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a b s t r a c t

Complement is the backbone of our innate immune system. It is of ancient evolutionary origin, being
traced back to horseshoe crabs 350 million years ago. It consists today of more than 25 proteins which
must work together like clockwork to distinguish friend from foe. Self-attack by the complement system
can occur whenever it fails to do so. This failure has been reported to occur in an estimated 22 human
diseases. A significant number of these are chronic degenerative neurological disorders. In some, there is
overwhelming evidence that complement self-attack causes the disease. In many others, it is considered
only to contribute to the overall pathology. Finding effective therapeutic agents should be a high priority
for medical research. To date, the monoclonal antibody eculizumab is the only approved agent. Molecules
under development include other monoclonal antibodies directed at C5, C3, and properdin, various
aptamers to C3, and small molecules that are orally available.

� 2016 Published by Elsevier Inc.
1. Introduction

Complement is the backbone of our innate immune system. It
operates in every tissue of the body. Despite its importance and
elegance, it is the least understood of our self-protective mecha-
nisms. It is of ancient evolutionary origin, being traced back as far as
350 million years ago in horseshoe crabs. It has since evolved so
that in higher vertebrates today it consists of more than 25 proteins.
The components must work together like clockwork to distinguish
friend from foe. The system must be immediately available to deal
with a foreign threat anywhere in the body. It must first recognize
targets and opsonize them for phagocytosis by the body’s profes-
sional phagocytes. When required, it must attack and destroy
bacteria and viruses by assembling the membrane attack complex
(MAC) to create holes in their protective membranes.

Given its complexity, it should not be surprising that abundant
faults in the system should occur. Under such circumstances, the
complement system may mistakenly attack host tissue in a process
described as bystander lysis. Such attack is known to contribute to
the pathology of a spectrum of human diseases. The complement
system is therefore a 2-edged sword. Under normal circumstances,
it is the body’s most important protective mechanism. Under
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abnormal circumstances, it can be the cause, or the main contrib-
utor, to a large number of acute and chronic disorders. Finding
agents that can prevent or compensate for abnormal complement
activity should be a high priority for medical research.

The very existence of the complement systemwas discovered by
chance. The initial discovery is attributed to Jules Bordet, a young
Belgian scientist working at the Pasteur Institute in Paris. In 1896,
he demonstrated that for serum to retain immunity against
invading organisms, 2 components were required. They were a
heat-stable component specific to the organism plus a heat-
unstable and nonspecific component, which he named “annexin”.
Paul Ehrlich renamed the heat-labile material “complement” in the
late 1890s. He chose the inappropriate name “complement” for the
heat-labile component because, in the limited view at the time, it
complemented the function of antibodies.

The name complement has persisted. It is unfortunate because it
implies that complement is nothing more than an adjuvant to the
adaptive immune system. That is far from the truth. Complement is
the first source of self-defense. In evolution, it long preceded the
adaptive immune system. The adaptive immune system is a
development restricted to higher vertebrates. It clones antibodies
against epitopes of foreign origin, but the action takes days to
accomplish and cannot provide the instant protection provided by
the complement system.

After Bordet, little was learned about the complement system
until Hans Muller- Eberhard and his colleagues began pursuing its
existence in the 1950’s. They soon identified that C3 in serum was
pivotal to antibody-mediated attack on pathogens. This mechanism
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was defined as the classical pathway since it was the first one to be
discovered. During this same period, Louis Pillemer and colleagues
discovered that another pathway existed which did not require
antibody activation. It became known as the alternative pathway. It
depended on properdin for activation (Hinz et al., 1956).

Both pathways involve a cascade of reactions. In pursuing these
cascades, Muller-Eberhard soon determined that two entirely
different complement functions were sequentially linked. The
initial function involved opsonization to facilitate phagocytosis. The
terminal function involved formation of the cytolytic MAC. He and
his colleagues identified most of the proteins driving these cas-
cades. They also identified many of the inhibiting proteins which
control their level of activity. Nevertheless, their work was limited
because it was confined to serum without realization that tissues
are involved.

