB, also
termed thrombin-activatable fibrinolysis inhibitor or TAFI), is a plasma
procarboxypeptidase and is now recognized as a second physiological substrate for
the thrombin-thrombomodulin complex (its activation is enhanced by ~1,200-fold
as compared to thrombin alone) (Redlitz et al. 1995; Bajzar et al. 1996; Broze and
Higuchi 1996). When activated, CPB is specific for cleavage of carboxyl terminal
arginine and lysine, and functions as a fibrinolysis inhibitor. During clot lysis,
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tissue type plasminogen activator (tPA) and plasminogen bind to the fibrin clot,
plasmin is generated and digests the clot. In the process, new carboxyl terminal
lysines are exposed in the partially digested clot, which serve as additional binding
sites for plasminogen and tPA, and leads to enhanced clot lysis. The activated CPB
removes the newly exposed carboxyl terminal lysines in the clot, diminishes
additional tPA and plasminogen binding, thus protecting the clot and functioning as
a fibrinolysis inhibitor.

From the hemostasis standpoint, activated protein C and CPB can be perceived
as playing complementary roles (Fig. 1). At the site of vascular injury, thrombin is
generated and forms the fibrin clot to stop bleeding. Thrombin binding to
thrombomodulin on the neighboring intact endothelium will activate protein C and
the activated protein C dampens the clotting cascade, preventing excessive fibrin
clot formation. At the same time, the activation of CPB will stabilize and protect
the clot already formed from premature lysis.

5 Thrombin-Activatable Carboxypeptidase B
as an Anti-inflammatory Molecule

Given the fact that thrombin has well documented pro-inflammatory properties (via
its activation of cellular PAR receptors), and activated protein C also has well
established anti-inflammatory properties (via its protective effect on endothelial
cells), CPB’s activity may not be limited to fibrin protection, and it may have
intrinsic anti-inflammatory functions. In contrast to carboxypeptidase N (CPN), the
major plasma anaphylatoxin inhibitor that is constitutively active and stable, CPB
is thermolabile (plasma t1/2 ~ 15 min) and requires activation by thrombin-
thrombomodulin. It may thus function as a stimulus-responsive anti-inflammatory
molecule that becomes activated locally at sites of tissue injury. In support of this,
we and others have shown that CPB can efficiently inhibit bradykinin (BK),
activated complement C3a, C5a, and thrombin-cleaved osteopontin (OPN) in vitro
(Shinohara et al. 1994; Campbell et al. 2002; Myles et al. 2003).

OPN is a pro-inflammatory cytokine and immunoregulatory protein found in
plasma and the extracellular matrix. It is involved in bone remodeling and wound
healing. OPN interacts with many different cell types, including T cells, macrophages
and neutrophils, and is upregulated at sites of injury and inflammation. Its cellular
interactions are largely mediated by a RGD site that allows it to bind to many
different integrins including av33 (vitronectin receptor). However there is also a
thrombin-cleavage site within OPN, in close proximity to the RGD sequence, and
thrombin cleavage leads to the exposure of a new integrin-binding site
(SVVYGLR) at the carboxyl terminus, which is specific for 431 and a9p1, a
subset of B1 integrins that has a much more restricted cellular expression, so that
the thrombin-cleaved OPN (OPN-R) becomes much more chemotactic for
neutrophils and certain T cell subsets. We have shown that recombinant OPN-R is
~fivefold more potent than full length OPN in supporting Jurkat cell binding in vitro.
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Fig. 2 Inhibitionof C5a by CPB (TAFIa) in vitro

Removal of the carboxyl terminus arginine from OPN-R, converting it to OPN-L
(or OPN-des-Arg), renders it unable to bind to a4fl and reduces its cell
adhesion. It supports the notion that sequential thrombin and CPB cleavages of
OPN will in turn up-regulate and down-modulate its cell binding activity.

CPB also inactivates C5a. Using an in vitro neutrophil myeloperoxidase
release assay, CPB, at a molar ratio of 1:100 to C5a, effectively inhibited C5a, with
complete inhibition of its neutrophil activation activity within 5 min of incubation
(Fig. 2).

A formal comparison of the catalytic efficiencies (as measured by Kcat/km) of
CPN and CPB, using a series of synthetic peptides to represent the various
substrates, showed that CPB is about 10- to 25-fold more efficient than CPN in
cleaving BK, thrombin-cleaved OPN, and C5a, while they are about the same in
cleaving fibrin-based peptides (Myles et al. 2003). Thus the in vitro data show that
CPB has broad substrate reactivity and may function as an anti-inflammatory
molecule, in addition to its role as a fibrinolysis inhibitor.
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Fig. 3 E229K thrombin attenuated C5a-induced alveolitis in WT but not in proCPB (TAFI)-deficient
mice in vivo

6 Carboxypeptidase B Reduces Bradykinin-Induced Hypotension
In Vivo

To study the in vivo role of CPB, we used E229K thrombin to activate proCPB in
vivo. E229K activates protein C and proCPB when infused intravenously in mice,
without concomitant fibrinogen or platelet consumption. Pre-infusion of E229K
thrombin into wild type (WT) mice reduced BK-induced hypotension but it had no
effect in proCPB-deficient mice, indicating that the beneficial effect of E229K
thrombin is mediated through its activation of proCPB and not protein C. It
suggests that CPB can supplement CPN in inactivating BK.

7 Carboxypeptidase B Ameliorates C5a-Induced Alveolitis
In Vivo

To test its role in C5a inhibition in vivo, we utilized a C5a-induced alveolitis mouse
model (Nishimura et al. 2007). C5a was instilled intra-tracheally into the mouse;
after 6 h, bronchoalveolar lavage was performed and the magnitude of pulmonary
inflammation measured by cell counts and protein levels in the lavage fluid. In WT
mice, C5a induced pulmonary alveolitis in a dose-dependent manner. Inflammation
was significantly increased (by twofold) in the proCPB-deficient mice. E229K
thrombin pre-infusion significantly reduced the pulmonary inflammation in WT but
not proCPB-deficient mice (Fig. 3). Histological examination of the pulmonary
tissues confirmed the finding of increased inflammation in the proCPB mice as
compared to WT mice and its amelioration by E229K thrombin infusion in WT but
not proCPB-deficient mice.

Delayed administration of E229K by 2h negated its beneficial effect,
suggesting that it was mediated by CPB inhibition of C5a, rather than CPB’s
effect(s) on some other downstream inflammatory mediators.



5. Regulation of Tissue Inflammation by TAFI 67

8 ProCPB-Deficient Mice are Predisposed to Abdominal
Aneurysm Formation and Arthritis In Vivo

We have tested the proCPB-deficient mice in two additional models of
inflammation — an abdominal aortic aneurysm (AAA) model and an inflammatory
arthritis model.

The rationale for the AAA model is that OPN is known to be present in the
human AAA lesions and increased plasma OPN is a risk factor for developing
AAA. OPN-deficient mice are protected from AAA. We hypothesize that
thrombin-cleaved OPN, and not just full length OPN, plays an important role in
aneurysm formation and predicts that the proCPB-deficient mice will show
enhanced AAA.

Preliminary studies, based on a porcine elastase-induced AAA model, showed
that the proCPB-deficient mice developed much larger aortic aneurysms (Tedesco
et al. Unpublished observations 2007). Histology revealed disruption of the internal
elastic lamina, a hallmark of aneurysm formation. There was markedly enhanced
pan-mural infiltration of macrophages in the proCPB-deficient mouse aortic wall.
However, contrary to our prediction, OPN-deficient mice were not protected from
porcine elastase-induced AAA formation, suggesting that OPN does not play a
central role in this experimental AAA model. The in vivo target substrate for CPB
remains to be defined.

The second model is an anti-collagen antibody-induced arthritis model. Both
OPN, and specifically thrombin-cleaved OPN, as well as C5a have been reported to
play an important role in this process. ProCPB-deficient mice developed enhanced
arthritis in this model, with significant swelling in the paws and histology
confirmed significant inflammatory cell infiltration in the synovial tissues (Song
et al. 2007). C5a plays a key role in this model since C5-deficient mice were
protected from arthritis development. Whether thrombin cleaved-OPN also plays a
role remains to be determined.

9 Regulation of Thrombin’s Inflammatory Properties
by Thrombin-Activatable Procarboxypeptidase B

In summary, we have obtained in vitro and in vivo data supporting the thesis that
thrombin-activatable CPB has broad anti-inflammatory properties. By specific
cleavage of the carboxyl terminal lysines from C3a, C5a, BK and thrombin-cleaved
OPN, it inactivates these active inflammatory mediators. Along with the activation
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of protein C, the activation of proCPB by the endothelial thrombin-
thrombomodulin complex represents a homeostatic feedback mechanism in
regulating thrombin’s proinflammatory functions in vivo (Fig. 4).
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Abstract. The complement system as a main column of innate immunity and the coagulation
system as a main column in hemostasis undergo massive activation early after injury.
Interactions between the two cascades have often been proposed but the precise molecular
pathways of this interplay are still in the dark. To elucidate the mechanisms involved, the
effects of various coagulation factors on complement activation and generation of
anaphylatoxins were investigated and summarized in the light of the latest literature. Own in
vitro findings suggest, that the coagulation factors FXa, FXIa and plasmin may cleave both
CS5 and C3, and robustly generate C5a and C3a (as detected by immunoblotting and ELISA).
The produced anaphylatoxins were found to be biologically active as shown by a dose-
dependent chemotactic response of neutrophils and HMC-1 cells, respectively. Thrombin did
not only cleave C5 (Huber-Lang et al. 2006) but also in vitro-generated C3a when incubated
with native C3. The plasmin-induced cleavage activity could be dose-dependently blocked
by the serine protease inhibitor aprotinin and leupeptine. These findings suggest that various
serine proteases belonging to the coagulation system are able to activate the complement
cascade independently of the established pathways. Moreover, functional C5a and C3a are
generated, both of which are known to be crucially involved in the inflammatory response.

1 Introduction

The complement system as a key sentinel of innate immunity and the coagulation
system as main actor in hemostasis belong both to the “first line of defense” against
injurious stimuli and invaders (Choi et al. 2006). Being descended from a common
ancestor, interactions between both cascades have often been proposed, but the
precise molecular pathways of this cross-talk have remained elusive. Immediately
after severe trauma, massive activation of a series of cascading enzymatic reactions
results in fibrin deposition as well as synchronic fibrinolysis (Lampl et al. 1994),
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which often causes an uncontrolled, systemic inflammatory response (SIRS) (Levi
et al. 2004). Furthermore, both cascades contain series of serine-proteases with
evidence of some shared activators and inhibitors, such as factor (F) XIla, which is
able to activate Clq, and thereby the classical pathway of complement. Similarly,
the C1 esterase inhibitor acts not only as inhibitor of all three established
complement pathways (classical: Clqg/t/s, lectin: MBL, and alternative: C3b) but
also of the endogenous coagulation activation path (kallikrein, FXIIa) (Davis
2004). Previously it has been shown that thrombin, generated at inflammatory sites
in response to complement activation, is a physiological agonist for the PKC-
dependent pathway of decay accelerating factor (DAF) regulation in terms of a
negative feedback loop preventing thrombosis during inflammation (Lidington et
al. 2000). The complement activation product C5a has also been reported to induce
tissue factor (TF) activity in human endothelial cells (Ikeda et al. 1997) and may
activate the exogenous (TF-dependent) coagulation pathway. In a recent study, a
novel C5a receptor (C5aR)-TF cross-talk in neutrophils has been demonstrated
(Ritis et al. 2006). Systemic inflammation is often triggered by severe trauma with
subsequent extensive activation and depletion of the coagulation cascade. Findings
from our laboratory suggest in accordance with other reports (Hecke et al. 1997;
Ganter et al. 2007) that trauma leads not only to an early coagulopathy (DIC,
disseminated intravascular coagulopathy) but also to an early hyper-activation of
complement with generation of powerful anaphylatoxins, such as C3a and C5a,
which may contribute to the disturbance of the coagulation system, and vice versa.

Therefore, it is tempting to speculate that these significant interactions between
the coagulation and complement system may play an important role after trauma
and for subsequent inflammatory reactions and complications.

2 Serine Protease Systems
2.1 Coagulation System

It is well known that any traumatic input rapidly activates the coagulation cascade
to stop bleeding and to prevent invasion of microorganisms and the subsequent
inflammatory response. Therefore, the clotting system has been considered as a
crucial part of innate immunity. Most clotting factors (F) belong to the class of
serine proteases (Fig. 1) with the final aim to induce fibrin polymerization in order
to seal off leaking and injured vessels and also to wall off injured tissue and
invading bacteria.

Thrombin (FIla) represents the central serine protease cleaving fibrinogen to
fibrin, the building block of a haemostatic plug. Generation of thrombin is initiated
by tissue injury with corresponding vessel wall exposure to tissue factor (TF),
which forms a complex with the serine protease FVIla. The TF/FVIla complex as
part of the exogenous path activates the down-stream serine protease FX, where
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Fig. 1 Activation of the coagulation cascade by trauma with subsequent responses (D/C disseminated
intravascular coagulopathy; SIRS systemic inflammatory response). Grey circles = serine protease

the exogenous and endogenous pathways of the coagulation system converge. The
endogenous path involves other serine proteases, such as FXII, FXI, and FIX which
are sequentially activated upon contact to negatively charged surfaces (e.g.
collagen). Factor IXa and FXa assemble with their non-enzymatic protein cofactors
(FVIIIa, FVa) resulting in thrombin generation and finally in conversion of
fibrinogen to fibrin.
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2.2 Fibrinolytic System

Fibrinolysis is a physiological regulatory process with breakdown of fibrin to limit
clotting and to resolve blood clots. The fibrinolytic system is initiated when
plasminogen is converted into the potent serine-protease plasmin, which leads to
degradation of fibrin, fibrinogen, FV, and FVIII. Severe trauma and hemorrhage is
associated with decreased plasminogen levels and enhanced plasma levels of
plasmin and plasmin-anti-plasmin-complexes, indicating early fibrinolytic events
(Lampl et al. 1994). It has been described that severe trauma induces fibrinolysis
almost synchronically with the massive activation and subsequent depletion of the
coagulation system. Hyperfibrinolysis due to excessive generation of plasmin
seems to be the major cause of trauma-induced disseminated intravascular
coagulopathy (DIC) as bleeding is most severe in trauma victims with low
antiplasmin activity (Lampl et al. 1994). Fibrinolysis is also promoted by activated
protein C (APC) which acts as a strong serine protease by interfering with
important inhibitors of plasmin generation (plasmin activator inhibitor-1 [PAI-1],
thrombin-activatable fibrinolysis inhibitor [TAFI]).

2.3 Complement System

There is increasing evidence that the rapid activation of the coagulation cascade
after trauma is accompanied by a very early onset of an uncontrolled, progressive
inflammatory response with often lethal consequences (Hierholzer and Billiar
2001). Obviously, acute blood loss and tissue trauma activate the complement
cascade in humans (Hecke et al. 1997). Especially generation of the powerful
anaphylatoxin C3a and C5a, and consumption of complement may play a
detrimental role (Younger et al. 2001). Generally, the complement enzymes contain
a single serine protease with an extremely restricted substrate specificity. The
classical pathway proceeds through the sequential cleavage of C4 and C2 by active
Cls and formation of the C3 convertase (C4b2a-complex). Additional binding of
C3b leads to generation of the C5 convertase (C4b3b2a-complex). Both complexes
develop their proteolytic activity via the serine-protease domain of C2a. Similarly,
the active center of the C3- and C5-convertase of the alternative pathway (C3bBb-
and (C3b),Bb(P)-complex, respectively) resides in the serine protease domain of
factor B. Activation of the lectin pathway results in subsequent activation of
mannose associated serine proteases (MASP), which in turn activate C4 and C2 to
assemble C4b2a. Activated MASP-1 also reveals serine protease specificity for a
direct C3 cleavage (Lambris et al. 1998).
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Fig. 2 Complement activation pathways (MAC membrane attack complex; MBL mannose binding
lectin; MASP-2 mannose associated serine protease-2; TF tissue factor.

3 C3a and C5a Generation by Coagulation Factors

Recently, we have shown that authentic C5a was generated in the absence of C3
with thrombin acting as a potent C5 convertase (Huber-Lang et al. 2006). In the
presence of C3, thrombin did also generate C3a dose- and time-dependently, as
assessed by immunoblotting and ELISA. The produced C3a dose-dependently
increased the chemotactic response of the human mast cell line-1 (HMC-1) more
than threefold, indicating biological activity of the thrombin-induced C3 cleavage
product.
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Investigations on other central molecules of the coagulation cascade revealed
that FVIII and tissue factor failed to interact with C3 and C5. This was in striking
contrast to the coagulation factors FXa and FXla. Both serine proteases as
representatives of the endogenous path cleaved C3 and C5 with generation of C3a
and C5a, as detected by ELISA and Western blots. Plasmin as the strongest serine
protease of the fibrinolytic system was capable of cleaving both C5 and C3,
respectively. The produced anaphylatoxins were biologically active as shown by a
dose-dependent chemotactic response of human neutrophils to C5a and HMC-1
cells to C3a. Furthermore, the plasmin-induced cleavage activity could be blocked
by the serine protease inhibitor aprotinin and leupeptine.

4 Complement: New Activation Paths

It has been shown by our lab that phagocytic cells are capable of generating
biologically active C5a from C5 independently of the plasma complement system
(Huber-Lang et al. 2002). The actual findings indicate the existence of additional
complement activation paths in the plasma (Huber-Lang et al. 2006) besides the
three established pathways of complement activation (Fig. 2).

S Interaction Between the Coagulation and Complement Cascade
After Trauma

Many experimental and clinical studies have focused on the extreme coagulation
challenge after severe trauma and during hemorrhagic shock (Kaplan et al. 1981).
When reflecting a more philosophical consideration that “the end is in the
beginning”, the very early and rapid activation of both, the coagulation system and
the complement system seem to be crucially involved in the initiation and
progression of the systemic inflammatory response and also in the deathly
escalation of posttraumatic organ failure (Hierholzer et al. 2001). During
experimental hemorrhagic shock, pretreatment of rats with carboxypeptidase N
inhibitor (blocker of C5a clearance) turned out lethally (Younger et al. 2001).
Furthermore, pre-shock depletion of complement significantly improved post-
resuscitation blood pressure. One in vitro study claimed that C5a induces TF
activity on endothelial cells (Ikeda et al. 1997) and may thereby activate the
exogenous coagulation pathway. Recently, a C5a-induced “switch” in mast cells
from a pro-fibrinolytic (t-PA release) to a pro-thrombotic phenotype (PAI-1
release) has been reported (Wojta et al. 2004) thus modifying the balance between
pro- and anti-coagulation. To ameliorate the inflammatory response, various
immune modulators have been examined, some of which revealed regulatory
effects on both the complement and the coagulation system (Weiler and Linhardt
1991; Campbell et al. 2001). The Cl-esterase-inhibitor, which curbs not only
complement components of all three pathways (Clr/s, mannose-associated serine
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protease-2 [MASP-2], C3b) but also the endogenous coagulation cascade
(kallikrein, XIIa), evinced a cross-talk between both systems (Jansen et al. 1998;
Davis 2004). Similarly, the application of the soluble complement receptor 1
(sCR1) revealed some protective effects during hemorrhagic shock by blocking the
endothelial dysfunction and the post-shock vasoconstriction (Fruchterman et al.
1998). In addition, sCR1 has been shown to decrease rolling, adherence, and influx
of neutrophils in the mesenteric circulation and gut after hemorrhagic shock (Spain
et al. 1999). A nexus between complement and coagulation may also be suggested
by the successful use of recombinant activated protein C (APC) during sepsis
(Bernard et al. 2001; Rezende et al. 2004). The beneficial effects of APC during
systemic inflammation seem not only to be based on the interaction with the
fibrinolytic system but also on anti-inflammatory effects.

6 Conclusion

The findings suggest that various serine proteases belonging to the coagulation
system are able to activate the complement cascade independently of the so far
established pathways. Moreover, functional active C5a and C3a are generated, both
of which are known to be crucially involved in the inflammatory response.
Consequently, a misdirected interaction of the coagulation cascade and complement
system may play a crucial role in hemorrhagic shock and the subsequent systemic
inflammatory response.
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Abstract. The complement system comprises a series of proteases and inhibitors that are
activated in cascade-like fashion during host defense (Makrides 1998). A growing body of
evidence supports the hypothesis that immune mechanisms, including complement
activation, are involved in inflammatory conditions associated with vascular injury (Acostan
et al. 2004; Giannakopoulos et al. 2007), and disseminated intravascular coagulation
associated with massive trauma (Huber-Lang, this volume). We propose that platelets and
platelet derived microparticles focus complement to sites of vascular injury where regulated
complement activation participates in clearing terminally activated platelets and
microparticles from the circulation, and dysregulated complement activation contributes to
inflammation and thrombosis. Given the central role of platelets in hemostasis and
thrombosis, it is not surprising that activated complement components have been
demonstrated in many types of atherosclerotic and thrombotic vascular lesions (Torzewsjki
et al. 2007; Niculescu et al. 2004).

1 Complement Activation on Platelets

Evidence for direct activation of both classical and alternative pathways of
complement on platelets is emerging (Del Conde et al. 2005; Peerschke et al.
2006). For example, P-selectin, a platelet alpha granule membrane protein that
contains a short consensus repeat domain common to many complement binding
proteins (Kansas 1996), has been identified as an activator of the alternative
complement cascade on platelets (Del Conde et al. 2005). In addition, platelet alpha
granules contain Factor D, the serine protease that cleaves Factor B of the
alternative pathway to its active form (Davis and Kenney 1979).

Platelets also express binding sites for classical complement components, most
notably for Clq (Peerschke and Ghebrehiwet 1997; Peerschke et al. 1994). Clq
interactions with platelets trigger a variety of cellular and biochemical responses
that may contribute to inflammation and thrombosis. For example, the C-terminal
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collagen like domain of Clq binds to the 60kDa platelet calreticulin (CR)
homologue, cCIqR (Peerschke et al. 1997). This interaction is associated with
induction of GPIIb-Illa, platelet aggregation, P-selectin expression, and generation
of platelet procoagulant activity (Peerschke et al. 1993).

In contrast, the amino terminal, globular domain of Clq binds the 33kDa
gC1qR/p33 (gC1gR) (Ghebrehiwet et al. 1994). gC1gR is a ubiquitously expressed
cellular protein (Ghebrehiwet and Peerschke 1998; Ghebrehiwet et al. 2001).
Although its 73 amino acid presequence contains a mitochondrial targeting motif
(Dedio et al. 1998), the expression of gClgR in other cellular compartments,
including the cell surface of platelets and endothelial cells, has been confirmed
(Ghebrehiwet et al. 1994; Mahdi et al. 2002; Peerschke et al. 2003).