The next step came with the discovery that the senile plaques of
Alzheimer disease (AD) were opsonized by complement
(Eikelenboom and Stam, 1982, 1984; Eikelenboom et al., 1989;
McGeer et al., 1989a), and that dystrophic neurites were being
attacked by the MAC (McGeer et al., 1989b). At first it raised ques-
tions as to whether AD could be an autoimmune disease being
driven by antibodies to senile plaques. However, no immunoglob-
ulins could be identified in AD brain tissue. Moreover, the genes for
C1q, C3, and C4 were expressed in brain and were upregulated
more than 3-fold in AD (Walker and McGeer, 1992). Rogers et al.
(1992) then demonstrated that C1q bound strongly to fibrillar
amyloid beta protein (Abeta), indicating that the classical pathway
did not require immunoglobulins for activation, but could be acti-
vated by any tissue component that C1q could recognize.

The discovery that complement was tissue based, and that it
could be locally activated in minutes, opened the door for an un-
derstanding of its true physiological role. That role is to be the first
line of defense, immediately recognizing invaders to any part of the
body. It operates independently of the adaptive immune system
which takes days to clone antibodies against pathogenic epitopes.

Fig. 1 is an outline of the complement system as it is understood
today. It illustrates the classical and alternative activation pathways,
also showing several of the inhibiting steps. In addition, it identifies the
targets chosen for some of the therapeutic agents under development.

Much is yet to be learned about how complement operates at
the local level. It still needs to be determined which cells are
capable of producing the activating components and which cells
produce the inhibiting factors. Any given cell may do both. It also
needs to be understood how these factors interact with cells that
promote or inhibit the ensuing inflammation. And it needs to be
explored exactly how these factors become involved in the myriad
of diseases where aberrant complement activation causes or con-
tributes to the disease pathology.

2. Complement activators

2.1. Proteins associated with the classical pathway

2.1.1. C1q
C1q is the key protein which initiates the classical pathway. It is

a complex molecule consisting of 6 heads, each with a triple helical
structure designed for binding to specific targets. It has a molecular
weight of approximately 400 kDa. It is best known for attaching to
the Fc chain of IgG and IgM antibodies that have become activated
by binding to their designated antigen. But the more important
function is binding directly to a wide variety of other proteins. Such
proteins occur on some bacteria and viruses. Direct binding pro-
vides an immediate source of self defense. However, a problem
occurs if it binds to self proteins such as Abeta. This may help to
phagocytose the protein, but if the process continues so that the
MAC forms, lysis of host cells may occur. Thus, C1q is the factor
which causes the complement system to be a 2-edged sword. Under
normal circumstances it is helpful but under abnormal circum-
stances it can contribute to the pathology inmany diseases. Therapy
directed at preventing complement self-attack will most likely be
effective in those conditions where MAC formation develops but
opsonization remains unaffected. In conditions where there is a
severe antigen-antibody reaction to self proteins, complement in-
hibitors may be overwhelmed by the process and therefore be
ineffective.

C1q in its inactive state is complexed with two additional pro-
teins named C1r and C1s. On activation, this tri-molecular complex
dissociates. C1r, a beta globulin with a molecular weight of
approximately 190 kDa, has the sole function of cleaving the thio-
ester bond of C1s. C1s, an alpha globulin of only 87 kDa, then be-
comes an active serine protease. The classical complement cascade
is initiated at this stage.

The C1s serine protease carries out the next step of cleaving C4
to produce C4a (a weak anaphylatoxin) and C4b. C4b can then bind
covalently to form an amide or hydroxyl bond with a target close to
the site of C1q binding. Bound C4b can then bind to C2 which is
then cleaved to create the tissue bound protease C4b2a. This now
has the capacity to bind and cleave C3, initiating the next stage of
the cascade. The nomenclature is somewhat confusing since the
numbering of the protein does not follow the cascade sequence. The
problem is that C2 and C3 had been clearly identified and named
before the discovery of C4.

C3 is the pivotal protein of both the classical and alternative
pathways. It occurs in serum at the highest concentration of all the
complement components. Cleavage of C3 completes the opsoniza-
tion process of the classical, alternative, and lectin pathways. Pre-
sumably, it has a similarly high concentration in tissue as in serum
although appropriate measurements have never been made. Bound
C3 is cleaved into C3a, an anaphylatoxin, leaving behind the tissue-
bound protease C4b2aC3b, which is named C5 convertase.

Entry into the terminal complex assembly may now take place.
C5 convertase cleaves C5 into C5a and C5b. Both fragments go into
solution and become independent of the convertase. C5a, the
smaller fragment, is themost powerful of the anaphylatoxins. C5b is
a hydrophobic molecule which seeks the lipid outer surface of
living cells nearby. It may attach to such cells whether they are
foreign or belong to the host. Attachment exposes a sequence on
C5b which can bind C6. The complex C5b6 then exposes a further
sequence which can bind C7. C5b67 in turn exposes yet another
sequencewhich can bind C8. C5b678 sets the stage for the final step
which is the binding of C9. C9 differs from its precursors in pos-
sessing a hydrophilic sequence in addition to the hydrophobic
sequence needed for binding. Additional molecules of C9 are added
to form C5b678C9(n). The hydrophilic sequences then form a pore
which penetrates the inner lipid membrane. This causes lysis of
cells. When the cells belong to the host, the phenomenon is termed
bystander lysis.

2.2. Proteins associated with the alternative pathway

The alternative pathway was first identified by a study of pro-
perdin carried out by Louis Pillemer and colleagues in the 1950s.
They found that an X-linked deficiency in properdin led to immu-
nological deficiencies including erythrocyte vulnerability in
paroxysmal nocturnal hemoglobinemia. Accordingly, it was origi-
nally named the properdin pathway. But the dominant protein in
the pathway was found to be C3 and not properdin so the desig-
nation was dropped. When C3 dissociates into C3a and C3b, C3a
become an anaphylatoxin, whereas the thioester of C3b can form
covalent amide or hydroxyl bonds with cell surface proteins. That



Fig. 1. Complement activating pathways. The activation steps of the classical and alternative pathways are shown. Double bars indicate the steps inhibited by some endogenous
regulators. The boxed areas identify potential therapeutic agents under development and the steps that are targeted (Section 12.3).

P.L. McGeer et al. / Neurobiology of Aging 52 (2017) 12e2214
process is facilitated by attachment to properdin. The complex PC3b
then attaches to factor B to form PC3bB. The factor B moiety can
then be cleaved by the serum protease factor D to produce the
highly active complex PC3bBb. This is known as C3 convertase. It
can now bind additional C3b molecules to form PC3bBb3b. The
latter can cleave C5. Once C5b is formed, the alternative pathway
proceeds in the same fashion as the classical pathway to form the
MAC. Although it is generally believed that all of this is confined to
serum and depends on the continuous hydrolysis of small amounts
of C3, this is far from certain. The alternative pathway might be
active in any tissue of the body. Insights into this possibility may be
gained by knowledge of tissue-based disease entities that are
induced by failure of inhibitors that are specific to the alternative
pathway.

2.2.1. Proteins associated with the lectin pathway
The lectin pathway is a third mechanism for activating com-

plement. It is actually aminor variation of the classical pathway. It is
initiated by mannose binding protein attaching to carbohydrate
moieties found on the surfaces of some bacteria. It proceeds iden-
tically to the classical pathway from the C2 stage onward.

2.2.2. Anaphylatoxins
The anaphylatoxins are the small fragments that form following

enzymatic cleavage of C3, C4, and C5. C5a is the most active ana-
phylatoxin followed by C3a. C4a is very weak. The anaphylatoxins
are highly soluble and diffuse away from the site of complement
activation. Their primary purpose is to stimulate inflammation.
They do so by attaching to the surface of phagocytes and other cells.
These phagocytes then release inflammatory cytokines and other
toxins to produce the inflammatory effect. Blocking of C5a has been
a successful therapeutic strategy for certain complement-mediated
diseases.