Mature gC1gR exhibits a noncovalent trimeric structure (Ghebrehiwet et al.
1998; Jiang et al. 1999). Multimerization is an essential process that increases the
affinity of gC1qR for multivalent ligands such as Clq (Ghebrehiwet et al. 1998).
The geometry and topography of the three dimensional structure of gClqR
indicates that gC1qR could engage Clq via at least two, if not three, of its globular
heads. This could induce the subtle conformational change that is necessary to
trigger C1 activation (Ghebrehiwet et al. 2006). Indeed, recombinant gC1qR has
been shown recently to activate C1 (Peerschke et al. 2006).

The expression of C1q binding sites on human blood platelets (Peerschke et al.
1994, 1997), combined with the ability of gC1qR to engage the globular domain of
Clq (Ghebrehiwet et al. 1994), suggests that platelets may possess an intrinsic
capacity to initiate the classical complement pathway. Indeed, platelet mediated
activation of C4 has been demonstrated recently using both solid phase and flow
cytometric approaches (Peerschke et al. 2006).

Deposition of C3b and C5b-9 on activated platelets was detected also. Platelet
mediated complement activation did not require thrombin generation (Peerschke et
al. 2006). Thrombin has the potential to directly activate C5 (Huber-Lang et al.
2006) and other complement components (Huber-Lang, this volume), including C3.
C3 activation on platelets was reduced in the absence of C1 or Factor B, suggesting
a role, instead, for classical and alternative pathway C3 convertases (Peerschke
et al. 2006).

Data from our laboratory (Peerschke et al. 2006) show that platelet mediated
classical pathway C4 activation occurs in the presence of purified C1 and C4, and
in diluted plasma or serum. Dilution is necessary, presumably to alter the balance
between complement components and their circulating inhibitors. This is of
interest, as it may have implications for clinical situations, such as massive trauma
or cardiopulmonary bypass, in which significant hemodilution occurs.

C4 activation on platelets further requires divalent cations and platelet
stimulation. C4 activation appears particularly enhanced following platelet

exposure to shear stress (1,800 sfl, 60 min), and correlates with gCI1qR expression
(Peerschke et al. 2006). Antibodies directed against gC1qR and exposure of
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Table 1 Platelet mediated complement activation

Positive regulators Negative regulators
Platelet activation EDTA

Platelet granule secretion Clq deficiency
gClqR/p33 C4 deficiency
Platelet associated IgG or immune | Plasmin

complexes

P-Selectin Factor B depletion

platelets to plasmin, a protease previously shown to degrade gClqR (Peerschke
et al. 2004), inhibit C4 activation. Thus, plasmin generation at sites of inflammation
or vascular injury may regulate platelet mediated classical complement activation.
Further regulation of classical complement pathway activation may be achieved by
secretion of platelet alpha granule C1 inhibitor (C1 INH) (Schmaier et al. 1993).

Requirements for platelet mediated complement activation are summarized in
Table 1.

2 Complement Activation on Platelet Microparticles (PMP)

PMP are a storage pool for disseminating blood borne bioactive effectors (Morel,
Toti, Hugel, and Freyssinet 2004) such as tissue factor, procoagulant
phospholipids, and inflammatory mediators. Compared to activated platelets, PMP
can express 50- to 100-fold higher procoagulant activity (Sinauridze et al. 2007).
They retain selected platelet membrane constituents, including glycoproteins Ib,
[Ib-IITa, and P-selectin (Gawaz et al. 1996; George et al. 1986) which support
vascular inflammation by participating in heterotypic communication with
leukocytes and vascular endothelial cells (Martinez et al. 2005; Barry et al. 1998).
Increasing evidence is emerging to support cross-talk between coagulation and
complement systems (Markiewski and Lambris 2007; Markiewski et al. 2007). In
this regard, PMP present a surface for the assembly and interaction of complement
and coagulation cascades. PMP were recently shown to express gCIqR and to
activate C4 in the absence of immune complexes (Yin et al. 2008). PMP further
supported C3 activation and deposition of C5b-9. Amplification of complement
activation on PMP may be achieved via exposure of P-selectin and engagement
of the alternative pathway (Del Conde et al. 2005). Although the extent of com-
plement activation on PMP was low compared to platelets, normalization of
complement activation for PMP size suggests that PMP may be several orders of
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Table 2 Pathophysiologic consequences of platelet and PMP mediated complement activation

Complement component Pathophysiologic effect

C3a, C5a, C4a Inflammatory cell recruitment

C3a Enhanced platelet response to agonists
(e.g. ADP, thrombin)

C5a Endothelial cell activation, including
tissue factor expression

C3b Recognition and phagocytosis of
apoptotic platelets and microparticles

C5b-9 Platelet activation and expression of
procoagulant activity; endothelial cell
activation

magnitude more active than platelets, and likely present concentrated activated
complement components to vascular targets.

In addition, negatively charged phospholipids such as cardiolipin and
phosphatidyl serine (PS) are expressed on PMP and have been shown to activate
C1 (Kovacsovics et al. 1985). Since PS is present on early apoptotic cells (Vermes
et al. 1995), we propose that complement activation on microparticles may be
involved in physiologic clearance mechanisms. Indeed, complement components
Clgq, Factor B, and C3 have all been shown to participate in the phagocytosis of
apoptotic cells (Mevorach et al. 1998).

3 Pathophysiology of Platelet Mediated Complement Activation

Potential pathophysiologic consequences of platelet mediated complement
activation are summarized in Table 2. Activation of the complement system is
associated with generation of potent proinflammatory peptides, C3a and C5a
(Makrides 1998). C3a has been reported to enhance platelet stimulation by
subthreshold concentrations of traditional agonists such as ADP or thrombin
(Polley and Nachman 1983). In addition, both C3a and C5a bind receptors on
endothelial cells and stimulate upregulation of interleukins 8 and 1, in addition to
RANTES, and strongly activate the MAP kinase signaling pathway (Monsinjon et
al. 2003). Thus, the association of PMP with endothelial cells (Mause et al. 2005)
may carry activated complement components along the vasculature and accelerate
endothelial responses to vascular injury. In addition, C5a is known to induce tissue
factor expression by endothelial cells and leukocytes in vitro (Ikeda et al. 1997;
Muhlfelder et al. 1979).
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When complement activation goes to completion, the terminal complement
complex (TCC) (C5b-9) is formed. This complex is responsible for lysis of host
pathogens and may contribute to tissue damage. Moreover, sublytic quantities of
TCC have been reported to activate platelets and endothelial cells, leading to
expression of procoagulant activity (Wiedmer et al. 1986). Thus, inhibition of
potential injurious/inflammatory effects of complement activation by infusion of
specific C5a antagonists (Allegretti et al. 2005) is under intense investigation.

In addition, the complement cascade is linked to other protease activated
cascades of the blood including the coagulation (Polley and Nachman 1978), kinin
(Kaplan et al. 1986), and fibrinolytic systems (Schaiff and Eisenberg 1997).
Generation of a novel thrombin dependent C5 convertase (Polly et al. 1978; Polley
and Nachman 1979; Zimmerman and Kolb 1976) has been described during blood
coagulation, and direct activation of C5 and other complement components by
thrombin has been reported (Huber-Lang 2006 and this volume).

Deposition of complement components, Clq, C3, and C4, and generation of
the terminal complement complex C5b-9 has been shown in human atherosclerotic
lesions (Niculescu and Rus 1999). The extent of C5b-9 deposition has been
correlated with severity of the vascular lesion (Vlaicuet al. 1985). Moreover, iC3b
deposition appears to be highest in vulnerable and ruptured plaques (Laine et al.
2002). Moreover, elevations in circulating C5a have been associated with increased
cardiovascular risk in patients with advanced atherosclerosis (Seidl et al. 2005).

However, the role of complement in atherogenesis in animal models remains
controversial. Deficiency of CS5 fails to protect Apo E—/— mice from atherosclerosis
(Patel et al. 2001). Although these results suggest that C5 activation and by
extension C5b-9 generation are not required for atherogenesis, they do not rule out
important contributions by complement components upstream of C5, including
C3a, C3b, iC3b and Clq.

A role for Clq in the pathogenesis of inflammatory tissue injury in a murine
stroke model is supported by accumulation of Clq in brain lesions within 3—6 h
post ischemia (Mack et al. 2006). Further studies demonstrate Clq mediated
amplification of ischemic cerebral injury in immature mice. Adult Clq deficient
(—/-) mice, however, are not protected from stroke. In contrast, mature C3 deficient
(—/-) mice demonstrated a marked resistance to cerebral injury. These observations
are consistent with neuroprotective effects observed in mice treated with a C3a
receptor antagonist.

Complement activation and deposition on platelets may also contribute to
ongoing thrombosis. C4 fragments have been detected on platelets from a subset of
patients with systemic lupus erythematosus (SLE), and this correlated with a
history of neurologic events and the presence of antiphospholipid antibodies
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Platelet Membrane

Fig. 1 Proposed mechanisms for complement activation on and by platelets and PMP.

Complement activation may occur directly via expression of gCIqR, P-selectin, and as yet unidentified
constituents expressed by or secreted from activated platelets. In autoimmune diseases, complement
activation may occur via assembly of immune complexes (I1.C.) on platelets. Complement activation
leads to generation of inflammatory C3a and C5a peptides, as well as assembly of the C5b-9 membrane
attack complex

(/" \-1gG)

(Navratil et al. 2006).These observations are consistent with preliminary data from
our laboratory which suggest a statistically significant correlation between classical
complement pathway C1q and C4d deposition on platelets and arterial thrombosis
in SLE patients with anti phospholipid antibody syndrome (APS) (Peerschke et al.
2007). Given the association of APS with circulating autoantibodies, the
thrombogenic potential associated with APS may involve activation of the classical
complement pathway on platelets and PMP.

4 Regulation of Complement Activity on Platelets

Platelets are armed with a variety of mechanisms to prevent in situ complement
activation. Platelets contain C1 INH in their alpha granules and express C1 INH on
their surface following granule secretion (Schmaier et al. 1993). C1 inhibitor is an
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alpha globulin that blocks the esterolytic activity of the first component of the
classical complement cascade. The mechanism whereby C1 INH is expressed on
the activated platelet surface is not yet known, but recent work with endothelial
cells demonstrates C1 INH binding to P-selectin (Shenghe and Davie 2003). This
interaction does not interfere with CI INH activity, but prevents leukocyte rolling
on endothelial cells (Shenghe et al. 2003; Buerke et al. 1998).

Platelet alpha granules also contain releasable Factor H (Devine and Rosse
1987). Factor H binds cell associated C3b and acts as a cofactor for the cleavage of
C3b by Factor 1. Factor H can bind directly to platelets via GPIIb-IIla and
indirectly via thrombospondin-1 (Vaziri-Sani et al. 2004).

In addition to soluble inhibitors, platelets express a number of surface membrane
anchored complement regulatory proteins. Under physiologic conditions, platelet
damage or lysis by C5b-9 assembly is regulated by surface membrane CDS5S,
CD59, and clusterin. Apparently clusterin is more highly expressed on platelets
than on other mammalian cell types (Gnatenko et al. 2003). If stimulated platelets
are indeed actively engaged in the initiation and propagation of both classical and
alternative pathways, the arming of platelets with potent complement regulatory
mechanisms would be necessary to prevent uncontrolled cytolysis and production
of inflammatory mediators.

S Summary and Conclusion

Potential mechanisms contributing to platelet mediated complement activation are
summarized in Fig. 1. Evidence for both immune complex independent and
dependent classical complement pathway activation on platelets and PMP has been
reported, as well as amplification of complement activation via engagement of the
alternative pathway. These observations provide strong support for the involvement
of platelets in the generation of complement derived inflammatory mediators and
complement induced platelet and vascular endothelial cell activation. We hypo-
thesize that platelets focus complement activation to sites of vascular injury, and
that interactions between platelets and the complement system contribute to acute
and chronic inflammation and thrombosis. Thus, understanding mechanisms of
complement activation on platelets will have a significant impact on identifying
novel therapeutic targets for treating patients with thrombotic complications
associated with atherosclerosis, ischemia/reperfusion injury, and APS.
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Abstract. It is well established that catecholamines regulate immune and inflammatory
responses. Until recently, they have been thought to derive from the adrenal medulla and
from presynaptic neurons, when studies revealed that T cells, macrophages and neutrophils
can also de novo synthesize and release endogenous catecholamines, which can then regulate
immune cell functions in an autocrine/paracrine manner via engagement of adrenergic
receptors. Accordingly, it appears that phagocytic cells and lymphocytes may represent a
major, newly recognized source of catecholamines that regulate inflammatory responses.

1 Introduction

The brain and the immune systems are two major adaptive systems of the body
(Sternberg 2006). During an immune response the brain and the immune system
usually inter-communicate. The major pathway systems involved in this cross-talk
are the hypothalamic-pituitary-adrenal (HPA) axis and the autonomic nervous
system, including the sympathetic nervous system (SNS), the vagus-mediated
parasympathetic nervous system and the enteric nervous system. Lately, especially
the vagus-mediated parasympathetic nervous system has been shown to be an
important player in the regulation of inflammation via cholinergic receptors on
immune cells (Borovikova et al. 2000; Tracey 2002; Wang et al. 2003). Activation
of these nicotinic acetylcholine receptors has been found to dampen inflammation
and has therefore been termed the “cholinergic antiinflammatory pathway”
(Gallowitsch-Puerta and Tracey 2005) or an “inflammatory reflex” (Tracey 2002).
In contrast, the adrenergic nervous system’s functional interplay with the immune
system, aiming to counterbalance and antagonize the parasympathetic nervous
system’s actions, is less well understood. Being potent agonists of the adrenergic
nervous system, catecholamines are released from the presynaptic sympathetic
nerve terminals or the adrenal medulla, targeting postsynaptic nerve terminals and
local immune cells that express adrenoreceptors. Locally released or circulating
catecholamines stimulate these receptors, affecting lymphocyte trafficking (Kradin
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et al. 2001), vascular perfusion, cell proliferation (Ackerman et al. 1991), cytokine
production and, therefore, the wide spectrum of functional activity of immune cells.
Systemically, catecholamines may cause selective suppression of Th; responses
together with a shift toward a Th, dominance of humoral immunity (Elenkov et al.
2000). Such changes may reverse the detrimental effects of proinflammatory
cytokines and other products of activated alveolar macrophages. In addition,
classical noradrenergic actions on blood vessels include vasoconstriction, reducing
the intensity of the inflammatory insult due to reduced vascular perfusion. On
the other hand, catecholamines may boost local immune responses through
o,-adrenergic receptor-mediated enhancement of intracellular signaling pathways
that lead to increased production of interleukin (IL)-1p and tumor necrosis factor
(TNF-)a (Spengler et al. 1990, 1994). Therefore, activation of the adrenergic
system during an immune response might be directed at enhancing the local
inflammatory response, resulting in neutrophil accumulation (Morken et al. 2002)
and stimulation of humoral immune responses, while attempting to prevent
systemic infection.

2 Phagocytes: A New Adrenergic Organ

2.1 Evidence for De novo-Synthesis, Release and Inactivation
of Catecholamines by Phagocytes

The synthesis of catecholamines relies on two key enzymes: The tyrosine-
hydroxylase (TH) is known to be the rate-limiting step in the catecholamine
synthesis, while the dopamine-p-hydroxylase (DBH) converts dopamine to
norepinephrine (Elenkov et al. 2000) (Fig. 1). Thus, presence and expressional
changes of these hydroxylase in phagocytic cells strongly suggest the ability to de
novo synthesize catecholamines. Recently, phagocytes were found to contain
mRNA for both, TH and DBH, which were clearly inducible by lipopolysaccharide
(LPS) (Brown et al. 2003; Marino et al. 1999; Cosentino et al. 1999; Flierl et al.
2007). Inhibition of TH in vitro (with a-methyl-p-tyrosine or pargyline) affected
intracellular dopamine, norepinephrine and their metabolites, suggesting catechol-
amine synthesis and degradation by these cells (Cosentino et al. 1999). Thus, it is
now becoming clear that phagocytes possess the ability to de novo-produce
catecholamines.

Catecholamines are found throughout adrenergic neurons but the highest
concentrations of these biogenic amines are found in the peripheral nerve terminals
where they are stored in membrane-bound granules to be temporarily inaccessible
and protected from enzymatic destruction (Molinoff and Axelrod 1971; Shore
1972). Upon depolarizing stimulation of these neurons, rapid release of stored
catecholamines is facilitated. One of the main modes to inactivate catecholamines
is the cellular reuptake (see below). In neurons, this process is known to be
inhibited by reserpine. In parallel, incubation of various immune cells with
reserpine markedly reduced intracellular accumulation of catecholamines, while
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A)  CGatecholamine Synthesis B) Catecholamine Degradation
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Fig. 1 Pathways of synthesis and inactivation of catecholamines. DOPGAL 3,4-dihydroxyphenyl-
glycoaldehyde; DOMA 3,4-dihydroxy-mandelic acid; DOPEG 3,4-dihydroxyphenyl-ethylene glycol;
MOPEG 3-methoxy-4-hydroxy-phenylethylene glycol; VMA 3-methoxy-4-hydroxy-mandelic acid;
COMT catechol-O-methyltransferase; MAO monoamine oxidase

catecholamine levels in culture supernatants significantly increased (Cosentino
2000), suggesting that immune cells employ a mechanism similar to neurons. The
functional significance of lymphocyte-generated catecholamines in inflammation is
poorly understood. However, we are just beginning to understand the molecular
mechanisms involved in the catecholamine release by immune cells. Achieving a
more complete understanding of the precise involvement of various ion channels,
neurotransmitters and other mediators triggering catecholamine-release need to be
addressed in future studies. The actions of epinephrine and norepinephrine are
terminated by (1) reuptake into nerve terminals, (2) dilution by diffusion into
extracellular fluids and uptake at extraneuronal sites, and (3) metabolic trans-
formation (Axelsson 1971). Two enzymes are essential in the initial steps of
metabolic inactivation: monoamine oxidase (MAO) and catechol-O-methyl
transferase (COMT) (Zhu 2002; Balsa et al. 1989) (Fig. 1). Lately, both, mRNA
and protein of MAO and COMT were found in macrophages and neutrophils and
were shown to be inducible by LPS (Flierl et al. 2007). Thus, phagocytes not only
possess the full cellular machinery for de novo synthesis and release of
catecholamines, but are also capable of intracellular inactivation of catecholamines
by MAO and COMT, utilizing the same classical metabolic pathway described in
nervous and endocrine systems.



96 M.A. Flierl et al.

2.2 Modulation of Phagocyte Functions by Catecholamines

Endogenous Catecholamines as Modulators of Phagocytic Cells

There is a large body of evidence indicating that, in addition to being crucial
neurotransmitters and hormones, catecholamines are important immunomodulators
in health and disease (Elenkov et al. 2000; Madden et al. 1995; Sanders and Kohm
2002; Sanders and Straub 2002; Ottaway and Husband 1994). Interestingly, the
first report of the immunomodulating functions of catecholamines were published
in 1904, describing a robust leukocytosis following subcutaneous administration of
epinephrine (Loeper and Crouzon 1904). However, it was only in the mid 1990s
when it was reported that immunocyte-derived catecholamines modulate the
functions of lymphocytes, suggesting that immune cells can fine-tune their
functions (Bergquist et al. 1994). Since the expression of TH and DBH mRNA has
been found to be inducible in PMNs and macrophages, it seems likely that the
catecholamine synthesis of phagocytes affects their functional state (Flierl et al.
2007). These auto-regulatory interactions between endogenous catecholamines and
phagocytes exquisitely regulate cell functions via adrenoceptors expressed on
phagocytes (Spengler et al. 1990, 1994; Flierl et al. 2007). Adrenoceptors are
G-protein coupled, seven-transmembrane spanning receptors Pierce et al. 2002).
Upon activation, they lead to activation and/or inhibition of intracellular second
messengers such as cyclic AMP, calcium ions, diacylglycerol, and inositol 1,4,
S-triphosphate. Therefore, secreted endogenous catecholamines are able to activate
the cell sources and their surrounding environment through autocrine/paracrine
mechanisms stimulating cellular adrenergic receptors, activating intracellular
second messengers and ultimately regulating cell functions (Flierl et al. 2007;
Spengler et al. 1994; Engler et al. 2005). Phagocytes have been demonstrated to
regulate their release of TNFa via these interactions of endogenous catecholamines
with o,-adrenergic receptors expressed on their cell surfaces (Spengler et al. 1990,
1994; Flierl et al. 2007). Blockade of a- and B-adrenoceptors on macrophages and
neutrophils variably inhibited the cytokine/chemokine production of these cells
(Spengler et al. 1990, 1994; Flierl et al. 2007; Starkie et al. 2001). These findings
make it tempting to speculate that the inflammatory cytokine/chemokine network
might be one of the important mediator systems tightly controlled by catechol-
amines via adrenergic receptors. It remains to be determined if catecholamine
secretion by phagocytic cells is a ubiquitous phenomenon or if it is rather an
ultimate weapon of choice for immune cells facing overpowering pathogenic
insults.

3 Phagocyte-Derived Catecholamines Regulate Complement-
Dependent Acute Lung Injury

Immune complex-induced lung injury is a useful model of acute lung injury, in
which immunologic alveolitis is induced in rodents by intrapulmonary deposition
of IgG immune complexes. The complement system as a part of innate immunity
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Fig. 2 Adrenergic regulation of complement-dependent, immune complex-induced lung injury. UK
14304 and RX 821002 were used as a,-adrenergic agonist and antagonist, respectively

plays a central role in this model of acute lung injury. Immune complexes are
potent activators of the classical pathway of the complement system. Activation
of complement with its powerful downstream product, C5a, is required for the
full development of injury in the IgG-IC model (Mulligan et al. 1996; Ward
1996). Most complement proteins can be produced in the lung by either type 11
pneumocytes, alveolar macrophages or lung fibroblasts (Hetland et al. 1986;
Strunk et al. 1988; Rothman et al. 1989). Following IgG-IC deposition,
complement activation, via C5a, enhances production of early response cytokines
(TNFa and IL-1pB). Therefore, C5a and the membrane attack complex appear to act
synergistically with a co-stimulus (IgG-IC) to intensify the inflammatory response
and tissue injury (Czermak et al. 1999a). Blockade of C5a by anti-C5a IgG greatly
diminished tissue injury represented by a reduced capillary leak and neutrophil
influx. These protective effects of anti-C5a were associated with reductions of
various proinflammatory mediators together with decreased endothelial ICAM-1
upregulation, indicating a key role for C5a in the initiation of the inflammatory
network (Mulligan et al. 1996; Czermak et al. 1999b). In a recent study, it has been
demonstrated that this C5a-dependent model of acute lung injury is clearly
modulated by a,-adrenergic mechanisms (Flierl et al. 2007). While o,-adrenergic
agonists (RX 821002 or yohimbine) virtually abolished lung injury, co-presence of
an op-adrenergic antagonist (UK 14304) greatly increased the intensity of
inflammatory injury (Flierl et al. 2007) (Fig. 2). In addition, pharmacologic
inhibition of both catecholamine-generating enzymes (TH or DBH) greatly
attenuated levels of injury whereas blockade of catecholamine-degrading enzymes
(COMT or MAO) resulted in exacerbation of lung injury (Flierl et al. 2007). Since
C5a has been shown to be a key player in this experimental model of acute lung
injury, we evaluated whether C5a itself would be able to induce norepinephrine
production by human neutrophils (PMNs) in vitro. As shown in Fig. 3, there was a
clear increase in norepinephrine release into supernatant fluids from human blood
PMNs 15 min after exposure to 10 nM recombinant human C5a, followed by a fall
and a second peak 4 h after exposure. It is tempting to speculate that the early
norepinephrine peak at 15 min is due to the fact that cells store catecholamines in
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Fig. 3 Norepinephrine levels in supernatants of isolated human blood neutrophils following exposure to
recombinant human C5a as a function of time. n > 5 per bar. Data are expressed as mean values + s.e.m

intracellular secretory granules in a manner perhaps similar to neurons, chromaffin
cells and lymphocytes and that this material is rapidly released upon C5a-exposure.
The late peak of catecholamines at 4 h may be due to induction of mRNA for the
catecholamine-generating enzymes, leading to an increased de novo production and
release of catecholamines, as has been shown in rodents (Flierl et al. 2007).