3. Complement receptors

3.1. Complement receptor 1 (CR1, CD35)

This protein is expressed by phagocytes. Included are resident
cells of the monocyte phagocytic system, circulating neutrophils
and dendritic cells. It is regarded as the main receptor to stimulate
clearance of unwanted debris. It is designed to recognize materials
that have been marked for phagocytosis.

3.2. Complement receptor 2 (CR2, CD21)

This protein is also known as the C3d receptor. It is particularly
concentrated on circulating B-cells.

3.3. Complement receptor 3 (CR3, CD11b)

Complement receptor 3 (CR3, CD11b) is believed to be exclu-
sively associated with leukocytes, particularly T-cells, where it is
presumed to have a regulatory function.
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3.4. Complement receptor 4

Complement receptor 4 (CR4, CD11C) has a distribution similar
to CR3 with high homology in its structure. How it differs in func-
tion from CR3 is yet to be determined.

3.5. Complement receptor C3a

Complement receptor C3a recognizes the anaphylatoxins C3a
and C4a.

3.6. Complement receptor C5a

Complement receptor C5a (C5aR, CD88) recognizes the ana-
phylatoxin C5a which is the most powerful of the group. It is
distributed on neutrophils, monocytes, and other leukocytes, as
well as numerous nonmyeloid cells. It is an inflammatory stimulant
appropriate to its powerful anaphylatoxic function.

3.7. Lymphocyte functioneassociated protein

Lymphocyte functioneassociated protein is a combination of CD
11a and the beta 2 integrin CD 18. It is expressed on all leukocytes
and promotes their binding to phagocytic targets.

3.8. Complement inhibitor proteins

Complement inhibitors act at successive stages of the classical
and alternative pathways to keep the level of activity within
physiological limits.

3.9. C1 inhibitor

C1 inhibitor is designed to arrest initiation of the classical
pathway. It is a protease blocker of the serpin class. It irreversibly
binds to C1r and C1s, thus inhibiting their activity. It circulates in
serum, presumably due to production by the liver. The serum levels
are approximately 2.5 micrograms/mL. It is unknown what other
cells in the body can produce C1 inhibitor.

3.10. C4 binding protein

C4 binding protein inhibits C4 activation as well as C3b activity.
It acts as a cofactor for factor I, another inhibitor of complement
activation. It exists in serum at a level of 200 micrograms/mL.

3.11. Factor I

Factor I is a serine protease which acts in concert with C4
binding protein to prevent unregulated activation of C3. It is present
in serum at a concentration of 34 micrograms/mL. Membrane
cofactor protein, also known as CD46, has cofactor activity by acting
as a receptor for inactivation (through cleavage) of complement
components C3b and C4b by serum factor I.

3.12. Factor H

Factor H is a circulating protein of approximately 150 kDa. It is
considered to be selective for the alternative pathway. Its principle
function is to control the levels of alternative pathway regulation by
inactivating C3b which has become bound and activated on target
cells. It circulates at the relatively high level of 500 micrograms/mL
which may indicate that it is a highly important self-protective
molecule.
3.13. Decay accelerating factor

Decay accelerating factor (CD55, DAF) is a membrane-bound
protein which protects host cells by inhibiting over activation of
C4bC2a of the classical pathway and C3 convertase of the alterna-
tive pathway. It attaches to host cells indirectly, requiring initial
binding to a cell surfaceebound glycophosphatidyl inosotol (GPI)
anchor. It becomes inactive in X-linked diseases involving muta-
tions in the gene responsible for producing N-acetylglucosaminyl
phosphatidylinositol (GlcNAc-PI), the first intermediate in the
biosynthetic pathway of the GPI anchor. The physiological defi-
ciency occurs even though plentiful CD 55 is being produced.

3.14. Protectin

Protectin (CD59, or membrane inhibitor of reactive lysis, MIRL),
like DAF, is bound to host cell surfaces through the GPI anchor. It
inhibits C9 attachment to C5b678. As with DAF, a physiological
deficiency occurs even though plentiful protectin is being
produced.

4. Membrane cofactor protein

Membrane cofactor protein (CD 46) acts as a cofactor for Factor I.

4.1. Clusterin

Clusterin (S-protein, apolipoprotein J) is a circulating protein
with multiple properties. It is believed to inhibit complement
activation although the manner has not been defined.

4.2. Diseases associated with aberrant complement activation

Aberrant complement activation has been reported to occur in a
spectrum of human diseases. A summary of these diseases is shown
in Table 1 along with the key evidence and supportive documen-
tation. In some diseases, there is overwhelming evidence that
mutations are the cause. In other diseases, the evidence suggests
that complement activation contributes to the pathology. At this
stage, most of the evidence is preliminary and needs to be further
explored (for reviews see Ehrnthaller et al. (2011) and Holers
(2014)).

4.3. Age-related macular degeneration

An estimated 10 million people in the United States and 50
million people worldwide suffer from age-related macular degen-
eration (AMD). It is characterized by degeneration of retinal
pigment epithelial (RBE) cells. MAC attack on RBE cells has been
demonstrated by immunohistochemistry (Anderson et al., 2010).
RBE cells are believed to afford protection to photoreceptor cells.
Since photoreceptor cells are concentrated in the macula, AMD is
the result. AMD occurs in a dry form and a more serious wet form.
In the dry form, drusen deposits are typically found throughout the
retina. Since this occurs in many people with normal vision, drusen
by themselves are not considered to be a cause. The wet form is a
complication of the dry form, where new blood vessels, originating
in the choroid, penetrate the retina. This neovascularization has
been reported to be associated with enhanced production of
vascular endothelial growth factor. However, this is uncertain and
the true stimulus for neovascular production is still unknown.
Involvement of the complement system has been indicated by ge-
netic studies showing that the risk of contracting AMD is increased
by polymorphisms in genes encoding for Factor H (Haines et al.,
2005); Factor B (Gold et al., 2006); and C3 (Yates et al., 2007).



Table 1
Complement-mediated diseases and key references

Disease Type of evidence Key references

Age-related macular
degeneration

Genetic Anderson et al., 2010

Atypical hemolytic
uremia syndrome

Genetic Kavanagh et al., 2007

Alzheimer disease Epidemiological McGeer et al., 2013
Amyotrophic lateral

sclerosis
Immunohistochem Kawamata et al., 1992

Atherosclerosis Immunohistochem Vlaicu et al., 1985
Diabetes Serum antibodies Radillo et al., 1996
Epilepsy Upregulated C3mRNA Bellander et al., 2001
Inflammatory bowel

disease
Immunohistochem Halstensen et al., 1991

Malaria infection RBC IgG and C3bBb Silver et al., 2010
Malignancies Complement

upregulation
Rutkowski et al., 2010

Multiple sclerosis Immunohistochem Schwab and McGeer,
2002

Neuromyelitis optica Autoantibodies Wingerchuk, 2007
Parkinson disease Immunohistochem Yamada et al., 1992
Paroxysmal nocturnal

hemoglobinemia
Genetic Luzzatto, 2006

Rheumatoid arthritis Immunochem Morgan et al., 1988
Schizophrenia Genetic Sekar et al., 2016
Skin diseases Autoantibodies Multiple authors
Traumatic brain injury CSF complement Stahel et al., 2001
Uveitis Genetic Thompson et al., 2013
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These 3 proteins are all crucial to self-protection from MAC attack
initiated by the alternative complement pathway. Since AMD is a
tissue-based disorder, it may be the alternative pathway that can be
operative in tissue as it is in serum. There is currently no approved
treatment that will prevent or arrest progression of this disease.