4 Outlook

We are just beginning to understand the impact of phagocyte-derived
catecholamines and their potential to fine-tune inflammation. A recent report has
described how blockade of diverse adrenoceptors on phagocytes variably inhibits
expression of different cytokines and chemokines released from LPS-stimulated
macrophages (Flierl et al. 2007). TNFa production was completely inhibited by
blockade of the o,-adrenoceptor or high-dose blockade of the P,-adrenoceptor,
while remaining completely unaffected by o;- or B;-adrenoceptor blockade. In
sharp contrast, IL-1p levels were greatly suppressed by pharmacological blockade
of either a;-, ay-, B1- or Py-adrenoreceptors. IL-6 and CINC-1 production by
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phagocytes was regulated by either a,-, B;- or B,-adrenoreceptors, respectively.
Since norepinephrine has higher affinity for the o-adrenergic receptors while
epinephrine exhibits superior affinity for B-adrenoceptors, it might well be that
these two catecholamines display dissimilar effects on phagocytes which may
define a distinct inflammatory mediator path that is most suitable for a particular
inflammatory setting. The fact that phagocytic production of norepinephrine is
inducible by C5a might in fact even suggest a co-involvement or regulation of
endogenous catecholamines in various classic complement-dependent diseases such
as rheumatoid arthritis, allergies and asthma or even sepsis. A large body of studies
emphasizes the involvement of the sympathetic nervous system and catecholamines
in rheumatoid arthritis (RA) (Imrich 2002; Wahle et al. 2002; Wilder 2002; Bijlsma
et al. 1999). Accordingly, it was speculated that patients with RA presented with a
dysfunctional autonomous nervous system (Baerwald et al. 2000). Lymphocytes
from patients with chronic rheumatoid arthritis presented with decreased numbers
of B-adrenergic receptors on lymphocytes, with the number of B-adrenoceptors
inversely correlating with clinical activity of the disease (Baerwald et al. 1997;
Straub et al. 2002). Accordingly, administration of the non-selective B-adrenergic
blocker, propranolol, reduced the symptoms of rheumatoid arthritis (Lorton et al.
2003). Experimental animal studies confirmed the benefit of blocking the
adrenergic system in RA. Systemic depletion of NA reduced inflammatory activity
and joint destruction in an animal model of arthritis (Lorton et al. 2003). It has also
been noted that patients with RA seem to lose sympathetic nerve fibers in their
synovial tissue, which leads to compensatory increase of norepinephrine release
from synovial macrophages (Miller et al. 2000). This loss of the influence of the
sympathetic nervous system on inflammation, accompanied by an upregulation of
the sensory input into the joint might contribute to the continuance of the disease.
Yet, it remains to be seen if the complement anaphylatoxin C5a induces release of
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catecholamines from phagocytic cells during disease and whether disruption of this
communication might result in a favorable clinical outcome.

5 Conclusion

It appears that, besides chromaffin cells of the adrenal medulla and neurons,
phagocytes represent a third, diffusely expressed catecholamine-producing organ,
which is able to de novo-synthesize and release endogenous catecholamines (Fig.
4). These new findings challenge traditional paradigms regarding the catecholamine
system. The ample distribution of immune/inflammatory cells throughout the body,
combined with their ability to migrate to the site of inflammation within minutes of
tissue insult, adds unimagined immunomodulatory possibilities. Targeting immune
cell-derived catecholamines or reducing catecholamine production by phagocytic
cells, or blocking appropriate adrenoceptors poses challenging issues for
researchers. Extending our understanding for extra- and intracellular adrenergic
regulation of phagocytic cells might deepen our understanding of the pathogenesis
of diverse diseases and might ultimately allow for clinical application.
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Abstract. Innate immunity relies upon the ability of a few pattern recognition molecules to
sense molecular markers. Ficolins are humoral molecules of the innate immune systems
which recognize carbohydrate molecules on pathogens, apoptotic and necrotic cells. Three
ficolins have been identified in humans: L-ficolin, H-ficolin and M-ficolin (also referred to
as ficolin-2, -3 and -1, respectively). They are soluble oligomeric defence proteins with
lectin-like activity and they are structurally similar to the human collectins, mannan-binding
lectin (MBL) and surfactant protein A and D. Upon recognition of the infectious agent, the
ficolins act through two distinct routes: initiate the lectin pathway of complement activation
through attached serine proteases (MASPs), and a primitive opsonophagocytosis thus
limiting the infection and concurrently orchestrating the subsequent adaptive clonal immune
response. Recently a lot of reports showed that dysfunction or abnormal expressions of
ficolins may play crucial roles in the pathogenesis of human diseases including: (1)
infectious and inflammatory diseases, e.g., recurrent respiratory infections; (2) apoptosis,
and autoimmune disease; (3) systemic lupus erythematosus; (4) IgA nephropathy; (5)
clinical syndrome of preeclampsia; (6) other diseases associated factor e.g. C-reactive
protein. Precise identification of ficolins functions will provide novel insight in the
pathogenesis of these diseases and may provide novel innate immune therapeutic options to
treat disease progression. This review discusses the structures, functions, and clinical
implications of ficolins and summarizes the reports on the roles of ficolins in human
diseases.

1 Introduction

The complement system functions as a cascade of binding interactions and
enzymatic events, which help in the processing and elimination of microorganisms
or non-self materials. The classical complement pathway was discovered 100 years
ago as a system supplementing antibodies. Fifty years later it was proposed that
complement could be activated by bacterial surfaces through an antibody-
independent pathway, the alternative complement pathway. The recently described
third pathway, lectin pathway, is activated by MBL and by ficolins (Holmskov
et al. 2003). While the classical pathway functions as a component of both innate
and adaptive parts of the immune system, and the lectin and alternative pathways of

J.D. Lambris (ed.), Current Topics in Complement I1. 105
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Fig. 1 Structures of ficolin and MBL

complement are essential components of the innate immune system. These three
pathways merge at the proteolytic activation step of C3 and activate the
complement late components, C5-C9, leading to cytolytic complex (membrane
attack complex) formation.

Lectin pathway is initiated either by MBL or ficolins which are typical pattern
recognition molecules and able to recognize conserved pathogen-associated
molecules patterns (PAMPs) shared by large group of microorganisms, thereby
successfully defending hosts against infection (Fujita, T. 2002). The binding of
the lectin pathway recognition molecules (MBL or ficolins) to microbial carbo-
hydrates can activate complement by a mechanism similar to the classical pathway,
but using MBL-associated serine proteases (MASP-1, MASP-2, MASP3 as well
as a truncated form of MASP-2 called small MBL-associated protein (sMAP) or
Map 19) instead of Clr and Cls.

The importance of the MBL is underlined by a number of clinical studies
linking MBL deficiency with increased susceptibility to a variety of infectious or
inflammatory diseases (Eisen and Minchinton 2003; Takahashi et al. 2006)
particularly, with greater risk in young children and immunocompromised hosts
(Takahashi and Ezekowitz 2005). Deficiency and/or dysfunction of MBL have
been also implicated in the pathophysiology of Systemic lupus erythematosus
(SLE) (Roos et al. 2004).

In this review, we focus on the recently discovered important member of lectin
family, the ficolins, and try to elucidate their contribution in different clinically
important diseases.
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2 Structures of Ficolins

The human ficolins are structurally similar to the Clq, mannan-binding lectin
(MBL) and lung surfactant protein A and D (SP-A and SP-D), and are oligomeric
proteins composed of carbohydrate-recognition domains (CRDs) attached to
collagenous regions (Holmskov et al. 2003) (Fig. 1). The polypeptide chains of the
ficolins comprised of different structural regions, an N-terminal region, a collagen-
like region, and a globular fibrinogen-like domain (Matsushita et al. 1996).
However, ficolins, unlike MBLs, they have a fibrinogen-like domain that is
responsible for carbohydrate binding (Fig. 1). Similar to MBL, ficolins are capable
of assembling as trimeric subunits at their collagen domains (Fig. 1), which
multimerize to varying degrees forming active oligomers comprised of up to four
and six trimers joined together by the N-terminal domain with the polypeptide
chains radiating out in a sertiform structure (Lu and Le 1998; Yae et al. 1991).
Mammalian ficolins associate with the MASPs through their collagen-like region,
their target-binding activity are carried out by the fibrinogen-like domains which in
contrast to the CRD of MBL, has a Ca’"-independent lectin activity (Le et al.
1997).

The ficolins were originally identified as TGF-1-binding proteins on porcine
uterus membranes (Ichijo et al. 1991, 1993). Several members of the ficolin family
have been identified so far, including human L-ficolin/P35 (FCN2 or ficolin 2)
(Matsushita et al. 1996), M-ficolin (FCN1 or ficolin 1) (Endo et al. 1996; Lu et al.
1996), and H-ficolin/Hakata antigen (FCN3 or ficolin 3) (Yae et al. 1991;
Sugimoto et al. 1998; Aikawa et al. 1999), mouse ficolins A and B (Fujimori et al.
1998; Ohashi and Erickson 1998), pig ficolins o, and 3, and tachylectins 5SA/5B
(TL 5A/5B) from the horseshoe crab Tachypleus tridentatus (Gokudan et al. 1999).
They all function as recognition molecules and trigger either the lectin pathway of
complement or other effector mechanisms following binding to several ligands,
such as GIcNAc (Krarup et al. 2004; Le et al. 1998), lipopolysaccharide (Tsujimura
et al. 2001), lipoteichoic acid (Lynch et al. 2004) and several pathogenic
microorganisms including bacteria (Krarup et al. 2005) and DNA (Jensen et al.
2007) and participate in the clearance of bacteria and dying host cells.

Human L-ficolin is an oligomeric protein assembled from 35-kDa subunits
(Fig. 1). L-ficolin has a lectin-like activity for 1, 3-B-D glucan, a molecular marker
of yeast and fungal cell walls (Ma et al. 2004), GIcNAc, and various acetylated
compounds (Krarup et al. 2004). However, its binding specificity differs from that
of MBL, in that L-ficolin binds to GlcNAc and does not bind to mannose. L-ficolin
binds to GIcNAc residue next to galactose at the nonreducing terminal of the
complex-type oligosaccharide (Table 1). Whereas, H-ficolin, which protein is the
smallest among three human ficolins, binds to GIcNAc and GalNAc but not
mannose or lactose. The M-ficolin on the other hand, is not considered being serum
lectin, and its mRNA is expressed in monocytes, lung, and spleen (Table 1).
Comparative analysis of the structures of the external S1 binding site in TL5A and
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Table 1 Expressions of ficolins in human and mouse
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ficolins L and H has been revealed some common features but also significant
variations in the nature and orientation of the side chains (Garlatti et al. 2007)
implying that these binding sites have different microorganism specificity.

Recently, it was found that M-ficolin is a secretory protein, and can recognize
some common carbohydrate residues found in microbes, like its family members
and functions as a recognition molecule of the lectin complement pathway and
plays an important role in innate immunity (Liu et al. 2005b).

3 Ficolin Genetics

The human ficolin gene was found to locate on chromosome 9 (Lu et al. 1996) and
L-ficolin is primarily expressed in the liver and subsequently released into the
blood stream (Table 1). H-ficolin mRNA is found in liver, lung, and a glioma cell
line (Yoshizawa 1997). H-ficolin is also produced in the lung by alveolar type II
cells and unciliated bronchial epithelial cells and is secreted onto the epithelial
surface (Akaiwa et al. 1999), indicating that H-ficolin plays a role on mucosal
surfaces. M-ficolin is synthesized by monocytes (Hashimoto et al. 1999) and its
expression is downregulated during monocyte differentiation and its mRNA is not
detectable in macrophages (Lu et al. 1996) or monocyte-derived dendritic cells
(Hashimoto et al. 1999). The median concentrations were found to be 0.8 pg per ml
for MBL. 3.3 pg per ml for L-ficolin, and 18.4 ug per ml for H-ficolin.
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The gene expression sites and protein localization of mouse ficolin A and
ficolin B are different in distinct ontogenic patterns and cell types (Liu et al. 2005a).
Ficolin A mRNA was detected only in liver and in spleen, and ficolin B mRNA was
not detected in any of the adult tissues examined (Ng et al. 2007) but is expressed in
more immature cells of the myeloid cell lineage than ficolin A and may function in
hematopoiesis, or to be regulated in responses to the hematopoietic course. Ficolin B
was found in lysosomes of activated macrophages (Runza et al. 2006). A ficolin is
not expressed in mouse owing to alteration of the responsible gene to a pseudogene
(Endo et al. 2004).

4 Ficolin and Infectious Diseases

Although the importance of MBL in antimicrobial host defense is well recognized,
recently the role of the ficolins has been also emphasized. Human plasma L-ficolin
(P35) is an important lectin that binds to the carbohydrate on bacterial surface and
enhances opsonic activity of polymorphonuclear neutrophils (Aoyagi et al. 2005).
Binding of L-ficolin/MASP complexes to type III group B streptococci (GBS)
(presence of GIcNAc in the capsular polysaccharide of all serotype of GBS) leads
to activation of the lectin pathway (Aoyagi et al. 2005). These findings give
L-ficolin critical role in preventing neonatal GBS infection by complement
activation through L-ficolin-mediated lectin pathway. Another reports also showed
that L-ficolin could bind to LTAs purified from gram-positive bacteria (S. aureus,
Streptococcus agalactiae, Bifidobacterium animalis, Streptococcus pyogenes, and
Bacillus subtilis) (Lynch et al. 2004; Aoyagi et al. 2005).

Meanwhile, L-ficolin has been found to bind exclusively to some strains of
capsulated S. pneumoniae serotypes (11A, 11D, and 11F) but does not bind to
noncapsulated S. aureus variant (Wood) strain, suggesting that L-ficolin recognizes
structures specific to a few capsular polysaccharides. On the other side, H-ficolin
does not bind to any of the S. pneumoniae and S. aureus serotypes. The MBL
however, binds strongly to the noncapsulated strain (Wood) (Krarup et al. 2005).
These data suggest that MBL, L-ficolin and H-ficolin differ in ligand specificity.

The opsonophagocytosis can be also activated by the binding of ficolin with
the carbohydrates on the pathogens. The binding of L-ficolin/MASP complexes to
the capsular polysaccharide (CPS) generates C3 convertase C4b2a, which deposits
C3b on streptococci and lead to increased opsonophagocytic killing by further
deposition of C3b on the group B streptococci (GBS) (Aoyagi et al. 2005).

It appears that H-ficolin is a much powerful direct opsonin than L-ficolin.
These can be explained by the differences in putative ligand specificity on the
target cell surface (Jensen et al. 2007).

Recently, it is also reported that porcine plasma ficolin binds and reduces
infectivity of porcine reproductive and respiratory syndrome virus (PRRS) in vitro
(Keirstead et al. 2007). These studies indicate that ficolins might have antiviral
roles similar to MBL and these might lead to new antiviral interventions.
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5 Single Nucleotide Polymorphisms in Ficolins

Several polymorphisms were found in the promoter or structural regions of L-, M-
and H-ficolin, but only polymorphisms in L-ficolin result in amino acid exchanges.
L-ficolin promoter polymorphisms are associated with adverse effect on the plasma
concentration, whereas two polymorphisms found in the exon of L-ficolin were
associated either with increased or decreased GlcNAc binding (Hummelshoj et al.
2005). However, no significant associations were observed between the L-ficolin
polymorphisms and susceptibility to invasive pneumococcal disease (Chapman et al.
2007), or Behcet’s disease (Chen et al. 2006). The possession of mutant alleles has
been linked to the outcome of a variety of bacterial and recurrent respiratory
infections.

6 Ficolins and Apoptosis

Several reports have clearly showed that L-ficolin, H-ficolin, and other collagen-
like defence molecules, such as MBL and Clq, can bind to late apoptotic cells and
mediates phagocytosis possibly through the calreticulin-CD91 receptor complex
present on the surface of macrophages (Ogden et al. 2001). DNA on permeable
dying cells is also a plausible ligand for L-ficolin (Jensen et al. 2007). It has been
found that H-ficolin binding to late apoptotic cells resulted in a significant increase
in adhesion/uptake by macrophages, a strong and uniform binding of H-ficolin to
necrotic cells was also observed, and the binding properties differed from those of
MBL and L-ficolin (Honor¢ et al. 2007). These molecules mediate the clearance of
apoptotic cells and involved in the maintenance of tissue homeostasis. Dysfunction
of molecules important for the removal of dying host cell might involve in the
development of autoimmune diseases.

7 Ficolins and Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune
disease with of unknown cause, but immune dysfunction is clearly one of its central
features. H-ficolin was firstly identified as a serum antigen target for an
autoantibody present in the sera of some patients with SLE. That might participate
in the pathogenesis of SLE. Anti-H-ficolin antibody appears during the active
hypocomplementemic phase in some SLE patients and its concentration was found
to correlate positively with diseases activity in SLE (Yoshizawa et al. 1997).

8 Ficolins and IgA Nephropathy (IgAN)

IgA nephropathy (IgAN) is a common renal disease that is characterized primarily
by mesangial deposition of IgA (Floege and Feehally 2000; Donadio and Grande
2002). Earlier studies showed that IgA activates the alternative pathway of
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complement, whereas more recent data also indicate activation of the lectin
pathway. Activation of the lectin pathway of complement is associated with more
severe renal damage (Roos et al. 2006). It was also demonstrated that both MBL
and ficolin were found to contribute to the progression of the to IgA nephropathy
(IGAN) (Roos et al. 2006). All Glomerular deposition of MBL was positively
associated with co-deposition of L-ficolin. Renal biopsies of patients with IgAN
showed mesangial deposition of IgA1 but not IgA2. Circulating IgA1 from patients
with IgAN was reported to have aberrant glycosylation of O-linked glycans, which
potentially are involved in recognition by lectins. Precise identification of the
ligand for MBL and L-ficolin in the mesangium, which presumably is presented
and/or accessible in only some of the patients with IgAN, will provide novel insight
in the pathogenesis of IgAN and may provide novel therapeutic options to treat
disease progression.

9 Ficolins and Preeclampsia

Recently it has also been found that ficolins were differentially expressed in plasma
from preeclamptic pregnancies (Wang et al. 2007). Ficolins were present in low
concentrations in plasma but at high concentrations in the placenta, particularly in
syncytiotrophoblasts undergoing apoptosis. The binding of ficolins in apoptotic
trophoblasts induced innate immunity through local and systemic cytokine
activation and correlated with the clinical manifestation of preeclampsia (Wang
et al. 2007).

10 Ficolin and C-Reactive Protein

Although human C-reactive protein (CRP) becomes upregulated during septicemia,
its role remains unclear, since purified CRP showed no binding to many common
pathogens. Recent study showed that human CRP interacts with ficolin and this
interaction stabilizes CRP binding to bacteria and activates the lectin-mediated
complement pathway and target a wide range of bacteria for destruction (Ng et al.
2007).

11 Concluding Remarks

All data suggest that ficolins function in clearance of non-self, based on their
location sites and their molecular features. Ficolin is an important aspect in host
innate defences, while defective or abnormal expression will cause the pathogeno-
logical activities. Our recent data also demonstrated that L-ficolin can contribute
host defense against Salmonella bacteria (a major intracellular pathogen) infection
by enhancing IFN-y expression in vivo (Ma et al. 2007). This new information may
stimulate the development of a new immunotherapy approach using L-ficolin for
the stimulation of innate immunity against anti-intracellular bacteria. Assessment
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of L-ficolin is warranted to study its regulatory role in the innate immune system
and it will not be surprising to see clinical data addressing the contribution of lectin
ficolin to host innate immunity and immunopathology in the near future.
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Abstract. Complement Factor H has recently come to the fore with variant forms implicated
in a range of serious disease states. This review aims to bring together recent data
concerning the structure and biological activity of this molecule to highlight the way in
which a molecular understanding of function may open novel therapeutic possibilities. In
particular we examine the evidence for and against the hypothesis that sequence variations in
factor H may predispose to disease if they perturb its ability to recognise and respond
appropriately to polyanionic carbohydrates on host surfaces that require protection from
complement-mediated damage.

1 Introduction

The human complement factor H (CFH) protein is a key regulator of the alternative
pathway of the complement system. The alternative pathway entails ubiquitous and
continuous generation of relatively small quantities of C3b molecules. These bind
indiscriminately and have the potential to self-amplify. Any surface exposed to
complement, and not protected by regulatory molecules, will therefore quickly
become coated in C3b and subject to multiple potentially destructive complement-
mediated processes. CFH acts to specifically prevent C3b amplification on self-
surfaces while permitting complement to proceed unchecked on foreign surfaces. It
thereby selectively protects host tissues and it appears to be essential for the healthy
functioning of at least some organs.

This approximately 155-kDa (Ripoche et al. 1988) plasma (~150-550 pg/ml)
(Esparza-Gordillo et al. 2004) glycoprotein is encoded by the CFH gene within the
regulators of complement activation (RCA) gene cluster on chromosome 1q32
(Rodriguez de Cordoba et al. 1985) where it is linked closely to genes CFHR1-
CFHRS5, which code for five smaller and less abundant CFH-related proteins (Zipfel
et al. 1999). A seventh protein — FH-like or CFHT - is a splice-variant of CFH
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Fig. 1 Modular composition of CFH and putative binding sites. In this schematic, the CCPs (ovals) of
CFH are drawn to emphasize their variation in size (51-63 residues) and the linkers (rectangles) are
proportional to their lengths (3-8 residues). Functional/binding sites are indicated. The question marks
are used where no direct proof is available

present at appreciable levels in the blood (Schwaeble et al. 1987). Some of the
CFH-related proteins and CFH-like-1 also exhibit complement regulatory activity
(Zipfel and Skerka 1994) although their physiological properties have not yet been
clearly defined. Most CFH in the circulation has a hepatic origin but many cell-
types are endogenous sources (Schlaf et al. 2001).

The CFH protein is composed from a total of 20 domains, each containing
approximately 60 amino acid residues and termed “complement control protein
modules” (CCPs) or short consensus repeats (Ripoche et al. 1986), that are joined
by short linkers consisting of 3-8 residues (Fig. 1). Each module is encoded by a
single exon out of the 23 in CFH, except CCP module 2 that is encoded by two
exons (Male et al. 2000). Exon one encodes an 18 amino acid signal peptide that is
cleaved during processing. Exon ten does not contribute to CFH but encodes the
last of seven modules in the splice-variant, CFH-like-1, plus its unique C-terminal
sequence Ser-Phe-Leu-Thr (Estaller et al. 1991).

By utilising its multiple protein and carbohydrate binding sites (Schmidt et al.
2008), CFH binds to C3b and its complexes C3bBb and C3b2Bb — the C3- and C5-
convertases of the alternative pathway. It engages with these binding partners both
in fluid phase and when they are immobilised. Critically, CFH has the remarkable
property of acting selectively on C3b and C3bBb on self vs. non-self surfaces (Meri
and Pangburn 1990). It competes for binding of complement factor B (CFB) to C3b
(Farries et al. 1990), acts as a cofactor for factor I-catalysed proteolytic cleavage of
C3b (Pangburn et al. 1977), and it accelerates the irreversible dissociation of C3bBb
and C3b2Bb into their separate components (Pangburn and Muller-Eberhard 1983).
Thus CFH not only inhibits formation of the convertases but it also shortens the
lifespan of any convertase complex that forms.
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The discovery of mutations and single nucleotide polymorphisms (SNPs) in
CFH that can be linked to human diseases has led to a surge of interest in this
protein; an update is presented in the next section. We will then summarise the
current state of knowledge of structure-function relationships of CFH, with an
emphasis on recent structural studies of a key disease-linked, glycosamioglycan
(GAG)-binding region in CCPs 6, 7 and 8. Finally, both established and emerging
biochemical attributes/properties of CFH will be discussed in the context of the
consequences for human health of its genetically encoded sequence variations.

2 Involvement of Factor H in Human Disease

Mutations and polymorphisms that lead to amino-acid residue substitutions (or a
deletion in one case) within CFH have been linked to several human diseases,
including atypical haemolytic uremic syndrome (aHUS), age-related macular
degeneration (AMD), and membranoproliferative glomulonephritis type 11 (MPGNII
also known as dense deposit disease) (de Cordoba and de Jorge 2008). More
tentatively and controversially the AMD-linked Y402H SNP (see below) has been
linked to an altered risk of three other late-onset conditions — myocardial infarction
(Kardys et al. 2006; Mooijaart et al. 2007; Nicaud et al. 2007; Pai et al. 2007; Stark
et al. 2007), CAD/CHD (Meng et al. 2007; Pulido et al. 2007; Topol et al. 2006)
and Alzheimer’s Disease (Hamilton et al. 2007; Zetterberg et al. 2007).

Hemolytic uremic syndrome (HUS) is a leading cause of pediatric kidney failures
and is generally a sequela of bacterial infections. It is characterized by
thrombocytopenia, microangiopathic hemolytic anemia and acute renal failure. The
rare atypical HUS (aHUS) is not linked to infection, but is sporadic or familial. Full
recovery from typical HUS is the norm, but the long-term diagnosis for sufferers of
aHUS — 5-10 % of cases of HUS — is unfavorable. Single and double amino-acid
changes that occur predominantly in the C-terminal segment of CFH (CCPs 19 and
20) have been identified in 10-15% of patients with aHUS (Buddles et al. 2000;
Heinen et al. 2006; Richards et al. 2001; Warwicker et al. 1998) (http:/www.
fh-hus.org/). In many cases the variant form of CFH is present in plasma at
approximately normal levels (Kavanagh et al. 2007). Mutations in membrane cofactor
protein and factor I have also been linked to aHUS. This topic has been the subject of
a recent review (Kavanagh et al. 2007), hence our emphasis here is on AMD.

Age-related macular degeneration is characterized by a progressive loss of
central vision attributable to degenerative and, in advanced cases, neovascular
changes in the macula, a highly specialized region of the ocular retina comprising
only 4% of total retinal surface area (Gehrs et al. 2006). This region contains the
highest density of cone photoreceptor cells, is the only portion of the retina where
20/20 vision is attainable, and accounts for approximately 10% of the visual field.
Thus, the pathological lesions that develop in this region have a major impact on
visual function and productivity.

Age-related macular degeneration is characterized in its earliest clinical stages
by the accumulation of drusen, hallmark extracellular deposits that accumulate
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between the retinal pigmented epithelium (RPE) and Bruch’s membrane, a unique
basement membrane complex separating the retina and choroid. In recent years, a
variety of complement activators, complement components, and complement
regulatory proteins have been identified as molecular constitutents of drusen
(Anderson et al. 2001; Crabb et al. 2002; Hageman et al. 1999; Johnson et al. 2000,
2001; Mullins et al. 2000). This compositional profile of drusen formed the basis
for the general conclusion that drusen are a byproduct of chronic, local
inflammatory events at the level of the RPE-Bruch’s membrane interface and that
complement activation and immune responsiveness are important facets of AMD
pathogenesis (Hageman et al. 2001; Penfold et al. 2001; Zarbin 2004). In this
model, RPE atrophy and the subsequent deposition of RPE-derived debris in the
sub-RPE space is construed as a local pro-inflammatory event, leading to activation
and amplification of the complement alternative pathway which, in turn, induces
substantial bystander damage to macular cells and tissues over time.

Strong support for this new paradigm of AMD pathobiology emerged from
subsequent genetic discoveries reported in early 2005 by four independent research
teams (Edwards et al. 2005; Hageman et al. 2005; Haines et al. 2005; Klein et al.
2005). These studies revealed a highly significant association between AMD and
common variants in the CFH gene on human chromosome 1q31. Three of these
studies focused on a single SNP in the coding region of CFH, Y402H, as the causal
variant (Edwards et al. 2005; Haines et al. 2005; Klein et al. 2005). However, it was
clear from the fourth study (Hageman et al. 2005) that multiple CFH variants (and
their tagged haplotypes), rather than the single Y402H variant, confer either an
elevated or reduced risk for one’s propensity to develop AMD. Three significant
haplotypes; a major risk haplotype, tagged by the Y402H coding SNP (cSNP) and
two protective haplotypes, tagged by intronic variants and/or cSNPs, were
identified (Hageman et al. 2005). Iwata and colleagues subsequently identified an
additional risk haplotype in the Japanese population (Okamoto et al. 2006). More
recent studies of Caucasian populations have provided evidence for an additional
risk haplotype, tagged by rs2274700 [A473A] or an intronic rs1410996 SNP (Li
et al. 2006; Seddon et al. 2006) and a strongly protective haplotype tagged by a
complete deletion of the two CFH-related genes, CFHR1 and CFHR3 (Hageman
et al. 2006; Hughes et al. 2006). Interestingly, the same AMD-associated risk
haplotype has also been shown to be associated with MPGNII, a rare renal disease
characterized by uncontrolled activation of the alternative complement pathway and
the development of ocular drusen and neovascularization that are indistinguishable
from those that occur in AMD (Hageman et al. 2005). These data provided
additional strong support for the notion that specific CFH variants are associated
with drusen deposition and AMD.

The AMD-CFH discovery was followed by the identification of an association of
AMD with three additional complement regulators — Complement Factor B and
component 2 (CFB/C2) on chromosome 6p21 (Gold et al. 2006) and C3 on
chromosome 19p13 (Maller et al. 2007; Yates et al. 2007) — as well as a significant
association of three tightly linked genes (PLEKHAI, LOC387715 and PRSSI11/
HTRAT) on human chromosome 10g26 (Jakobsdottir et al. 2005; Rivera et al. 2005;
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Weeks et al. 2004). Genetic variation at all four loci defines a major proportion of
AMD disease burden, making this disecase one of the most well-defined complex
traits.

All accumulated data at this time support the concept that dysregulation of the
complement alternative pathway is an early step in AMD (Gehrs et al. 2006)
regardless of ocular phenotype. This contrasts with genes within the 10q26 locus,
which is associated mainly with the advanced stages of AMD. The specific variants,
or their combinations, within the CFH, CFB/C2 and C3 genes, which result in
functional consequences at the protein and functional levels, must be more precisely
defined. Nonetheless, it seems clear from the available data that genetically pre-
determined variation in genes associated with the complement pathway, when
combined with an as yet undefined triggering event, underlie a major proportion of
AMD in the human population.

Thus, although aHUS and MPGNII affect glomeruli while AMD is an ocular
disease, it is MPGNII and AMD that share pathological characteristics. Both
MPGNII and AMD involve the deposition of complement-containing material
(Mullins et al. 2000) onto specialised regions of extracellular matrix (the glomerular
basement membrane in the case of the kidney or Bruch’s membrane in the macula)
accessible to plasma via fenestrations within the endothelial lining of the
microvasculature; and indeed MPGNII patients develop ocular drusen as mentioned
earlier (Mullins et al. 2001). The phenotype of CFH—/— knockout mice includes
both MPGNII (Pickering et al. 2002) and abnormalities in retinal ultrastructure
(Coffey et al. 2007). On the other hand aHUS, which is characterised by endothelial
cell activation, swelling and detachment from the basement membrane, does not
arise in CFH—/— mice unless a gene encoding CFH- 1-15 (i.e. a CFHA16-20
mutant) is re-introduced (Pickering et al. 2007). As discussed below, such a mutant
will retain fluid-phase C3b-binding activity but will be unable to recognise surfaces.
This suggests that the fluid-phase convertase-regulating activity of CFH is required
for development of aHUS while surface-specific convertase regulation by CFH
inhibits the development of mouse model of aHUS. This is discussed further below
in the light of recent structural and functional results.

3 CFH Binding Sites

Early work identified the N-terminal five or seven CCPs of CFH as the locus of its
fluid-phase C3b-binding and cofactor activities (Alsenz et al. 1984, 1985; Misasi
et al. 1989). Subsequent studies localised this functionality (Gordon et al. 1995;
Kuhn et al. 1995), along with a proportion of the native decay accelerating activity
(Kuhn and Zipfel 1996), to CCP modules 1-4. Additional C3b-binding sites were
identified using module-deletion CFH mutants (Sharma and Pangburn 1996). Thus,
while CFHA1-5 retained some binding affinity for cell-surface -bound C3b
(csbC3b), deletions of CCPs 1620 decimated its binding affinity for csbC3b. This
observation implicated the C-terminal region of CFH as a second C3b-binding site,
which was later pinpointed to CCPs 19 and 20 REF. A third C3b-binding site has
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been suggested on the basis that CFHA6-10 exhibited a decreased affinity for
csbC3b, similar to that of CFHAIL-5. Additional studies (Jokiranta et al. 2000)
implied but did not confirm a third C3b binding site in CCPs 12-14. This
information is summarised in Fig. 1.

Fundamental to the ability of CFH to regulate efficiently complement on
surfaces is its affinity for polyanions (Meri et al. 1990). A photoaffinity-tagging
analogue (Pangburn et al. 1991) implicated the very basic CCP 13 in heparin
binding. But while deletion of CCP 13 (Sharma et al. 1996) resulted in only very
slightly reduced ability to bind a heparin-agarose column, deletion of CCPs 6-10
showed significantly weaker heparin affinity (Sharma et al. 1996) implying that a
stronger GAG/sialic acid-binding site exists in the CCPs 610 region; CCP 7 was
subsequently demonstrated to play a prominent role (Blackmore et al. 1996). A
CFHA7A13 deletion mutant still bound heparin but a CFHA7A20 construct did not
(Blackmore et al. 1998) implicating CCP 20 as a further locus for polyanion
interaction. Convincingly, non-heparin-binding CFH-1-5 was converted to heparin-
binding CFH-1-5,20 by inclusion of CCP 20 in the construct (Blackmore et al.
1998). Moreover, highly purified, structurally characterised CFH-19,20 (Herbert
et al. 2006) binds well to a heparin-agarose column. More recently, a set of short
recombinant CFH constructs having in common the presence of CCP 9 were all
found to bind heparin (Ormsby et al. 2006), but the additional presence of an
N-terminal cloning artefact containing arginine residues might have contributed to
this affinity. In summary (Fig. 1), while GAG-binding sites in module 7 (with
contributions likely from CCPs 6 and 8) and module 20 (with possible contributions
from CCP 19) are well-established, current evidence for involvement of either CCP
9 or CCP 13 is inconclusive. Finally, it should be mentioned that the N-linked
glycans of CFH could theoretically have an elecrostatic influence on CFH-
polyanion interactions although they are dispensable for complement regulation
(Jouvin et al. 1984).

The importance of the C-terminal heparin-binding site for self vs. non-self
discrimination was clearly demonstrated by Ferreira et al. (2006) who found that
highly purified CFH-19,20 competitively inhibited the action of CFH on cell
surfaces. This double-module construct was able to overcome the protective effects
of full-length CFH and thereby promote aggressive complement-mediated lysis
of sheep erythrocytes. This finding is reinforced by studies showing the ability of
monoclonal CCP 20-specific antibodies (Oppermann et al. 2006) to block
interactions of CFH with endothelial cells. Thus this C-terminal polyanion- and
C3b-binding site is critical for the ability of CFH to recognise and protect host cells
bearing sialic acids and GAGs.

4 The Structure of Factor H

The multiple, flexibly-linked modules of CFH render it a problematic target for
high-resolution structural methods. Below we outline low-resolution structural
studies of intact, full-length CFH molecule, which have provided us with valuable
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insights into its overall architecture. Our understanding of the atomic-resolution
structure of CFH derives from studies of constructs consisting of only a few CCPs.
Some of these studies will be described subsequently, with an emphasis on recent
work on the AMD-related and GAG-binding CCP 7 and its neighbouring modules.

4.1 Low Resolution Structural Information on CFH

Determination of 3-D structure from extended, multi-domain, proteins is a
significant challenge and the level of accuracy of such models is low compared to
the atomic structures of fragments. However, major progress has been made by the
group of Perkins using a combination of biophysical techniques (primarily neutron
and X-ray solution-scattering combined with analytical ultracentrifugation,
reviewed in (Perkins et al. 2002)) capable of giving low-resolution information
about molecular shape combined with using homology models of the domains to
aid interpretation of the shape information. Although these studies lead to sets of
atomic coordinates for the proteins studied it is important to reflect on the fact that
the data can only inform about overall shape and have no ability to validate the
atomic detail of the homology models used, as discussed further below. When
applied to study of full length CFH (Aslam and Perkins 2001) the data revealed that
the maximum length of the CFH in solution was approximately 40 nm compared to
a length of 73 nm theoretically possible for a fully extended structure. These data
strongly suggest that, on the average, the 20 CCP modules within CFH are folded
back upon themselves in solution. Such folding back has been supported by later
studies (Okemefuna et al. 2008) using the same techniques, which suggest short
truncated segments of CFH are likewise not entirely linear with regard to their
module arrangements.

4.2 Atomic Structure of the CFH Carboxy-Terminus

Both NMR (Herbert et al. 2006) and X-ray crystallography (Jokiranta et al. 2006)
have been employed to study the 3-D structure of the C-terminal pair of CCPs,
CFH-19,20 (Fig. 2a). Module 19 is similar in structure to other CCPs of known
structure such as CFH modules 5 (Barlow et al. 1992), 15 (Barlow et al. 1993) and
16 (Barlow et al. Campbell 1991). In all these CCPs, the polypeptide chain
contributes to five extended regions that are joined by turns or loops. The extended
regions, which form short beta-strands and small sheets to an extent that varies
between CCP structures (Soares et al. 2005), are approximately aligned forming an
oblate structure with N and C termini at opposite poles. Each 40 A-long module has
its own small hydrophobic core containing highly conserved non-polar side-chains
and is further stabilised by two disulfides that form between four invariant Cys
residues. CCP 19 is tightly coupled, in a head-to-tail arrangement, to CCP 20 via a
three-residue linking sequence — the shortest linker in CFH. This C-terminal module
also has many features typical of CCP modules but it is shorter and broader than
any other CCP of known structure. When CFH-19,20 is titrated with the GAG-like
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Fig. 2 Surface representations of the structure of FH-19,20. Highlighting: (a) The positions of mutations
in CFH found in aHUS patients. (b) The residues that are involved in interacting with a model GAG
compund, dp4

compound, dp4, perturbations are observed of CCP 20 NMR chemical shifts but not
CCP 19 ones (Herbert et al. 2006), thus identifying module 20 as the dp4-binding
site. Closer scrutiny of which residues within CCP 20 are most affected in terms of
their chemical shifts upon addition of dp4 implicates the presence of a dp4-binding
patch on one face of CCP 20 (Fig. 2b). There is a notable degree of overlap between
this putative GAG-binding region, which is predominantly electropositive, and a set
of residues considered important in aHUS (see above).

Fig. 3 Comparison of structures of FH-7. Secondary structure and electrostatic surface representations
(red = negative, blue = positive) are shown for the Y402 (left-hand panels) and H402 (right-hand panels)
allotypic variants. Residue 402 is labeled and boxed and three tyrosine side-chains on the same face of
the module are also boxed
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4.3 Atomic Structures for both Tyr and His Variants of CCP 7

The first detailed structural information on an AMD-associated CCP 7, emerged
from NMR-derived structures of both the Tyr402 and His402 allotypic variants of
the recombinantly expressed single module (Herbert et al. 2007) (Fig. 3) i.e. CFH-7.
This study revealed that both variants of CFH-7 adopt the classical CCP-fold
(Norman et al. 1991), and that the side-chain of residue 402 lies on the surface
between two Tyr side-chains (Tyr390 and Tyr393). With the exception of the
altered side-chain, the two variants are identical in structure; indeed even the
orientations of the altered side-chain are the same. The authors further demonstrated
that residue 402 lies on the edge of a patch of amino acid residues whose NMR
chemical shifts are sensitive to addition of a fully sulphated heparin-derived
tetrasaccharide, dp4, which is a model-GAG compound. Thus they concluded that
the AMD-linked substitution could alter the interaction between CCP 7 and GAGs
on the self-surfaces.

4.4 Low-Resolution Models for CFH-6,7,8

Subsequent insights into the structure of this AMD-associated region of CFH came
from low-resolution techniques: small-angle X-ray scattering (SAXS) measurements
in solution and analytical ultracentrifugation. These methods were employed
(Fernando et al. 2007) to investigate the structure of a recombinantly expressed
construct (Clark et al. 2006) consisting of the seventh CCP flanked by its immediate
neighbours i.e. CFH-6,7,8. As pointed out earlier, neither of these techniques is able
to yield atomic-level information and both are dependent in their interpretation
upon construction of homology-based computer-generated models for the domains
or modules under investigation. Their potential advantage is that they can provide
information about the dimensions of the molecule and hence inferences may be
made regarding orientation of the domains with respect to each other and the overall
molecular architecture. Both His402 and Tyr402 variants of CFH-6,7,8 were shown
to adopt similar, bent conformations (Fernando et al. 2007). The authors noted that
the His402 variant had a slightly higher tendency to self-associate (Fernando et al.
2007; Nan et al. 2008), although there is no evidence that this occurs in vivo.

By exploring numerous possible relative arrangements of the three homology-
modelled CCPs for best fit to the data, restrained models of CFH-6,7,8 were created.
These allowed the tentative mapping of positively charge and therefore putative
GAGe-interacting residues, and led to the claim that many of these are exposed on the
convex surfaces of the models. Additionally, study of CFH-6,7,8 in complex with a
heparin decamer by SAXS (Fernando et al. 2007) suggested that subtle structural
rearrangements resulting in a more linear arrangement of the three CCPs might
accompany the binding of heparin-like ligands. Presumably these could arise from the
involvement of more than one module in contacting a single heparin molecule.
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Fig. 4 Centre panel shows a cartoon representation of the structure of CFH-6,7,840on (Prosser et al.
2007b) with the sulphated sugar ligands displayed as electron density and modeled atoms (ball and stick
representation). The panels arranged around the centre show close up views of the GAG binding sites

4.5 Atomic Structure for CFH-678

While low-resolution studies inform the overall shape of CFH-6,7,8 they are
difficult or impossible to interpret reliably in terms of individual side-chains. To
gain true insight into the implications of the Y402H substitution for this region,
high-resolution data were required. In particular, there was a need for structural
information on the interaction of CFH-6,7,8 with anionic carbohydrates. Such
information has become available in the form of a near-atomic resolution crystal
structure (Prosser et al. 2007b) of the His402 variant of CFH-6,7,8 in complex with
sucrose octasulfate (SOS), a highly sulfated sugar analogue of GAGs (Fig. 4).
Justification for the use in this study of SOS as a structurally amenable mimic of
GAGs was provided by NMR work on CFH-7,8, which indicated similar binding
modes for both the heparin-derived tetrasaccharide, dp4, and SOS.

As was predicted on the basis of low-resolution methods (Fernando et al. 2007)
The CFH-6,7,8401 structure (Prosser et al. 2007b) adopts an extended but slightly
curved conformation. The crystal structure reveals that the overall conformation is
maintained by a tight interface between CCPs 6 and 7, but there are weaker
interactions between CCPs 7 and 8 that may allow some flexibility between the
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Lack of room for sulphate
and tyrosine ring and OH
groups

n

Fig. 5 Cartoon to illustrate incompatibility of sulphated sugar recognition by the Histidine at position
402 with a tyrosine at the same position

domains. However, the scattering and homology based model was found to be
wrong with respect to inter-modular angles, the structures of individual modules,
and the details of how side-chains are arranged at the modular surfaces. These
discrepancies likely reflect the difficulties of making detailed interpretations of
inherently low-resolution data and there is not necessarily a conflict between the
crystal structure and the solution scattering and sedimentation data of Fernando
et al. (Fernando et al. 2007).

Within the crystal structure of CFH-6,7,840,1 (Prosser et al. 2007b) the structure
of CCP 7 is identical to the NMR-derived solution structure of CFH-7 (Herbert
et al. 2007), which increases confidence in the reliability of both solution and
crystal structures. Comparison of the NMR structure (solved in absence of a GAG-
like ligand) and the crystal structure (solved in the presence of bound SOS) reveals
that the His402 side-chain adopts the same conformation in the absence or presence
of bound SOS. The Tyr402 side-chain in the NMR structure of CFH-74p,y also
adopts this conformation. These observations justified the generation of a reliable
model for the CFH-6,7,84p,y structure, which unfortunately could not be crystallized
(Prosser et al. 2007a).

4.6 Sulfated Sugar Recognition at the Polymorphic Residue

The earlier NMR chemical-shift perturbation studies had implied a direct role for
the polymorphic residue in recognition of GAGs (Herbert et al. 2007). This was
confirmed by the crystallographic structure of the complex that revealed a direct
interaction between the AMD-associated His402 residue in CCP 7 and the sulfated-
sugar ligand; one of the histidine ring nitrogens is hydrogen-bonded to a sulfate
group of the ligand (Figs. 4 and 5). Together with His360 from CCP 6 His402
forms a histidine-clamp around the SOS sulfate groups, docking the ligand into the
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CCP 6-7 interface. This mode of SOS recognition by His402 is incompatible — both
chemically and sterically — with the presence of a bulkier tyrosine at the same
position. This is not to imply that the Tyr402 variant is incapable of interacting with
other sulfated-sugar ligands that are subtly different at the molecular level; indeed
experimental data suggests CFH-6,7,8,40,y can bind to some GAGs more tightly than
CFH-6,7,8402y depending upon GAG-type and level of sulfation (Clark et al. 2006;
Herbert et al. 2007; Skerka et al. 2007). Other protein-sugar contacts in this region
consist mainly of hydrogen-bonds and Van der Waals contacts with the protein
backbone; there is an additional contribution from the side chain of the more distant
Lys405, which has been previously implicated in heparin binding by mutagenesis
(Clark et al. 2006; Giannakis et al. 2003).

It is noteworthy that the SOS at this site is present in two, slightly different
conformations in the native protein crystals, related by a rotation of the sulfated
fructose ring (a major conformation representing 65% of the population and a minor
conformation representing 35%). This conformational difference between two
forms of SOS is accompanied by a reorientation of the side-chain of Tyr390 to
accommodate a repositioned sulfate group. In the ligand-free solution structure of
CFH-7, only the minor conformation of the tyrosine side-chain is observed (Herbert
et al. 2007), implying that movement of this side-chain may contribute to
recognition of specific ligands. Such a role for Tyr390 in binding heparin fits well
with NMR chemical shift perturbation studies on CFH-7 (Herbert et al. 2007) that
also implicated this residue in GAG binding.

4.7 Additional Binding Sites for Sulfated-Sugar Within CFH-6,7,8

In addition to a SOS-binding site centred on the polymorphic residue 402, the co-
crystal structure of CFH-6,7,8 showed that other parts of the surface of this region
of CFH could be involved in specific GAG recognition. Furthermore, earlier work
(Clark et al. 2006; Giannakis et al. 2003; Herbert et al. 2007), along with
mutagenesis experiments designed specifically to test these additional sites (Prosser
et al. 2007b), support a novel picture of GAG binding that incorporates extensive
interactions over this region.

A secondary SOS-binding site is observed on the opposite face of CCP 7 in
which the sugar sulfates contact the side-chains of Arg404 and Lys410, previously
implicated in heparin binding by mutagenesis (Clark et al. 2006; Giannakis et al.
2003), and consistent with NMR chemical-shift perturbation studies on CFH-7
(Herbert et al. 2007). In addition to the involvement of H360 from CCP 6 in the
major CCP 7-centered SOS-binding site, the structure also revealed a novel SOS-
binding site contained entirely within CCP 6. This third site is chemically similar to
that seen in CCP 7, with a central positively charged residue (Arg341) flanked by
two histidine sidechains (His337 and His371) that directly coordinate two ligand
sulfate groups. Finally, a fourth SOS-binding site in the crystal was observed in the
linker between CCPs 7 and 8, and involves a salt bridge between sulfate and
Arg444.
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Previously, GAG-binding sites have been localised primarily to single modules
of CFH — see above (Blackmore et al. 1996, 1998; Ormsby et al. 2006; Pangburn
et al. 1991). Calculation of the electrostatic potential of the crystal structure reveals
that the binding sites for SOS observed in the complex occupy a positively charged
groove extending over all three modules of CFH-6,7,8404 With the AMD-related
polymorphism lying within this channel. Many other residues (e.g. Arg387, Lys388,
Lys405) previously implicated in polyanion recognition by mutagenesis (Clark
et al. 2006; Giannakis et al. 2003) also line this groove. Taken together this suggests
an extended mode of interaction between GAGs and this region of CFH with the
polyanion lying along the positively charged groove to form a large interaction
surface. This hypothesis was supported by an analytical ultracentrifugation analysis
of CFH-6,7,8 in complex with heparin dp18 or dp24.

S5 Structure: Insights into Disease Mechanism

As discussed above, three regions of the CFH molecule have been highlighted in
respect of its role in disease. To summarise: single and double amino-acid changes
occurring predominantly in the C-terminal segment of factor H (CCPs 19 and 20)
have been identified in some aHUS patients. (Buddles et al. 2000; Heinen et al.
2006; Richards et al. 2001; Warwicker et al. 1998) (http://www.th-hus.org/); an
SNP at the CFH locus (rs1061170) corresponding to the presence of His at position
402 (in CCP 7 of CFH), is one component of a major risk haplotype for AMD
(Edwards et al. 2005; Hageman et al. 2005; Haines et al. 2005; Klein et al. 2005)
There is evidence for at least one aHUS-linked mutation (Kavanagh et al. 2007) and
an AMD-protective SNP in the N-terminal portion of factor H (CCPs 1-2)
(Hageman et al. 2005). The SNPs linked to AMD (Abrera-Abeleda et al. 2006) are
also linked to DDD/MPGNII (Hageman et al. 2005) along with a deletion in CCP 4
(Licht et al. 2006).

The results of structural and functional work carried out on various regions of
CFH (outlined in the previous sections) afford the opportunity to explore the
molecular basis of some of these diseases. A “GAG recognition” hypothesis is
emerging as one mechanism amongst several possibilities for linking molecular
changes to disease (Schmidt et al. 2008). This is founded upon the putative
capability of CFH to discriminate between subtly different GAG molecules through
specific contacts with, for example, sugar rings or sulfate groups. For the host, the
advantage is that a specific recognition capability of CFH deters subversion by a
pathogen that adopts a molecular mimicry strategy (Lindahl et al. 2000). A potential
disadvantage is that GAG-specific CFH would have a diminished capacity to bind
to the diversity of GAGs that is necessitated by unrelated aspects of cell and tissue
physiology or that may arise from loss of homeostasis in stressed or ageing
individuals (Verdugo and Ray 1997). GAGs form an extremely diverse group of
molecules that vary according to tissue, cell type and age (Turnbull et al. 2001).
Thus according to the GAG recognition hypothesis, CFH has different affinities for
different tissues and this will vary over the lifetime of an individual. It is difficult to
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prove or disprove the notion that CFH can discriminate between closely related
GAGs due to the difficulty of preparing a panel of chemically pure model GAG
compounds with which to test the idea. Nonetheless, the available structural and
functional data can be interpreted in a way that is broadly supportive of this model
as follows:

(1) Different allotypic variations (at 402) of CFH (in the context of the CFH-
6,7,8 fragment) have different affinities for certain types of GAG (Clark et al.
2006).

(1) Disease-linked amino-acid substitutions in modules 7 and 20 coincide with
discrete patches on the surface of these modules that have been identified as GAG-
interaction sub-sites (Herbert et al. 2006, 2007). Therefore they are likely to
modulate specific aspects of factor H-GAG interactions.

(iii) The two modules, CCP 7 and CCP 20, each lie within different segments of
CFH that are unique in their proven affinities for heparin (Schmidt et al. 2008),
which is a widely accepted although crude model for GAGs. It seems unlikely that
the correspondence of the two principal GAG interaction sites with the two
principal sites of disease-linked sequence variations is a mere coincidence.

(iv) The structure of CFH-6,7,8 (Prosser et al. 2007b) shows an interaction
between His402 and a sulfate group in the ligand, SOS — another GAG model
compound — that is incompatible with the presence of a Tyr at this position. This is
direct evidence for the ability of CFH to “read” a pattern of sulfates and for such a
pattern recognition functionality to be modulated by a disease-linked amino-acid
switch.

(v) The presence of several sub-sites able to contact SOS within CFH-6,7,8
(Prosser et al. 2007b) implies binding of a GAG molecule across multiple modules
and a consequent alteration in the shape of this segment of the protein. Scattering
studies support this idea to some extent (Fernando et al. 2007). This scenario creates
the potential for CFH to respond in different ways to different GAGs — thus adding
an extra layer of specificity or selectivity to this interaction.

(vi) The absence of proven binding functionality amongst the CCPs 8-18
(Schmidt et al. 2008) of CFH implies they could have an architectural rather than a
binding role. The preponderance of long linkers and small modules in the CCPs 12-
14 region is consistent with a role as a “hinge” promoting the bending back upon
itself of CFH. This could bring the two GAG-interaction sites into proximity
creating the potential for higher specificity via a multi-site interaction.

(vii) Scattering studies indicate that CFH does indeed have a bent back structure
(Aslam et al. 2001). Other studies indicate that antibodies to the C-terminus can
modulate complement regulatory activity at the N-terminus adding further support
to functionally critical proximity of the two ends of CFH (Oppermann et al. 2006).

Thus an attractive model, supported by most data but requiring further testing, is
that the likelihood of excessive complement activation and attendant inflammation
is inversely correlated to the affinity of CFH for self-surfaces. A diminishment in
affinity could arise either from an amino-acid substitution in CFH; or it could stem
from inappropriate levels or patterns of sulfation amongst surface GAGs. A third
factor to consider is the level of complement activation in the immediate vicinity
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generating short-lived C3b molecules that will stretch local complement-regulatory
capacity including that contributed by CFH. Some combination of two or all of
these factors may be required for pathogenic levels of complement activation to
occur. The variation of GAGs between tissue-types might explain organ-to-organ
variations in the consequences (or lack of consequences) of CFH sequence
variations; and given that GAG composition also changes with age, this would
additionally explain the late onset of some symptoms. Moreover, certain locations
may be particularly susceptible due to higher levels of apoptotic or necrotic activity
—the macular RPE-choroid interface is one such region since Bruch’s membrane
separates the RPE from the epithelial cells of the choriocapallaris, thereby creating
a potential subRPE entrapment site that accumulates debris (Sivaprasad et al. 2005).

Not all observations, however, fully support a GAG-recognition model. Several
aHUS-linked mutations — within the context of the double-module fragment CFH-
19,20 — do not appear to affect binding to heparin columns or defined-length,
sulphated, heparin fragments (Jokiranta et al. 2006). This may simply reflect the
inadequacy of heparin as an emulator of the physiological GAG ligand. On the
other hand, several of these mutants appear to exhibit lower affinity for C3b
(Jokiranta et al. 2006). Given that CFH probably binds to a composite binding
surface consisting both of C3b and the surrounding GAGs, it is not unreasonable to
propose that disturbance of either its protein binding or carbohydrate binding
components could have similar physiological outcomes. Thus it is not necessary to
abandon the idea of specific GAG recognition to accommodate these results. A
more radical suggestion originating from the observation of a crystallographic
tetramer for CFH-19,20 (Jokiranta et al. 2006) is that some mutations could
interfere with a putative ologomerisation of CFH via the C-terminal region. There is
little support so far in the literature for oligomerisation of CFH but it is an enticing
idea (Aslam et al. 2001; Perkins et al. 1991). CFH recognition of CRP (Jarva et al.
1999) (Aronen et al. 1990) is also mapped to this region and, in the case of Y402H
in module 7, there are multiple reports of defective C-reactive protein (CRP)
recognition (Laine, Jarva et al. 2007; Sjoberg et al. 2007; Skerka et al. 2007; Yu
et al. 2007) but these have been challenged on the basis that some were performed
on CRP in a physiologically questionable non-pentameric state (Hakobyan 2007).
On the other hand a “CRP hypothesis” to explain the mechanism of the AMD
pathogenesis is seductive in that the putative CRP-CFH interaction has been
reported to form part of a strategy for the recruitment of CFH to apoptotic cells so
as to protect against alternative pathway activation and inflammation (Gershov et
al. 2000). The presence of higher levels of CRP in the choroids of AMD patients
(Johnson et al. 2006) further fuels this theory.

6 Options for Therapy

Activation of complement is part of a normal homeostatic mechanism that includes
opsonization and lysis of microorganisms, removal of foreign particles and dead
cells, recruitment and activation of inflammatory cells, regulation of antibody
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production, and the elimination of immune complexes (Kinoshita 1991; Markiewski
and Lambris 2007). Under normal conditions, local complement activation is
beneficial by promoting the rapid clearance of cell debris and facilitating the
removal of toxic protein aggregates. Uncontrolled or aberrant activation and/or
regulation of this system, however, can lead to bystander damage of host cells and
tissues, thereby contributing significantly to the pathogenesis of a number of
diseases in addition to those discussed above including rheumatoid arthritis, IgA
nephropathy, asthma, systemic lupus erythematosus, and ischemia reperfusion
injury (Markiewski et al. 2007; Thurman 2007; Thurman and Holers 2006). Much
of the tissue damage in these diseases results from complement-mediated lysis of
bystander host cells by the membrane attack complex or downstream effects
resulting from excess production of the anaphylatoxin C3a by C3 convertases.

Based upon a surge of complement-related research over the last two decades, it
has become apparent that modulation of the complement system is a promising
strategy for drug discovery (Liszewski and Atkinson 1998; Ricklin and Lambris
2007; Ryan 1995; Sahu and Lambris 2000). Additional evidence supporting the
development of complement modulating strategies comes from studies showing that
complement inhibitors can reduce inflammation and tissue destruction and
ameliorate disease progression in a variety of animal models of human disease (Bao
et al. 2003; Holers 2003; Holers et al. 2002; Thurman et al. 2006). Importantly, the
first complement pathway-directed therapeutic, a humanized monoclonal antibody
directed against complement component C5 (Eculizumab; Soliris) was approved in
March 2007 for use in the treatment of paroxysmal nocturnal hemoglobinuria
(PNH), a debilitating disease characterized by chronic complement-mediated
intravascular hemolysis (Rother et al. 2007). This breakthrough validates the
complement system as a realistic therapeutic target and has provided a strong
rationale for the investigation of other indications for this and other drugs in
complement-related diseases.

Many promising complement pathway-directed therapeutics have been
developed; these include various recombinant human complement inhibitors,
monoclonal antibodies, synthetic peptides, and peptidomimetics designed to block
activation of specific complement components, neutralize complement activation
fragments, or antagonize complement receptors (Ricklin et al. 2007). Additional
therapeutic compounds are currently in various investigational and developmental
stages (Ricklin et al. 2007). None of the agents developed to date have been
designed to specifically target CFH in diseases such as AMD, MPGNII, and aHUS.
The more comprehensive understanding of the functional attributes of the risk and
protective forms of CFH that has emerged from studies conducted over the past 2
years will no doubt hasten the rapid conception and development of CFH-directed
drug candidates. That being said, important forethought will have to be given
regarding length of administration (chronic vs. acute), mode of delivery (systemic
vs. local) and method of delivery. These parameters will certainly affect decisions
related to the nature (i.e. small molecule, large protein) of candidate drugs.

In contrast to a strategy of inhibition, one interesting operational paradigm being
developed is based upon the concept that replacement or augmentation of the
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complement modulating activity of dysfunctional “risk” CFH protein with
functional "protective" protein might be an effective strategy for preventing or
delaying the pathology associated with CFH-mediated disease. Indeed, replacement
of defective CFH with normal CFH protein through plasma exchange has been
shown to be effective in preventing further disease episodes and normalizing kidney
function in MPGN 1I and atypical hemolytic uremic syndrome (aHUS) patients
harboring loss of function CFH mutations (Gerber et al. 2003; Licht et al. 2005;
Pickering and Cook 2008; Stratton and Warwicker 2002). Similar results have been
obtained in Yorkshire pigs with an inherited deficiency of CFH that develop lethal
glomerulonephritis (Hegasy et al. 2002; Jansen et al. 1998).

Collectively, the robust efforts being expended to understand the structures,
functions and roles of CFH and other complement-associated molecules will likely
expedite the transition from early stage discovery and identification of therapeutic
targets, to the translation of this information into clinically effective diagnostics and
pharmaceutical treatment modalities for a number of diseases associated with
aberrant regulation of the complement system.
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Abstract. Amyotrophic lateral sclerosis (ALS) is one of the major forms of motor neuron
disease (MND), a group of degenerative disorders causing progressive motor neuron death
leading to eventual paralysis and death. The pathogenesis of MND is poorly understood and
may include genetic and/or environmental factors, with a common end-stage outcome. The
majority of cases are sporadic, with a small percentage of familial cases identified.
Mutations in the copper/zinc superoxide dismutase (SOD1) enzyme are frequent in familial
ALS, and have allowed for the development of transgenic SOD1 rodent models of ALS.
There has been evidence for immune system involvement in the disease, and activated
components of the classical complement pathway have been observed in the serum,
cerebrospinal fluid and neuronal tissue of diseased individuals. Furthermore, motor neurons
and spinal cord tissue from SODI transgenic mice show an upregulation in C1q mRNA
transcript and protein, in some cases prior to disease onset. Our laboratory has preliminary
data indicating a specific pathogenic role for the activation fragment of complement C5
(C5a) in this disease. Using selective C5a receptor antagonists, we dosed SOD1 transgenic
rats and observed an extension in survival and reduced motor symptoms compared to
untreated rats. Collectively, these clinical and experimental findings suggest that targeting
complement using specific inhibitors may represent a novel therapeutic approach to treating
MND. Further experimental and clinical studies are required to validate this hypothesis. This
review will summarize the clinical and experimental evidence to date implicating
complement in the pathogenesis of MND.

1 Background

Motor neuron disecase (MND) refers to a group of progressive, neurodegenerative
conditions characterized by the selective loss of upper and/or lower motor neurons
in the central nervous system. Amyotrophic lateral sclerosis (ALS) is the most
prevalent form of MND; other forms include progressive muscular atrophy and
progressive bulbar palsy. Afflicted individuals experience severe weakness,
spasticity, and atrophy of the musculature and, ultimately, denervation of the
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muscles necessary for respiration results in death (Brown 1995). ALS has a
prevalence of approximately 6 per 100 000, with males more susceptible than
females (1.6:1). The majority of cases (~90%) are sporadic with unknown etiology
and no robust environmental risk factors — although remarkably, professional
Italian soccer players have been found to have a substantially raised risk of
developing the disease (Chio et al. 2005). The remaining ~10% of cases can be
attributed to heredity, with familial forms being clinically indistinguishable from
sporadic cases. The precise pathogenic mechanisms underlying MND are unclear,
however glutamatergic neurotoxicity (Spalloni et al. 2004), mitochondrial
dysfunction (Dupuis et al. 2003), aberrant protein aggregation (Shaw and Valentine
2007), and inflammation (Moreau et al. 2005) are all likely to contribute and
interact in ways that are not yet clear. The present review focuses on the role of
complement — a key component of innate immunity — in ALS pathophysiology, and
the potential for specific complement inhibitors to be used as a novel treatment for
ALS patients.

2 Animal Models of Motor Neuron Disease

2.1 Early Models of Motor Neuron Disease

Animal models of MND have been an indispensable tool for understanding both
MND pathophysiology and for testing novel therapeutics. One of the first animal
models of MND was the wobbler mouse, which exhibits a selective and progressive
loss of motor neurons, forelimb weakness, paralysis and eventual death at 1 year of
age (Andrews et al. 1974). The wobbler mouse remains a reliable model of
selective anterior horn cell disease, despite disparities in amino acid and receptor
distribution compared to MND patients (Krieger et al. 1991; Tomiyama et al.
1994). The mnd mouse was described by Messer and colleagues in 1986 and was
originally thought to be a model for MND, however, the accumulation of adenosine
triphosphate synthase subunit ¢ has demonstrated that this mouse is instead a model
for cerebral ceroid lipofuscinosis (Pardo et al. 1994). The pmn mouse, first
described in 1991, displays hindlimb weakness as early as 3 weeks postnatal
(Schmalbruch et al. 1991). However, unlike MND patients, pmn mice have
prominent distal motor axonopathy whilst motor neuron somata are relatively
preserved (Schmalbruch et al. 1991). Thus, many of these earlier murine models of
MND have often failed to reliably encapsulate both the clinical and
histopathological features of MND.

2.2 SOD1 Transgenic Model of Amyotrophic Lateral Sclerosis

The recent discovery that a subset of patients with familial ALS express a toxic
gain-of-function mutation in the Cu/Zn superoxide dismutase one (SOD1) protein
has addressed problems with earlier mouse models and has greatly expanded the
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range of potential experiments into MND. Under normal physiological conditions,
the SOD1 protein encodes a cytosolic isoenzyme which buffers the potentially
harmful actions of reactive oxygen species (Valentine et al. 2005). When mutated
however, the SOD1 protein confers an autosomal dominant phenotype of ALS
which shares identical pathological features to the sporadic form of the disease. In
humans, approximately a quarter of all familial ALS cases can be attributed to
mutations in SOD1 (Cleveland and Rothstein 2001; Valentine et al. 2005).

In 1994, Gurney and colleagues developed a transgenic mouse which
expressed high levels of mutant human SOD1 (SOD1%**), in which the glycine
residue at site 93 of the SOD1 protein was replaced with an alanine. The SOD19%**
mouse was found to closely mimic disease progression in humans, with mice
exhibiting comparable motor (tremors and eventual paralysis) and histopathological
(selective grey matter degeneration) features. The onset and rate of disease
progression in SOD1 mice are affected by transgene copy number — mice expressing
high levels of mutant protein experience early onset and a more rapid disease
course than low transgene expressing mice (Gurney et al. 1994). To date, at least
six additional lines of mice expressing variant mutations of SOD1 have been
developed, including human SOD1%7® (Wong et al. 1995), SOD1%**® (Ripps et al.
1995), SOD19'?* (Jonsson et al. 2004), SOD1%"*}? (Friedlander et al. 1997),
SODI1P" (Jonsson et al. 2006) and mouse SOD1%*® (Ripps et al. 1995), all of
which display differences in the onset and rate of disease progression.

More recently, the development of human SOD1%** rats has permitted for a
greater range of experiments due to their larger size, for example, studies that
require intrathecal administration of drugs or the administration of neural stem cells
(Howland et al. 2002). Compared to mouse models, the SOD1%** rat displays a
more rapid disease progression and a transient appearance of neuronal vacuoles
(Howland et al. 2002). In addition, SOD1°"* rats on a Sprague-Dawley
background display variability in disease severity dependent on the location of
initial paralysis. Rats that develop forelimb paralysis prior to hindlimb paralysis
exhibit faster disease progression, a phenomenon which reflects the phenotypic
variability seen in human ALS patients (Abe et al. 1996). The mechanisms behind
this variable phenotype remain unknown, however variable SODI1 expression,
modifier genes, and differences in the stability of SOD1 protein aggregates have all
be proposed to explain this disparity (Matsumoto et al. 2006).

SOD1 knockout mice and mice overexpressing human wildtype SODI
(SOD1™T) do not develop ALS (Wong et al. 1995; Reaume et al. 1996). Hence the
ALS phenotype is caused by gain of a novel, toxic property of the SOD1 mutant
enzyme, presumably unrelated to the SOD function. Further, introducing
recombinant vectors that restrict SOD1 expression to either neurons or astrocytes
does not result in neurodegeneration (Gong et al. 2000; Pramatarova et al. 2001).
Rather, expression of the transgene in neurons and astrocytes is required for ALS
pathogenesis, highlighting the importance of the immediate environment in
neuronal injury (Wang et al. 2005). The precise mechanism by which mutant SOD1
exerts its toxicity remains elusive.
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SOD1 transgenic rodent models most accurately recapitulate the major clinical
and histopathological hallmarks of ALS and thus have been the standard model in
which to evaluate novel drugs (Ripps et al. 1995; Lee et al. 1996). Further, these
animals carry a genetic mutation demonstrated in a group of individuals with
familial ALS. However, studies which appear to alleviate ALS in rodents do not
always translate into successful human therapeutics. For example, creatine, a
nitrogenous organic acid shown to improve mitochondrial function, was found to
extend survival in SOD1 mice (Klivenyi et al. 1999) but had no beneficial effect in
human trials (Groeneveld et al. 2003). Results should hence be interpreted with
caution, taking into consideration both the faster rate of degeneration of motor
neurons in high expressing SOD1 mice and the relative uncommonness of SOD1
mutations in ALS patients (1-2%).

3 Clinical Evidence for Complement Involvement

A study conducted in 1973 by Whittaker and colleagues, measured immunoglobulins
and C3 in the serum of 38 MND patients in an attempt to identify an immune
component of the disease. Although this initial study found no change in serum C3
levels, numerous studies have subsequently detected elevated complement factors
in patients with MND (Table 1). In particular, components of the classical (or
lectin) activation pathway have been frequently identified. The first of these studies
examined C3 immunofluorescence in postmortem tissue obtained from 16 ALS
patients (Donnenfeld et al. 1984). The study found significant C3 deposition in the
spinal cord of six patients and in the motor cortex of five patients, which appeared
to be on astrocyte-like cells, with no apparent neuronal staining (Donnenfeld et al.
1984). Subsequently Annunziata and Volpi (1985) measured C3c, C4, ClI
inactivator, and C3 activator fractions in the serum and cerebrospinal fluid (CSF) of
13 ALS patients. They detected an increase in C3c in the CSF of these diseased
patients compared to normal subjects, and no change in any of the other factors.
Apostolski and colleagues (1991) measured serum C4, C3 and Factor B levels in 33
patients with ALS, and found an increase in C4 compared to normal patients. A
separate study examined C3d and C4d in the motor cortex and spinal cord of eight
ALS and five normal patients (Kawamata et al. 1992). They found clusters of C3d-
and C4d-coated fibers particularly on oligodendroglia, but also on degenerating
neurites in these regions. Staining for these components was very rare in non-
diseased control patients (Kawamata et al. 1992). Tsuboi and Yamada (1994)
investigated serum and CSF levels of Clq and C4d in 15 ALS patients and found
significantly increased C4d levels in the CSF, which correlated with disease
severity. Using a new sensitive method of protein detection (laser nephelometry),
Trbojevic-Cepe and co-workers (1998) detected an upregulation of C4 in the CSF
of 4 of the 12 MND patients examined. In 1999, Grewel and colleagues examined
post-mortem tissue from six ALS and four control patients. They showed an overall
40% increase in C1q (subcomponent B) and clusterin mRNA in the motor cortex of
ALS brains, with no change in the temporal cortex compared to non-diseased
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brains. An increase in mRNA for these complement factors was also seen in the
spinal cord, particularly in the medial motor nucleus of the anterior grey horn
(Grewal et al. 1999). Elevated mRNA for C2 has also been seen in ALS patients
(Jiang et al. 2005). In this study, microarray analysis was performed on ventral
horn spinal cord homogenates of five ALS patients and an increase in only 0.7% of
genes examined (37/4,845) was found, with C2 mRNA shown to be eclevated
~fourfold in MND patients compared with control patients (Jiang et al. 2005).
Finally, Goldknopf and co-workers (2006) obtained serum from 422 patients with
various neurological pathologies, including MND, and used 2D-gel electrophoresis
to isolate proteins significantly increased in these diseased patients. Of the 34
proteins elevated compared to non-diseased control patients, nine were related to
the complement system, suggesting a common link in complement activation
amongst numerous neurodegenerative disorders. Specifically, in MND patients,
C3c, C3dg, and Factor H were elevated compared to control individuals
(Goldknopf et al. 2006).

These combined findings of increased complement factors in the serum, CSF
and neurological tissue in MND patients strongly suggests an involvement of
classical pathway complement activation in the disease process. Where these
complement factors originate, and what triggers their activation is not currently
known. Complement factors can be produced by all cells of the central nervous
system (Gasque et al. 2000) and thus these factors may be produced locally,
although there is blood-brain barrier (BBB) breakdown in the end stages of MND
(Apostolski et al. 1991; Garbuzova-Davis et al. 2007), so the circulation could also
be a source of these factors. Immunoglobulin deposits (Donnenfeld et al. 1984) and
auto-antibodies (Niebroj-Dobosz et al. 2006) have been detected in the central
nervous system of ALS patients, which could potentially initiate classical pathway
activation on neuronal tissue. Whether complement activation is intimately
involved in the initiation of MND or simply occurs as a secondary consequence of
motor neuron insult is not known. Regardless, the overall evidence from these
clinical studies is that complement system activation occurs in patients with MND,
and may play a role in disease pathology. Evidence that this is also true in
experimental models of MND is reviewed below.
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Table 1 Clinical evidence of complement factors in patients with MND

CRi A BHOGIREDE) Sample Methods Author/Study
elevated
Spinal cord, . . Donnenfeld et al.
C3 mofor cortex Direct immunofluorescence (1984)
C3e Serum and Single radial Annunziata and Volpi
CSF immunodiffusion (1985)
Single radial Apostolski, et al.
c4 Serum immunodiffusion (1991)
Spinal cord, . . Kawamata et al.
C3d, C4d motor cortex Immunohistochemistry (1992)
. Tsuboi and Yamada
C4d CSF Sandwich ELISA (1994)
Trbojevic-Cepe et al.
C4 CSF Laser nephelometry (1998)
. Spinal cord, Northern blot, in situ
Clq, clusterin (mRNA) motor cortex hybridization Grewal et al. (1999)
C2 (mRNA) Spinal cord Microarray Jiang et al. (2005)
C3c, C3dg, Factor . Goldknopf et al.
I Serum 2D gel electrophoresis (2006)
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4 Experimental Evidence for Complement Involvement

The advent of high capacity molecular methods such as microarray technologies
has allowed investigators to examine widespread changes in gene expression in
various disease models. This technique has been used by several investigators to
examine changes in the expression of various genes in the transgenic mouse SOD1
model of ALS (Table 2). As described above, the SOD1 transgenic mouse model
relies on the over-expression of mutant SOD1 enzymes, which leads to progressive
symptoms similar to the human condition. An important consideration when
interpreting microarray data in these studies is the use of appropriate controls to
differentiate between gene expression changes due to potential disease-inducing
effects of the mutant SOD1 enzyme, as compared to changes due purely to the
over-expression of a foreign protein. Microarray studies using appropriate controls
have found, with universal agreement, an involvement of the classical complement
pathway, with elevated levels of Clq in particular (Table 2). The experimental
evidence for these findings is described further below.

The first study to demonstrate experimentally an involvement of complement
products in a SODI1 transgenic mouse model was performed by Perrin and
colleagues in 2005. This group used laser-capture microdissection techniques to
specifically isolate ventral motor neurons from the lumbar spinal cord of SOD1%**
mice. Using microarray analysis they detected a significant upregulation of all
polypeptide subcomponents of Clq in early symptomatic (P90) and end-stage
(P120) diseased mice, compared to motor neurons from non-transgenic, wild-type
mice (~fivefold and eightfold respectively) (Perrin et al. 2005).

In 2007, Lobsiger and colleagues published their findings in two separate
SODI1 transgenic mouse models, indicating a strong involvement of Clq in these
ALS models. In these studies, the authors were careful to select an appropriate
control, aware of previous studies’ lack of specificity towards gene identification.
Transgenic mice overexpressing human SOD1"" were used as a comparison strain.
Complement factors consisted of one of the major groups identified using this
method (Lobsiger et al. 2007). Laser-capture microdissection was again used to
isolate lumbar motor neurons initially from SOD1%"™® mice, prior to disease onset.
Motor neurons taken from SOD1%*™® mice, 2 months prior to clinical onset (P105)
had upregulated genes for all three Clq subcomponents, compared to SODI™'
mice. Furthermore the complement regulatory molecule, decay accelerating factor
(DAF) was found to be downregulated at this point. A second transgenic strain
expressing an inactive mutant SOD1 enzyme (SOD1**}), which develops delayed
and prolonged disease, also demonstrated upregulation in Clq subcomponents in
presymptomatic mice. This indicates a common mechanism of toxicity from mutant
SODI enzymes, divergent of the biochemical character. In this study, the authors
further went on to demonstrate that protein for Clq was also expressed by motor
neurons using immunohistochemical techniques on spinal cord sections of both
SOD1%"™ and SOD19*F mice.
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Table 2 Experimental evidence of complement factors in transgenic mouse ALS
models

Complement .
factor(s) elevated Sample Transgenic model Author/Study
Clq (mRNA) Ventral motor Mouse SOD1 93 Perrin et al. (2005)
neurons
Clq, DAF (mRNA, | Ventral motor Mouse SOD1%7®  and .
protein) neurons SOD] %8R Lobsiger et al. (2007)
Ventral motor GO3A .
Clqg, C4 (mRNA) Mouse SOD1 Ferraiuolo et al. (2007)
neurons
Clq (mRNA) L“mzzrrjpmal Mouse SOD] 26T Fukada et al. (2007)

A separate study, also published in 2007, used very similar techniques to those
above to further demonstrate complement involvement in SOD1%** mice (Ferraiuolo
et al. 2007). This study again used SOD1V" mice, as well as non-transgenic, wild-
type mice as appropriate controls. Using laser-capture microdissection and
microarray techniques, lumbar motor neurons from mice in the late, symptomatic
stage of disease (P120) had significant upregulation in genes for Clq
(subcomponent B) and C4. Microarray analysis revealed that increases in these
factors were not seen in presymptomatic (P60) mice or at disease onset (P90).
Using semi-quantitative reverse transcription-PCR however, Clq (subcomponent
B) mRNA was found at disease onset (P90) as well as late-stage (P120) mice
(~sevenfold and eightfold respectively above controls).

The above three studies all demonstrate that motor neurons from different
SOD1 transgenic mice express elevated C1q mRNA (and protein) at varying stages
in the disease process. A very recent study published in 2007 also used microarray
analysis in a separate SODI transgenic mouse model, using whole lumbar spinal
cord homogenates (Fukada et al. 2007). This study used SOD1“2%%!TT transgenic
mice and found elevated Clq (subcomponent B) mRNA in post-symptomatic
(P154) mice compared to non-transgenic, wild-type mice. Semi-quantitative real-
time PCR also demonstrated a ~tenfold increase in these Clq mRNA levels
compared to pre-symptomatic (P98) levels. Although the precise cells producing
this mRNA was not be determined, this study is in harmony with the other studies
mentioned above, strongly indicating complement activation in SOD1 rodents.

Our laboratory has performed preliminary experiments in the rat SOD
transgenic model of ALS. Using specific C5a receptor antagonists developed in our

1693A
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laboratories, we dosed animals prior to the onset of disease (P70) and found a delay
in the onset of motor symptoms and an extension in survival in drug-treated rats
(Woodruff and Taylor 2005). We have also recently shown an up regulation of
C5aR in motor neurons and astrocytes during disease progression in these
transgenic rats (Denny et al. 2006). Together, these preliminary experiments
demonstrate a potential pathogenic role for C5a in the rat SOD1°*** transgenic
model of ALS.

S Therapeutic Possibilities

To date, riluzole (Rilutek; Aventis Pharmaceuticals Inc), is the only approved
therapeutic to treat MND. One of the major actions of riluzole is to prevent the pre-
synaptic release of glutamate (Miller et al. 2007). In clinical trials, it has been
shown to extend survival by around 2-3 months and delay the onset of ventilator-
dependence or tracheostomy (Miller et al. 2007). Given this modest extension in
survival, there is an urgent need to develop new therapeutics which significantly
extend life span and improve morbidity in MND.

There have been numerous studies conducted using different therapeutic
agents and strategies, which have had varying success in treating animals with
experimental ALS and MND. Some of the more promising candidates include
minocylcin, recombinant growth factors, anti-glutamatergic agents and stem cell
therapies (Mitchell and Borasio 2007). However, there is a distinct lack of
translation of laboratory evidence to successful clinical trials in MND (Benatar
2007). This indicates either an inability for current animal models to properly
model human MND, or differential effects of these therapies in rodents vs. humans;
no single animal model can ensure clinical success. Despite this lack of translation
to the clinic, studies and trials still need to be conducted to identify new therapeutic
targets. We have a primitive understanding of MND, and new drug targets are
essential to improve therapeutic outcomes. The complement system would appear
to be a viable pathway to target, given the clinical evidence of complement
involvement in this disease (McGeer and McGeer 2002). This sentiment is
supported by our preliminary work which indicates CS5a is involved in the
development of pathology in transgenic SOD1%** rats (Woodruff and Taylor 2005).

Our laboratory has developed a series of cyclic peptide C5a receptor
antagonists which are potent inhibitors of C5a receptors on human inflammatory
cells (Finch et al. 1999; March et al. 2004). These compounds also appear to bind
with high affinity to polymorphonuclear cells (PMNs) isolated from rats and dogs,
but not guinea-pig, rabbit, pig and mouse cells (Woodruff et al. 2001), however
evidence exists of high binding affinity in mice neutrophils using a different assay
(Huber-Lang et al. 2002). The lead compound (PMX53) in these series of C5a
antagonists of structure Ac-Phe-[Orn-Pro-(D-Cyclohexylalanine)-Trp-Arg], has
been demonstrated to display therapeutic efficacy in a range of inflammatory
disease models. These include models of: arthritis (Woodruff et al. 2002);
ischemia-reperfusion injuries of the gut (Arumugam et al. 2002), kidney
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(Arumugam et al. 2003), liver (Arumugam et al. 2004) and limb (Woodruff et al.
2004); inflammatory bowel disease (Woodruff et al. 2003); sepsis (Strachan
et al. 2000; Huber-Lang et al. 2002); ruptured abdominal aortic aneurysm (Harkin
et al. 2004); immune-complex mediated reactions of the peritoneum (Strachan et al.
2000) and dermis (Strachan et al. 2001); renal (Boor et al. 2007) and liver fibrosis
(Hillebrandt et al. 2005); experimental lupus nephritis (Bao et al. 2005); antibody-
dependent (Girardi et al. 2003) and independent (Girardi et al. 2006) fetal injury
and loss; traumatic brain cryoinjury (Sewell et al. 2004) and incisional (Clark et al.
2006) and neuropathic (Griffin et al. 2007) pain. In regards to central nervous
system diseases, our group has also recently shown a therapeutic effect of this drug
in a short-term model of neurodegeneration (Woodruff et al. 2006a). In this study,
we also tested another analogue of PMX53 (PMX205) structure hydrocinnamate-
[Orn-Pro-(D-Cyclohexylalanine)-Trp-Arg]. We found this compound to display
similar effects to PMX53, however with a trend towards increased efficacy in this
model, associated with an apparent increased BBB penetration of PMX205 over
PMX53 (Woodruff et al. 2006a). In previous studies, we also showed an increased
potency of PMX205 over PMX53 in a rat model of inflammatory bowel disease
(Woodruff et al. 2006). Given the potential increase in potency and efficacy of
PMX205 and its apparent increased BBB permeability, it would be this particular
compound we would promote for any future clinical trialing in MND (Woodruff
and Taylor 2005).

In addition to inhibiting CS5a receptors, targeting other factors in the
complement cascade may also prove to be a viable therapeutic option to treat
MND. Several complement inhibitors have been developed over recent years, and
compounds such as sCR1, C5 antibodies, compstatin or others (Mollnes 2004)
could be used as potential therapies for MND. The need to chronically administer a
drug in MND however promotes the use of the C5a receptor antagonists such as
PMX53 and PMX205 given their small size, oral activity, BBB permeability and
selective nature. Their selectivity allows for the production of all other complement
factors, including the terminal membrane attack complex, thus reducing immune
suppression, a likely side effect of other inhibitors of complement which act higher
in the cascade. PMX53 also appears to be safe when administered to humans,
successfully completing three Phase I/Ila clinical trials (Woodruff et al. 2006b).

Combined therapies will most likely be needed to effectively treat MND —
indeed most trials require patients to remain on riluzole on ethical grounds. Using a
compound which has different mechanism of action to riluzole (for example the
anti-inflammatory activity of C5a receptor antagonists) may be more effective
when administered as a combined therapy. Extensive controlled clinical trials will
need to be conducted in order to ascertain any potential therapeutic benefit of a
complement inhibitor. The devastating and intractable nature of MND allows for
urgent consideration of anti-complement agents in these trials. Further experimental
work in other models of MND using different doses and time-frames for treatment
should be conducted before these human trials are undertaken (Ludolph et al.
2007).
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6 Summary

There are several compelling lines of evidence to implicate the involvement of
classical complement pathway activation in MND. These include the detection of
elevated levels of complement activation fragments in the serum, CSF, spinal cord
and motor cortex of patients with this condition. Recently it was discovered that in
transgenic SOD1 mice, motor neurons express high levels of C1q mRNA and its
protein implicating complement activity in these ALS disease models. Our
laboratory has preliminary data indicating that blockade of the C5a receptor using a
specific C5a receptor antagonist ameliorates disease symptoms in a rat model of
ALS. Collectively, these studies suggest that complement activation and
subsequent production of bioactive factors plays a role in the development of
pathology of MND. Inhibitors to target these complement factors could be a novel
therapeutic option for the treatment of MND.
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Abstract. Anti-tumor monoclonal antibody therapy represents one of the earliest targeted
therapies in clinical cancer care and has achieved great clinical promise. Complement
activation mediated by anti-tumor mAbs can result in direct tumor lysis or enhancement of
antibody-dependent cellular cytotoxicy. Chemotaxis of phagocytic cells by complement
activation products C5a is also required for certain cancer immunotherapy such as combined
B-glucan with anti-tumor mAb therapy. However, high expression levels of membrane-
bound complement regulatory proteins (mCRPs) such as CD46, CD55 and CD59 on tumors
significantly limit the anti-tumor mAb therapeutic efficacy. In addition, mCRPs have been
shown to directly or indirectly down-regulate adaptive T cell responses. Therefore, it is
desirable to combine anti-tumor mAb therapy or tumor vaccines with the blockade of
mCRPs. Such strategies so far include the utilization of neutralizing mAbs for mCRPs,
small interfering RNAs or anti-sense oligos for mCRPs, and chemotherapeutic drugs or
cytokines. In vitro studies have demonstrated the feasibility and efficacy of such methods,
although concerns have been raised about the utilization of neutralizing mAbs in vivo due to
widespread expression of mCRPs on normal cells and tissues. Strategies have been developed
to address these issues and more in vivo studies are needed to further validate these combination
approaches.

1 Complement System and its Activation

The complement system is a major component of the innate immunity. It is
composed of many distinct plasma proteins that react with each other to opsonize
pathogens and induce a series of inflammatory responses that help to fight
infection. It efficiently protects the host from pathogenic microorganisms,
contributes to immune regulation, and links both innate and adaptive immunity
(Mastellos and Lambris 2002; Walport 2001a,b). Tumor cells and apoptotic cells
may also be potential targets of complement attack, as demonstrated by the findings
that activated complement components are deposited on tumor masses such as
breast (Niculescu et al. 1992; Vetvicka et al. 1997) and thyroid carcinoma (Lucas
et al. 1996) and apoptotic cells (Zwart et al. 2004).
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There are three activation pathways leading to complement activation: the
classical pathway, alternative pathway, and mannose-binding lectin pathway.
Although these three pathways have different initiation mechanisms, C3 activation
is a central step for all pathways. The final step for complement activation is
formation of the terminal C5b-9 membrane-attack complex (MAC), which creates a
pore in the cell membranes of certain pathogens or cells that can lead to their death
(Muller-Eberhard 1986). A recent study indicated a new pathway of complement
activation in which C5 can be directly activated by the coagulation system, therefore
bypassing C3 activation (Huber-Lang et al. 2006). Interestingly, the complement
system can be also directly activated by tumor cells through the alternative (Budzko
et al. 1976; Matsumoto et al. 1997) or the lectin pathway (Ma et al. 1999).

MAC formation leading to complement-dependent cytotoxicity (CDC) is one
of weapons of the complement system in the fight against pathogens or cancer
cells. In addition, complement activation links to antibody-dependent cellular
cytotoxicity (ADCC) through the interaction of complement activation product
iC3b with complement receptor 3 (CR3, CDI11b/CDI18, o \p,-integrin on
phagocytic cells and NK cells (Ross 2000). Both in vitro and in vivo data indicate
that the adhesion of iC3b-opsonized tumor cells to CR3 on phagocytic cells or NK
cells results in enhanced Fcy receptor (FCyR)-mediated ADCC (Gelderman et al.
2004b). Although CR3 fails to trigger the killing of tumor cells following their
interaction with ligand iC3b, our previous studies demonstrate that CR3-dependent
cellular cytotoxicity (CR3-DCC) can be elicited for iC3b-opsonized tumor cells if
exogenous polysaccharide B-glucan is provided (Hong et al. 2003; Yan et al. 2005).
CR3 has two binding domains, the inserted-(I) domain and the lectin-like domain
(LLD). Dual ligation of CR3 on neutrophils leads to cytotoxicity and degranulation
(Li et al. 2006).

Complement activation also elicits a number of other biological effects, such
as recruitment of inflammatory phagocytic cells, smooth muscle contraction, and
increase of vascular permeability (Morgan 2000). Such reaction is mediated by the
smaller complement activation fragments C3a and C5a. C5a and C3a also act on
the endothelial cells lining blood vessels to induce adhesion molecules. Therefore,
complement activation is a double-edged sword for the host immune system. The
uncontrolled complement activation could lead to host tissue damage, thereby
causing pathological consequences such as the development of autoimmune diseases
(Linton and Morgan 1999; Manderson et al. 2004).

Given that complement activation could potentially lead to destructive
effects and the way in which its activation is rapidly amplified via a triggered-
enzyme cascade, it is necessary for the host to establish regulatory mechanisms
preventing self-destruction. There are several soluble regulatory proteins such as
C1 inhibitor, C4b binding protein (C4bBP), factors H, B, D, and I, as well as
membrane-bound regulatory proteins CD35, CD46, CDS55, and CD59 to control
complement activation at critical stages. Those mechanisms are evolutionarily
designed to protect host cells or tissues from undesirable complement activation
(Ruiz-Arguelles and Llorente 2007; Sohn et al. 2007; Song 2006). Unexpectedly,
overexpression of membrane-bound complement regulatory proteins on tumor cells
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is also part of the mechanisms that allow tumor cells to escape immune surveillance
(Fishelson et al. 2003; Macor and Tedesco 2007). In this review, we will focus on
the membrane-bound complement regulatory proteins and their role in the cancer
immunotherapy.

2 Membrane-Bound Complement Regulatory Proteins
and their Expression on Tumors

Membrane-bound complement regulatory proteins (mCRPs) include CD35
(complement receptor 1, CR1), CD46 (membrane cofactor protein, MCP), CD55
(decay accelerating factor, DAF), and CD59 (Fishelson et al. 2003). mCRPs act on
different stages of the complement activation cascade, thereby interrupting the
subsequent reaction. CD35 acts as a cofactor for factor I in the cleavage of C3b to
iC3b and subsequently into C3c and C3dg (Medof et al. 1982). CD35 also binds to
C4b, promoting its degradation into C4c and C4d. In addition, CD35 accelerates
the decay of the C3/C5 convertase. CD35 mainly expresses on erythrocytes and
most types of leukocytes. Expression of CD35 on tumors is rare and is only
observed in follicular dendritic cell tumors, malignant endometrial tissue and
leukemic blasts (Seya et al. 1994).

The mCRPs related to tumors are mainly CD46, CD55 and CD59. CD46 is a
transmembrane co-factor protein and has cofactor activation for factor I-mediated
degradation of C3b and C4b, thereby disrupting the subsequent C3 convertase
formation (Seya et al. 1986). It has been reported that CD46 plays a more critical
role in the alternative pathway rather than in the classical pathway of complement
activation (Barilla-LaBarca et al. 2002). As compare to CD46, decay accelerating
factor CDS55 is a glycosyl phosphatidylinositol (GPI)-anchored protein and
functions by dissociating C3 convertase (C4b2b and C3bBb) and C5 convertase
(C4b2b3b and C3bBbC3b) (Spendlove et al. 2006). Unlike CD46, CD55 does
not displace C3b or C4b; it accelerates the decay of C3 and C5 convertases.
It preferentially acts on the classical pathway. CD59 is also called protectin
and binds to C8 and C9 to prevent C9 polymerization. Essentially, CD59 prevents
MAC formation and thus protects host cells or tissues from CDC-mediated
lysis (Fonsatti et al. 2000).

mCRPs are virtually expressed on all cell types and most of tissues. Strikingly,
mCRPs are also overexpressed on many tumor cells, including adenoma
(Koretz et al. 1992), breast cancer (Madjd et al. 2004), cervical cancer (Simpson
et al. 1997), colorectal cancer (Inoue et al. 1994), gastric cancer (Kiso et al. 2002),
glicoblastoma (Junnikkala et al. 2000), hepatoma (Spiller et al. 2000), kidney
cancer (Magyarlaki et al. 1996), leukemia (Jurianz et al. 2001), lymphoma (Takei
et al. 2000), lung cancer (Sakuma et al. 1993), malignant endometrial tissue
(Murray et al. 2000), malignant glioma (Shinoura et al. 1994), melanoma
(Weichenthal et al. 1999), neuroblastoma (Chen et al. 2000), ovarian cancer
(Bjorge et al. 1997), osteosarcoma (Pritchard-Jones et al. 2005), pancreatic
carcinoma (Schmitt et al. 1999), prostate cancer (Babiker et al. 2005), and thyroid



162 J. Yan et al.

carcinoma (Yamakawa et al. 1994). These studies suggest that almost all cancers
express at least one of the mCRPs and many express two or three. Upregulation
of mCRPs is considered as one of critical mechanisms for tumor cells to
escape immunological attack. Moreover, it was demonstrated that overexpression
of CD59 in human neuroblastoma enhances tumor growth (Chen et al. 2000). The
mechanisms leading to overexpression of mCRPs in tumor cells are not well
understood. It has been demonstrated that vascular endothelial growth factor
(VEGF) secreted by tumor cells or tumor stromal cells induces upregulation of
mCRPs (Mason et al. 2004). In addition, cytokines such as TNF-a, IL-1f3, IL-6 can
upregulate CD55 and CD59 expression on heptocarcinoma (Spiller et al. 2000). In
colon cancers, prostaglandin E2 (PEG2) and epidermal growth factor (EGF) are
capable of upregulating CD55 expression (Holla et al. 2005). A recent study has
demonstrated that CD46 mRNA expression is induced by IL-6 and by activation of
the signal transducers and activators of transcription 3 (STAT-3) (Buettner et al.
2007). Previous studies have indicated that STAT-3 is persistently activated in
most of cancer cells and primary tumor tissues as compared to normal tissues or
cells (Buettner et al. 2002; Yu and Jove 2004). Therefore, activation of STAT-3
causes CD46 overexpression on tumors and protects human cancer cells from
complement-mediated cytotoxicity (Buettner et al. 2007). In addition, p53, a
broadly distributed tumor suppressor protein, has been demonstrated a role in
regulating CD59 expression on tumor cells (Donev et al. 2006).

3 Antitumor mAb Therapy and mCRPs on Tumors

The application of humanized anti-tumor mAbs as a targeted therapy holds great
clinical promise and has become more widely used in clinical practice (Adams and
Weiner 2005). For example, anti-CD20 mAb (rituximab) has been used for B-cell
non-hodgkin’s lymphoma (Weiner and Link 2004). Anti-52 mAb (alemtuzumab) is
approved for the treatment of chronic lymphocytic leukemia (Faderl et al. 2005).
Anti-her-2/neu mAb (trastuzumab) is a humanized mAb against human epidermal
growth factor receptor 2 and has been used in metastatic breast cancer patients
(Leyland-Jones 2002). Anti-epidermal growth factor receptor mAb (anti-EGFR
mAb, cetuximab) has been approved for colorectal and lung cancer (Ross et al.
2004). In addition, numerous humanized mAbs are in different phases of
clinical trials, including anti-carcinoembryonic antigen (CEA) for gastrointenstinal
cancer (Stein et al. 2005), anti-epithelial cell adhesion molecules (EpCAM) for
colorectal cancer and others (Liljefors et al. 2005; Ruf et al. 2007).

The mechanisms by which anti-tumor mAbs inhibit or kill tumor cells are
diverse and include inhibition of growth factor receptors such as trastuzumab and
cetuximab, ADCC, and CDC. Anti-tumor mAbs can also effect the delivery of
cytotoxic payloads such as radioisotope (Adams and Weiner 2005). Interestingly,
most therapeutic chimeric or humanized mAbs are of human immunoglobulin G1
(IgG1) framework and can potently activate the complement, resulting in C3b
deposition and subsequently formation of the opsonin iC3b on tumor cells.
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However, complement mediated cytotoxicity such as CDC or CR3-ADCC or CR3-
DCC has not been thought to play a critical role in the antitumor effect elicited by
most anti-tumor mAbs due to overexpression of mCRPs on most tumor cells
(Gelderman et al. 2004b; Macor and Tedesco 2007). For example, overexpression
of a particular mCRP has been reported for each tumor type to resist therapeutic
mAbs (Niehans et al. 1996). The CDC killing activity mediated by anti-Her2/neu-
mAb was significantly increased following inhibition of mCRP function on tumor
cells (Jurianz et al. 1999). Further studies showed that the upregulation of CD55
and CD59 limited CDC and diminished the anti-tumor mAb therapeutic efficacy
in vitro (Gelderman et al. 2004a,b). Overexpression of mCRPs on tumors not
only directly impairs complement-mediated killing activity but also abrogates
efficient complement activation and dampens the release of potent chemoattractants
such as C3a and C5a. In the combined anti-tumor mAb with B-glucan therapy,
B-glucan-mediated CR3-DCC requires primed neutrophils trafficking into the
tumor microenvironment (Allendorf et al. 2005; Li et al. 2007). Upregulation
of mCRPs such as CD55 prevented sufficient complement activation and subsequent
C5a release resulting in the paucity of primed neutrophils trafficking into tumors
(Li et al. 2007).

Although many in vitro studies have clearly demonstrated that the therapeutic
potential of anti-tumor mAbs is significantly impaired in tumor cells due to
overexpression of mCRPs, it is intriguing whether the upregulation of mCRPs
irreversibly correlates with anti-tumor mAb therapeutic efficacy in vivo,
particularly in the clinical patient setting. Studies with anti-CD20 mAb therapy
suggest that upregulation of mCRPs, CD59 in particular, on various B-cell tumors
is associated with rituximab resistance in patients (Bannerji et al. 2003; Treon et al.
2001). There is an ongoing retrospective clinical study to investigate mCRP
expression on colonrectal carcinoma and anti-EGFR mAb therapeutic efficacy
(Christoph Strey personal communication).

4 mCRPs and Adaptive T-cell Responses

Several recent studies suggest that mCRPs also regulate adaptive T cell responses
(Longhi et al. 2006; Marie et al. 2002). Activation of human CD4 T cells by anti-
CD3 and anti-CD46 crosslinking leads to induction of T-regulatory cell 1 (Tr-1)
phenotype (Barchet et al. 2006; Kemper et al. 2003). These cells secrete large
amounts of IL-10 and inhibit CD4 T cell proliferation. In addition, ligation of
CD46 with a physiological relevant ligand such as C3b or pathogen also induces Tr-1
cell generation (Price et al. 2005). These data suggest that CD46 may downregulate
effector CD4 T cell activation via Tr-1 regulatory cells.

The role of CD55 on T cell immunity is highlighted by the studies with CD55-
deficient mice (Heeger et al. 2005; Liu et al. 2005). Works from Heeger and
Medof’s group have demonstrated that during primary T cell activation, the absence
of CDS55 on antigen-presenting cells (APCs) and on T cells enhances T cell
proliferation and augments the induced IFN-y-producing cells (Heeger et al. 2005).
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The effect is factor D- and, at least in part, C5-dependent, indicating that local
alternative pathway activation is essential. Furthermore, APCs deficient of CD55
produce more IL-12 and C5a and promote more IFN-y-producing T cells. This
process is dependent on C5a receptor expressed on APCs. It appears that C5a
release regulated by CDS55 interacts with C5aR on APCs and regulate IL-12
production and T cell differentiation (Lalli et al. 2007). Studies from Song’s group
have shown that T cell recall responses using splenocytes from mice immunized
with surrogate antigen ovalbumin (OVA) or an MHC class II restricted myelin
oligodendrocyte glycoprotein (MOG)-derived peptide are more profound in CDS55-
deficient mice than in wildtype mice (Liu et al. 2005). T cells from CD55-deficient
mice secrete more IFN-y and IL-2 upon antigen restimulation. This effect is
dependent on a functional complement system since the enhanced cytokine
release is abrogated in C3-deficient CD55-double deficient mice. A recent study
has also demonstrated that CD55 plays a critical role in virus-specific CD8 T cell
proliferation and expansion (Fang et al. 2007). This study is particularly important
since most tumor vaccines are designed to elicit potent tumor-antigen specific CD8
T cell responses.

Studies from CD59-deficient mice also suggest that CD59 can down-regulate
T cell activity (Longhi et al. 2005). For example, virus-specific CD4 T cells were
significantly augmented in CDS59-deficient mice with respect to wildtype
counterparts. Further study indicates that CD59 on T cells, but not on APCs, is
critical in triggering enhanced proliferation in CD59-deficient mice (Longhi et al.
2005).

Given the importance of mCRPs on adaptive T cell immunity, it is therefore
vitial to integrate current tumor vaccines with approaches of blocking or suppression
of mCRPs, thereby eliciting maximum anti-tumor T cell responses.

5 Modulation of mCRPs for Immunotherapy

Since mCRPs can prevent efficient complement activation, inhibit complement-
mediated killing mechanisms such as CDC, ADCC, CR3-DCC, and also down-
regulate effector T cell responses, it is therefore hypothesized that blockade or
neutralizing mCRPs would significantly improve anti-tumor mAb-based tumor
immunotherapy or vaccine-mediated anti-tumor immune responses. These
strategies include neutralizing mAbs against mCRPs, small interfering RNAs or
anti-sense oligos to knockdown mCRPs, utilization of chemotherapeutic drugs or
cytokines to downregulate mCRPs, and a recently proposed new approach for
suppression of expression of membrane-bound complement regulator (mCR) genes.

5.1 Neutralizing mAbs

Specific inhibition of mCRP activity has been achieved with blocking mAbs
against CD46, CDS55, and CD59. In most of in vitro studies, anti-mCRP blocking
mAbs have successfully demonstrated the enhancement of susceptibility of tumor
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cells to complement-mediated killing mechanisms. For example, neutralization
of CD55 with blocking mAb in Burkitt lymphoma cells (Kuraya et al. 1992),
leukemia cells (Jurianz et al. 2001), melanoma cells (Cheung et al. 1988), and breast
cancer cells (Madjd et al. 2004) can significantly increase their sensitivity to
complement-mediated killing. Similarly, blockade of CD59 with neutralizing mAb
significantly enhances efficiency of complement-mediated lysis to neutroblastoma
cells (Chen et al. 2000), leukemia cells (Jurianz et al. 2001), breast (Ellison et al.
2007), ovarian (Donin et al. 2003), renal (Gorter et al. 1996), and prostate
carcinoma cells (Jarvis et al. 1997). Blocking mAb for CD46 is controversial in the
in vitro studies. In renal carcinoma, blocking CD46 did not significantly affect
complement sensitivity (Ajona et al. 2007). This may be related to a particular
blocking mAb since inhibition of CD46 mRNA expression significantly increases
complement-mediated lysis (Buettner et al. 2007).

Inhibition of mCRPs with neutralizing mAbs may also enhance ADCC effect
via 1C3b-CR3 interaction. Our recent study indicated that anti-CD55 blocking
mAb, but not anti-CD46 blocking mAb, significantly enhanced iC3b deposition on
tumors mediated by anti-her-2/neu mAb (Li et al. 2007). Although blocking anti-
CDS55 itself does not significantly increase the iC3b-CR3-mediated ADCC,
enhanced iC3b deposition on tumors synergizes with yeast-derived B-glucan to
elicit enhanced CR3-DCC in vitro. More importantly, in vivo administration with
anti-CD55 mAb with B-glucan plus anti-her-2/neu mAb elicited tumor regression
and long survival in animals bearing the previously resistant SKOV-3 human
ovarian carcinoma. In addition, blocking anti-CD55 significantly led to C5a release
and massive neutrophil influx within tumors.

However, one concern regarding use of anti-mCRP mAb blockade in vivo is
widespread expression of mCRPs on normal tissues or cells such as red blood cells
(Lublin and Atkinson 1989). This could potentially lead to hemolytic or vascular
disease as a result of increased complement activation on normal cells or targeting
by ADCC. This drawback may be overcome by using bi-specific mAb against
tumor Ag with higher affinity and CD55 or CD59 with lower affinity (Gelderman
et al. 2002a,b; Harris et al. 1997). A previous study has demonstrated that this
strategy could specifically target tumor cells with minimally binding to normal
cells and increase B-glucan mediated CR3-DCC (Gelderman et al. 2006). Indeed,
bi-specific mAb to epithelial cell adhesion molecule (Ep-CAM) and Crry in rat has
demonstrated a significant therapeutic efficacy for a rat colorectal cancer lung
metastases model in vivo (Gelderman et al. 2004a). Moreover, a recent study
showed that CDS55 is highly expressed on tumor cells but not on non-neoplastic
epithelia, suggesting that it might predominately target the tumor (Ravindranath
and Shuler 2006).

5.2 Small Interfering RNAs or Anti-sense Oligos

Since the in vivo utilization of blocking mCRP mAbs could potentially cause
undesirable adverse effects, novel strategies to block mCRPs on tumors have been
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developed. For example, using small interfering RNA (siRNA) technology, CD55
expression levels can be significantly downregulated in prostate cancer cells
leading to a profound attenuation of overall tumor burden in vivo (Loberg et al.
2006). Similarly, CD46 siRNA downregulates CD46 expression on prostate cancer
resulting in enhanced CDC in vitro (Buettner et al. 2007). Our recent study using
CD59 siRNA showed that downregulation of CD59 on human ovarian carcinoma
SKOV-3, non-small cell lung carcinoma NCI-H23, and breast carcinoma ZR-75-1
significantly enhanced their susceptibility to anti-tumor mAb and complement-
mediated cell lysis (Yan R., et al. unpublished observations).

In addition to siRNAs, anti-sense phosphorothioate oligonucleotides (S-ODNs)
are also used to knockdown mCRP expression on tumor cells (Zell et al. 2007).
Using S-ODNs for CD46 and CDS55, the expression levels of these two molecules
were significantly decreased in breast, lung, and prostate carcinoma. The inhibition
of mCRPs on tumors led to enhanced CDC both for CD46 and CD55. In addition,
C3 opsonization on CD46/CD55-deficient tumor cells was also significantly
enhanced. Further in vivo study is needed to test the efficiency and potency of this
strategy.

RNA interference (RNAi) can be induced by synthetic siRNA or by vector-
driven expression of shRNA. Vectors are usually delivered by viruses resulting in
incorporation of the vector into the host genome and a long-term gene silencing.
However, this induces unwanted immune response and possible toxic effects. In
contrast, siRNA provides a transient gene silencing solving the drawbacks with
possible insertional mutagenesis and immune response induction. However, the
major challenge is its delivery into cells in vivo and the faded silencing effect due
to the high proliferation rate of tumors.

5.3 Chemotherapeutic Drugs

Interestingly, the chemotherapeutic drug fludarabine down-regulates CDS55
expression on tumor cells (Di Gaetano et al. 2001). This may well explain the
synergistic cytotoxicity of fludarabine and anti-CD20 mAb (rituximab) in a
follicular lymphoma cell line (Di Gaetano et al. 2001). We also showed that
Paclitaxel could significantly downregulate CD59 on human ovarian carcinoma and
synergize with anti-her-2/neu mAb for tumor cytotoxicity (Yan et al. unpublished
observation). Study with other chemodrugs is underway. This may be very important
since many anti-tumor mAbs are used in combination with chemotherapeutic drugs.
The right combination may lead to the maximum therapeutic outcomes.

5.4 Peptide Inhibitors of mCR Gene Expression

Recently we have proposed a new strategy for decreasing expression of mCRPs on
tumor surface by downmodulating mCR gene expression (Donev et al. 2006). This
can be achieved by targeting transcriptional regulators of the mCR genes. We
showed that p53 is a potential target for modulation of expression of CD59 in
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neuroblastoma (Donev et al. 2006), a tumor type in which mutations in p53 are rare
(Valsesia-Wittmann et al. 2004). However, in most other tumors, the DNA-binding
domain of p53 is usually mutated (Greenblatt et al. 1994). Hence, p53 is unlikely to
be involved in regulation of CD59 expression. Recently we identified another
transcription factor involved in overexpression of CD59 in neuroblastoma. This is
the neural-restrictive silencer factor (NRSF, REST), which is expressed as a
truncated protein not only in neuroblastoma (Palm et al. 1999), but also in small
cell lung carcinoma (Coulson et al. 2000) and colorectal cancer (Westbrook et al.
2005). We showed that the expression of this truncated isoform of REST is related
to everexpression of CD59 in neuroblastoma and it can be targeted with peptides to
sensitize tumor to CDC killing (Donev et al. unpublished data).

We believe that targeting both the mCR gene expression and the stability of
synthesized RNA with peptide inhibitors and RNAI, respectively, will significantly
decrease the number of mCRPs on tumor surface, resulting in effective CDC
killing.

6 Concluding Remarks

It is becoming clear that the evolutionarily ancient complement system can be
manipulated to substantially contribute to our current state of the art oncology
treatment, particularly to anti-tumor mAb therapy. However, upregulation of
mCRPs on tumors imposes an obstacle to maximize the therapeutic efficacy
mediated by anti-tumor mAbs or tumor vaccines. Such obstacles may be overcome
by the co-administration of neutralizing anti-mCRP mAbs or siRNAs or anti-
sense Oliges to achieve this goal. Indeed, many in vitro studies have demonstrated
the synergistic effect when anti-tumor mAb is used in combination with blocking
mAbs for mCRPs or other approaches. However, their in vivo efficacy needs to be
further investigated.
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Abstract. The complement cascade is a phylogenetically ancient part of our immune system
and is critical to an organism’s ability to ward off infection. Interest in a possible role for the
complement system in the development of ethanol-induced liver injury was inspired by the
large body of data implicating the complement system in the development of acute and
chronic inflammatory responses to bacteria/bacterial products, as well as in response to cell
injury, both hallmarks of ethanol-induced liver injury. Recent investigations have
demonstrated that complement is involved in the pathogenesis of ethanol-induced liver
injury. Here we review the available data on the contribution of complement to ethanol-
induced liver injury and then discuss the potential mechanisms by which the essential roles
of complement in protecting the host from infection and facilitating wound healing may
contribute to and/or protect from the pathogenesis of alcohol-induced liver injury.

1. Alcoholic Liver Disease

Alcoholic liver disease (ALD) develops in approximately 20% of all alcoholics with a
higher prevalence in females (Lieber 1994). The development of fibrosis and cirrhosis
is a complex process involving both parenchymal and non-parenchymal cells resident
in the liver, as well as the recruitment of other cell types to the liver in response to
damage and inflammation (Gressner and Bachem 1995). The progression of the
alcohol-induced liver injury follows a pattern characteristic to all types of liver
fibrosis, regardless of the causative agent. This progression is marked by the
appearance of fatty liver, hepatocyte necrosis and apoptosis, inflammation,
regenerating nodules, fibrosis and cirrhosis (Martinez-Hernandez and Amenta 1993).
Fibrosis is thought to be initiated in response to hepatocellular damage, with
inflammatory processes contributing to the progression of the disease (Gressner and
Bachem 1995). Interestingly, many of the events involved in the development of
fibrosis are typical of other tissue responses to injury, such as wound healing in the
skin and soft tissues (Raghow 1994). Continued ethanol exposure may disorder the
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highly regulated “wound healing response”, resulting in continued hepatocellular
damage, inflammation and fibrosis. Importantly, fibrosis is reversible, while cirrhosis
is not, so that therapeutic strategies aimed at decreasing inflammation and fibrosis will
likely slow the progression of the disease (Friedman 2000).

1.1 Innate and Adaptive Immunity in Ethanol-Induced Liver Injury

Both innate and adaptive immune systems are thought to be involved in the
progression of ALD. While the innate and adaptive immune systems are two
distinct branches of the immune response, these two components of immunity are
intimately linked at many stages of an organism’s response to injury or stress.
Components of the innate immune response, including NK and NKT cells
(Minagawa et al. 2004), Kupffer cells (resident hepatic macrophages) (Nagy 2003)
and the complement system (Markiewski et al. 2004; Strey et al. 2003), as well as
T-cells and antibody-dependent adaptive immune responses (Tuma and Casey
2003), are involved in the hepatic response to various types of injury, including
bacterial and viral infections, exposure to toxins (including ethanol), partial
hepatectomy and ischemia-reperfusion.

Activation of the innate immune response in the liver during chronic ethanol
exposure is associated with increased production of pro-inflammatory cytokines
and chemokines (Thurman 1998; Tilg and Diehl 2000), as well as reactive oxygen
species (ROS) (Hoek and Pastorino 2002; Jaeschke et al. 2002). Kupffer cells, the
resident macrophages in the liver, are critical to the onset of ethanol-induced liver
injury. Ablation of Kupffer cells prevents the development of fatty liver and
inflammation, early stages in the progression of ethanol-induced liver damage, in
rats chronically exposed to ethanol (Adachi et al. 1994). Endotoxin/ lipopo-
lysaccharide (LPS), a component of gram-negative bacterial cell walls, is an
important activator of Kupffer cells. LPS concentration is increased in the blood of
alcoholics (Fukui et al. 1991; Bode et al. 1987) and animals exposed to ethanol
(Nanji et al. 1993), probably due to impaired barrier function of the intestinal
mucosa (4). Formation of ROS, as well as highly reactive products of ethanol
metabolism (acetaldehyde, malondialdehyde, lipid peroxides, etc) can lead to the
generation of antibodies to modified proteins during chronic ethanol exposure.

2. Complement and Ethanol-Induced Liver Injury

The complement system is a network of more than 30 proteins, involved in both
innate and adaptive immune responses (Gasque 2004). The functions of complement
can be generally grouped into three major types of activity: 1) Defense against
microbial infection involves the generation of lytic complexes (membrane attack
complex, MAC) on the surface of pathogens, formation of opsonins that promote
phagocytosis and destruction of bacteria, as well as the regulation of local pro-
inflammatory responses; 2) Bridging of the innate and adaptive immune pathways
and 3) Removal of immune complexes and cellular debris that can result from
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inflammatory injury (Gasque 2004). Activation of complement occurs via the
classical, lectin or alternative pathways, all three pathways culminate in the
activation of C3, which in turn activates the terminal pathway leading to
the formation of the C5b-9 membrane attack complex (MAC). While complement
is critical to an organism’s ability to ward off infection and plays a role in the repair
of tissues in response to injury, uncontrolled complement activation may result in
direct injury to a variety of target cells.

The liver plays essential functions in the complement system, acting as the
primary site of production and secretion of circulating complement proteins. Cells
in the liver also express complement receptors and intrinsic regulatory proteins. In
healthy liver, Kupffer cells and stellate cells express both C3a and C5a receptors.
C5a receptor expression can be induced in hepatocytes in response to inflammatory
cytokines (Schieferdecker et al. 2001) or in regenerating hepatocytes (Daveau et al.
2004). While the liver is exposed to complement proteins, as well as activated
complexes, it is resistant to complement-induced lysis (Koch et al. 2005). This
protection likely involves the activity of intrinsic complement regulatory proteins,
as CD55/DAF and CD59 are expressed by hepatocytes, hepatic endothelial cells
(Lin et al. 2001) and Kupffer cells (Stavitsky and Nagy unpublished observations).

The complement pathway contributes to inflammatory response in many ways.
For example, C3a and C5a stimulate the production of cytokines by various types
of cells (Monsinjon et al. 2003; Schieferdecker et al. 2001), either alone or in the
presence of other inflammatory mediators, such as LPS (Schieferdecker et al.
2001). C5a is particularly critical in mediating a pro-inflammatory response, as it
functions as a chemotactic agent, recruiting neutrophils to the site of infection/
injury by regulating the expression of chemokines and adhesion molecules
(Jauneau et al. 2003; DiScipio et al. 1999). C3a also has anti-inflammatory activity.
C3a suppresses LPS-induced TNFa, IL-1 and IL-6 secretion from isolated
peripheral blood mononuclear cells and lymphocytes (Fischer and Hugli 1997,
Takabayashi et al. 1996, 1998). Further, C3a receptor knock-out mice show
increased LPS-induced pro-inflammatory responses, suggesting important anti-
inflammatory function for C3a-mediated activation of the C3a receptor (Kildsgaard
et al. 2000).

Activation of the complement pathway can also enhance fibrosis. For example,
C5 exacerbates fibrosis in a model of bleomycin-induced lung injury (Addis-Lieser
et al. 2005) and CS5a receptor antagonists have anti-fibrotic effects in mice
(Hillebrandt et al. 2005). Importantly, C5 polymorphisms are associated with
advanced hepatic fibrosis in patients with chronic hepatitis C infection (Hillebrandt
et al. 2005).

Despite the many parallels between the effectors utilized by the complement
pathway and those involved in the pathophysiological progression of liver injury,
little is known about the role of complement in mediating chronic ethanol-induced
liver injury. Recent investigations, making use of rat and mouse models of acute
and chronic ethanol exposure, have addressed two important questions: 1) does
ethanol exposure activate the complement pathway and 2) does complement
contribute to and/or protect from ethanol-induced liver injury.
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2.1 Ethanol and Complement Activation

The three pathways of complement activation culminate in the cleavage of C3
(Walport 2001a). Chronic ethanol feeding to mice increased the cleavage of C3,
increasing the concentration of C3a in the plasma (Pritchard et al. 2007), measured
using specific monoclonal antibody that recognizes neo-activation epitopes on the
C3a peptide (Mastellos et al. 2004; Markiewski et al. 2004). C3 deposition is also
increased in the livers of mice after chronic ethanol feeding (Jarvelainen et al. 2002).
Jarvelainen et al. (2002) reported that ethanol feeding to rats increased deposition
of complement proteins C3 and C8, but not C1, in the liver. Lack of C1 deposition
suggests that ethanol feeding activates the complement cascade via the lectin and/or
alternative pathways (Jarvelainen et al. 2002). As LPS is a potent activator of the
alternative pathway, ethanol-induced activation of the alternative pathway would
be consistent with the increased LPS exposure observed in humans after alcohol
consumption, as well as in animal models of ethanol exposure (Fukui et al. 1991;
Bode et al. 1987; Nanji et al. 1993). However, the sensitivity and/or the timing of
these assays for C1 deposition may have precluded the identification of a role for
the classical pathway in mediating the effects of ethanol in liver injury. Further
studies are required to characterize the specific complement activation pathways
stimulated by ethanol, as well as the dynamics of their activation during the
pathogenesis of ethanol-induced liver injury.

2.2 Role of Complement in Ethanol-Induced Liver Injury

Activation of complement during ethanol exposure suggests that complement may
contribute to the pathogenesis of ethanol-induced liver injury. If the complement
system contributes to ethanol-induced liver injury, then mice lacking key proteins
in the complement activation cascade should be protected from ethanol-induced
liver injury. In contrast, mice lacking decay accelerating factor (CD55/DAF), a
complement regulatory protein that inhibits the cleavage-induced activation of C3
and CS5, might be more susceptible to ethanol-induced liver injury.

Jarvelainin and colleagues first reported that mice lacking the third component
of the complement pathway (C3—/-) do not develop hepatic steatosis or increased
ALT concentrations in response to acute or chronic ethanol exposure (Bykov et al.
2006). Further studies have revealed that C3 and C5 appear to differentially
contribute to the pathogenesis of ethanol-induced liver injury (Pritchard et al.
2007). Mice lacking C3 did not develop steatosis in response to ethanol feeding,
but still exhibited a modestly increased ALT in the circulation, a marker of
hepatocyte injury, as well as increased expression of inflammatory cytokines in the
liver (Pritchard et al. 2007). In contrast, mice lacking C5 had increased hepatic
triglycerides, but were completely protected from ethanol-induced increases in
ALT and inflammatory cytokines (Pritchard et al. 2007). Mice lacking CD55/DAF
exhibited exacerbated liver injury in response to ethanol feeding, suggesting that
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CD55/DAF, a complement regulatory protein, serves as a brake on ethanol-induced
steatosis and injury to hepatocytes.

3 C3 in the Development of Hepatic Steatosis

Ethanol-induced hepatic steatosis involves the up-regulation of genes regulating
fatty acid synthesis and down-regulation of genes involved in fatty acid oxidation,
as well as an impairment of VLDL secretion (Nagy 2004). Bykov and colleagues
investigated the impact of chronic ethanol on the expression of genes regulating
lipid synthesis in wild type and C3—/~ (Bykov et al. 2007a). Interestingly, ethanol
decreased transcripts for lipogenic enzymes in C3—/~ mice, suggesting that C3—/—
mice were protected from steatosis by a failure to up-regulate fatty acid synthesis
during chronic ethanol feeding (Bykov et al. 2007a).

C3 might also contribute to ethanol-induced steatosis via the regulation of fatty
acid oxidation. One of the breakdown products of C3, termed acylation stimulating
protein (ASP or C3adesArg) is involved in the regulation of glucose and lipid
metabolism (reviewed in (Cianflone et al. 2003). While adipose tissue is the
primary target of ASP, in vivo studies suggest that it also regulates fatty acid
uptake and oxidation in the liver (Cianflone et al. 2003). While the effects of C3
deficiency on lipid homeostasis are still controversial (Kildsgaard et al. 1999), it is
possible that the absence of ASP/C3adesArg, in the C3—/~ mice contributes to
protection from ethanol-induced steatosis via increases in fatty acid oxidation in
ethanol-fed mice. Increased fatty acid oxidation would thus decrease the fatty acids
available for synthesis of triglyceride and reduce the development of steatosis.

4 Complement and Inflammatory Cytokines in Ethanol-Induced
Liver Injury

C3a and C5a, termed the anaphylatoxins, are important regulators of the
inflammatory response. Increased expression of inflammatory cytokines in the liver
is an important contributor to the pathogenesis of ethanol-induced liver injury (Tilg
and Diehl 2000). Expression of inflammatory cytokines in the livers of mice during
ethanol exposure was different in C3—/— and C5—/~ mice (Pritchard et al. 2007).
C3—/~ mice, while protected from ethanol-induced steatosis, had increased
expression of inflammatory cytokines, including TNF-o, IL-6 and interferon-y, as
well as moderately increased ALT. In contrast, C5—/— mice did not increase liver
cytokines or ALT, even though they exhibited steatosis (Pritchard et al. 2007).
These data suggest that C5, but not C3, contributes to increased production of
inflammatory cytokines during ethanol exposure.

While reduced liver cytokines in the C5—/— after ethanol exposure clearly point
to a pro-inflammatory function of C5a during ethanol exposure, the maintenance of
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increased inflammatory cytokines in the livers of C3—/~ mice may involve
alternative mechanisms. First, C5 may be activated in a non-complement dependent
mechanism, such as a plasmin- (Wetsel and Kolb 1983) and thrombin-mediated
cleavage of C5 (Huber-Lang et al. 2006). If this were true, then the presence of
C5a, with potent pro-inflammatory functions, in the C3—/~ mice would be
consistent with the increased liver cytokines after ethanol feeding. Secondly, the
absence of an important anti-inflammatory function of C3a might also contribute to
increased cytokines in C3—/— mice during ethanol exposure. Given the key role of
LPS-stimulated cytokine production in the pathogenesis of ethanol-induced liver
injury (Thurman 1998), the absence of an anti-inflammatory function for C3a in the
C3—/- mice could allow for the maintenance of LPS-stimulated cytokine
production during ethanol exposure. This hypothesis is consistent with the
particularly effective ability of C3a to inhibit LPS-stimulated cytokine production
(Kildsgaard et al. 2000).

S Complement Regulatory Proteins in Ethanol-Induced Liver
Injury

Given the powerful destructive potential of the complement pathway, several
mechanisms have evolved for self-protection of the host organism. A number of
soluble complement inhibitors are secreted, including C1 inhibitor, C4b binding
protein, factor H and factor I. In addition, cells express membrane-associated
inhibitors (e.g. CD46, decay accelerating factor (DAF)/CDS55 and CD59). Each of
the complement regulatory proteins counters specific steps in the activation
pathways or formation of the membrane attack complex. The membrane bound
regulatory proteins are effective at protecting self from complement attack by
providing localized inhibitory functions. For example, DAF/CDSS5 inhibits C3
convertase activity, while CD59 prevents the formation of the membrane attack
complex (Gasque 2004). Expression of CD55/DAF and CD46 on the surface of all
self cells allows for the protection of autologous cells from complement-mediated
lysis, particularly relevant because of the spontaneous hydrolysis of the labile
thioester bond of C3 (Medzhitov and Janeway 2002). Loss/shedding of membrane
associated complement regulatory protein CD46 on apoptotic and necrotic cells has
been suggested to enhance the efficiency of removal of these damaged cells
(Elward et al. 2005).

Chronic ethanol feeding reduces the expression of Crry (the rat homologue of
CD55/DAF) and CD59 in rats after chronic ethanol feeding (Jarvelainen et al. 2002).
Further, CD55/DAF—/— mice exhibited exacerbated hepatic steatosis and injury in
response to chronic ethanol feeding (Pritchard et al. 2007), suggesting that CD55/DAF
serves as an important protective element against the hepatotoxic effects of ethanol.
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6 Membrane Attack Complex (MAC) and Ethanol-Induced Liver
Injury

All three pathways of complement activation converge at the site of C3 cleavage.
Subsequent cleavage of C5 is the first step in the further targeted enzymatic
cleavage of complement proteins involved in the formation of the membrane attack
complex (MAC) which is comprised of C5b, C6, C7, C8 and multiple C9
molecules. These proteins assemble into a pore/hole in the phospholipid bilayer,
leading to cell lysis (Gasque 2004). Deficiencies in the ability to form opsonins or
generate MAC greatly increase the susceptibility to bacterial infections (Gasque
2004).

While very little data is available on the role of the MAC in ethanol-induced
liver injury, there is a suggestion that MAC may play a protective role in this
process. For example, chronic ethanol feeding down-regulates the expression of
terminal complex components, C6, C8alpha and C9 in liver (Bykov et al. 2007b).
Further, rats deficient in C6 (C6—/-) exhibited a modest, but significant, worsening
of liver steatosis and inflammation induced by 6 weeks of ethanol feeding
compared to wild type rats (Bykov et al. 2004). These data suggest that activation
of the terminal complement pathway may have a protective function during chronic
liver injury.

7 Complement in Hepatocellular Proliferation

The liver has a remarkable capacity to regenerate (Michalopoulos and DeFrances
1997). Regulation of cell proliferation is an additional function of the complement
system. While the process is not completely understood, studies have shown that
formation of the membrane attack complex stimulates mitogenesis in 3T3-L1 cells,
both in the absence and presence of exogenous growth factors (Halperin et al.
1993). This proliferative response may contribute to focal tissue repair in sites of
complement-induced injury (Halperin et al. 1993).

Studies from the laboratory of Dr. Lambris demonstrate that both C3 and C5
are required for hepatocyte proliferation in response to toxin-induced injury (CCly)
and partial hepatectomy (Mastellos et al. 2001; Markiewski et al. 2004; Strey et al.
2003). C3 activation products rapidly increase in the plasma in response to partial
hepatectomy, followed by a second phase of activation after 24 h (Markiewski et al.
2004). C3b deposition in liver is observed within 3h of CCl; exposure
(Markiewski et al. 2004). The authors suggest that C3 activation at early phases of
hepatic regeneration may be involved in priming hepatocytes, while later phases of
C3 activation are involved in removal of injured/damaged cells (Markiewski et al.
2004).

While it is well known that chronic ethanol exposure dampens the regenerative
response to liver injury (Diehl 2005), there may be stages during the initiation and
progression of ethanol-induced liver injury where hepatocyte proliferation is
transiently increased. For example, during chronic ethanol feeding to rats, Apte
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et al. (2004) observed an increase in hepatocyte proliferation during the early stages
of steatosis (1-4 weeks of feeding), suggesting that the liver is at least partially
capable of repairing ethanol-induced damage at this stage of injury (Apte et al.
2004). Future investigations to determine whether abnormal activation and/or
control of complement pathways during chronic ethanol contributes to impaired
hepatocellular proliferation may provide important clues into the pathophysiology
of ethanol-induced liver injury.

8 Complement and “Waste Disposal”: Complement
and Eethanol-Induced Apoptosis

The role of complement in the removal of injured and damaged cells after injury
may be a host-specific manifestation of the function of complement in opsonization
and clearance of bacteria. Indeed, there is a growing appreciation of the role of
complement in clearance of apoptotic cells, as well as potentially pathogenic
immune complexes (Walport 2002). For example, Clg-deficient mice show
impaired clearance of apoptotic cells. In these mice, apoptotic cells accumulate in
the kidney and lead to glomerular nephritis with immune deposits (Botto et al.
1998). It has been proposed that C1q can bind directly to surface blebs on apoptotic
cells, leading to complement activation (Gasque 2004). Recent studies show that
Clq binds to nucleic acids exposed on the surface of apoptotic cells, leading to C3-
mediated opsonization and contributing to the efficient removal of apoptotic cells
(Elward et al. 2005). Complement can also be activated during ischemia-
reperfusion injury (Walport 2001b). Clq is activated during ischemia-reperfusion,
likely due to exposure of abnormal phospholipids on the cell surface and/or
exposure to mitochondrial proteins (Walport 2001b). While complement is not
required for clearance of apoptosis in all tissues (clearance of apoptotic cells is
mediated by a number of receptor/ligand mediated systems), evidence indicates that
it can play an essential role in “waste-disposal” under certain conditions (Botto and
Walport 2002).

Chronic ethanol exposure increases the susceptibility of hepatocytes to
apoptosis. While there are not yet data available, we can speculate that specific
components of the complement pathway, if activated during chronic ethanol
exposure, may have deleterious and/or protective effects in stimulating apoptosis in
hepatocyte, as well as other cell types within the liver, and/or the clearance of
apoptotic cells from the liver.

9 Conclusions

There is a growing body of evidence to indicate that complement plays a complex
role in the initation and progression of ethanol-induced liver injury. Ethanol
exposure to mice results in the activation of the complement pathway (Pritchard
et al. 2007; Jarvelainen et al. 2002). Importantly, C3 and C5 differentially
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contribute to the development of steatosis, increased production of pro-
inflammatory cytokines and injury to hepatocytes and CD55/DAF, a complement
regulatory protein, serves as a brake on ethanol-induced steatosis and injury to
hepatocytes (Pritchard et al. 2007). Taken together, these data demonstrate an
important role for complement activation in ethanol-induced liver injury and
suggest that therapeutic interventions targeted at specific components in the
complement pathway might be useful in treatment and/or prevention of alcoholic
liver disease.
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Abstract. Immune complexes (IC) induce a number of cellular functions, including the
enhancement of cytokine production from monocytes, macrophages and plasmacytoid
dendritic cells. The range and the composition of cytokines induced by IC in vitro is
influenced by the availability of an intact classical complement cascade during cell culture,
as we have showed in our studies on artificial IC and on cryoglobulins purified from patients
with lymphoproliferative diseases. When IC purified from systemic lupus erythematosus
sera were used to stimulate in vitro cytokine production, the amount of circulating IC and
IC-induced cytokine levels depended both on in vivo classical complement function as well
as on the occurrence of anti-SSA, but not on anti-dsDNA or any other autoantibodies.
Collectively these findings illustrate that studies on IC-induced cytokine production in vitro
requires stringent cell culture conditions with complete control and definition of access to an
intact classical complement pathway in the cell cultures. If IC are formed in vivo, the results
have to be interpreted in the context of classical complement activation in vivo as well as the
occurrence of IC-associated autoantibodies at the time of serum sampling.

1 Introduction

Immune complexes (IC) consist of antibodies associated with their corresponding
antigens. Circulating IC are demonstrated in rheumatic diseases as well as
malignant and infectious diseases. The formation of IC is also part of the normal
immune response in healthy individuals, e.g. in conjunction to vaccination
(Tarkowski et al. 1985). Whereas autoantigen- and autoantibody-containing IC can
be demonstrated in autoimmune diseases, IC often include antigens from pathogens
and the corresponding antibodies in infectious disease states. IC might also consist
of self-aggregating IgG as is the case in many cryoglobulins associated with
malignancies.

IC induce a number of cellular functions, including phagocytosis, opsonisation
and the induction of anaphylatoxin-mediated chemotaxis. One IC-mediated
function that recently has acquired increasing interest concerns their effects on
cytokine production. A number of cell types respond to IC by cytokine production,
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including monocytes (Mathsson et al. 2005, 2006; Mullazehi et al. 2006),
macrophages (Blom et al. 2003), monocytoid dendritic cells (Radstake et al. 2004)
and plasmacytoid dendritic cells (Lovgren et al. 2004). Our research interest
concerns IC-induced production of cytokines from peripheral blood mononuclear
cells (PBMC) where the IC are obtained from patients with rheumatoid arthritis
(RA) (Mathsson et al. 2006), systemic lupus erythematosus (SLE) (Ronnelid et al.
2003; Mathsson et al. 2007), patients with cryoglobulinaemia on the basis of
lymphproliferative diseases (Mathsson et al. 2005) and patients infected with the
tropical parasite Leishmania donovani (Elshafie et al. 2006, 2007). To define the
fundamental requirements for IC-induced cytokine production we also utilize
totally artificial immune aggregates like heat-aggregated gamma globulin (HAGG)
(Tejde et al. 2004). In situations where the IC are supposed to be tissue-bound in
vivo, we instead create a parallel in vitro situation utilizing autoantigen and patient-
derived autoantibodies as we have done with anti-type II collagen autoantibodies in
RA patients (Mullazehi et al. 2006).

In our studies we have found that the IC-induced cytokine responses in vitro
are affected by the classical complement pathway. This influence is manifested at
two levels. Classical complement activation together with the occurrence of
specific autoantibodies in vivo is associated with levels of circulating IC as well as
with the levels of IC-induced cytokines (Mathsson et al. 2007). The access of an
intact classical complement pathway in vitro during cell stimulation with IC instead
influence the composition of cytokines induced, as well as cytokine levels (Tejde
et al. 2004; Mathsson et al. 2005).

2 Down-Regulation of IC-Induced IL-12 Production
by the Classical Complement Pathway

In a first study we investigated the induction of the T helper type 2 (Th2) cytokines
interleukin (IL)-6 and IL-10 by serum IC obtained from SLE patients (Ronnelid
et al. 2003). In that paper we had used fetal calf serum (FCS) as growth factor
source in our cell cultures. Besides our and other (Park et al. 1998) studies showing
the importance of elevated IL-10 levels in SLE, a series of papers from another
group had shown that levels of the Thl cytokine IL-12 were decreased in SLE, and
that IL-10 and IL-12 were inversely regulated in SLE (Liu and Jones 1998a,b; Liu
et al. 1999). We therefore wanted to investigate whether this was due to reciprocal
IC-mediated regulation of IL-10 and IL-12 in vitro, at the same time as we
humanized the cell culture system to utilize normal human serum (NHS) instead of
FCS.

In this cell culture system we found that addition of NHS to the cell culture
system enhanced the IC-induced production of IL-10 whereas at the same time
IL-12p40 production was suppressed in a dose-dependent manner (Tejde et al. 2004)
(Fig. 1). The suppressive effect on IL-12p40 production by addition of serum was
much smaller when the NHS had been heat-inactivated (Fig. 1b). As IC we used
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Fig. 1 The effect of gradual addition of human serum to PBMC cultures stimulated with heat-aggregated
gamma globulin (HAGG) or the same monomeric non aggregated IgG (mIgG) as negative controls on
the production of (a) IL-10 and (b) IL-12p40. As positive controls, cells were stimulated with
100 ng/mL of lipopolysaccharide (LPS) The human serum was either native (three left sets of bars)
or decomplemented by heat inactivation (56°C, 30 min; three right sets of bars)

HAGG with the corresponding non-aggregated monomeric IgG (mIgG) preparation
as control. This control preparation showed only minimally different cytokine
regulatory effects as compared to cell cultures without any mIgG added (data not
shown). Addition of native NHS to control cultures increased IL-10 production
somewhat, whereas there was no effect on IL-10 production of addition of heat-
inactivated NHS. Neither addition of native or heat-inactivated NHS had any effect
on the production