4.4. Atypical hemolytic uremia syndrome (aHUS)

aHUS is a condition associated with mutations in one or more of
a bewildering array of complement self-protective proteins.
Approximately 30% are associated with various mutations in factor
H; 10% with various mutations in membrane cofactor protein
(MCP); and 2%e5%with variousmutations in factor I (Kavanagh and
Goodship, 2007). More recently, it has been discovered that reces-
sive mutations in the gene encoding diacylglycerol kinase result in
the onset under 1 year of age (LeMaire et al., 2013). In Japan, mu-
tations in C3 and thrombomodulin have also been identified with
aHUS (Fan et al., 2013). Mutations are considered to be predisposing
rather than causative since penetrance can vary (Bresin et al., 2013;
Kavanagh and Goodship, 2007).

The consequence of these mutations is a widespread occurrence
of bystander lysis. Glomeruli of the kidney are particularly vulner-
able. Erythrocytes and endothelial cells are also damaged. The
syndrome is characterized by a low platelet count, kidney failure,
and small vessel thrombosis. The latter is the major cause of death.
The most serious cases die in infancy. Less serious cases may result
in teenage kidney failure. Such cases can be temporarily treated
with kidney dialysis but kidney transplants are eventually required
to avoid death. Onset may occur later in life due to the delayed
appearance of a mutation or due to its relative mildness. Such cases
are more amenable to therapeutic intervention.

4.5. Alzheimer disease

Immunohistochemical investigation of complement proteins in
postmortem brains of Alzheimer cases represented a breakthrough
in our understanding of the role of the complement system in
innate immunity. The opsonizing components of complement were
found to be associated with extracellular Abeta deposits
(Eikelenboom and Stam, 1982, 1984; Eikelenboom et al., 1989),
whereas the terminal components were found to be associated
with dystrophic neurites (McGeer et al., 1989b). Rogers et al. (1992)
discovered why the complement system is so important in AD by
identifying that C1q binds to Abeta and its N-terminal fragments.
Thus, Abeta deposits directly activate the complement system,
initiating all the inflammatory consequences which occur in AD
(Yasojima et al., 1999). This finding was rediscovered some 27 years
later as a breakthrough (Hong et al., 2016), indicating how easily
key advances can be overlooked and lost. Terai et al. (1997) had first
found that neurons in AD expressed proteins of the classical
pathway.

Complement receptor 1 is the protein on phagocytes mainly
responsible for recognizing the activated complement fragments.
Certain isoforms of this protein greatly increase the risk of devel-
oping AD (Luo et al., 2014; Mahmoudi et al., 2015; Schmidt et al.,
2014).

Since self-damage from the MAC is prominent in AD, it is logical
to suppose that those taking anti-inflammatory agents should be
relatively spared from the disease. An initial epidemiological study
was carried out in which the prevalence of AD among rheumatoid
arthritics over the age of 65 was compared with the prevalence of
AD reported to occur in age-matched general populations. An
apparent 6-fold sparing was noted (McGeer et al., 1990). This
finding has now been verified in at least 17 epidemiological studies
(reviewed by McGeer et al., 1996). There is one important caveat.
NSAIDs need to be started well before AD is diagnosed. The earlier
the commencement, the greater the sparing.

The necessity for prediagnostic commencement of NSAID con-
sumption has since been revealed by biomarker studies. They
establish that disease onset occurs a decade or more before clinical
signs develop. This can be detected by a reduction of Abeta42 in the
CSF at least 10, and possibly 20 years before clinical diagnosis. This
is followed by an increase in tau species in the CSF. Progression can
be measured by PET and MRI scanning, all of which become
abnormal years before AD can be diagnosed clinically (Bateman
et al., 2012; Villemagne et al., 2013).

The positive aspect is that the data reveal that a window of
opportunity exists for effective prevention of AD. If anti-
inflammatory therapy is started at the time when AD deposition
first commences, then the buildup of Abeta can be aborted with
consequent inhibition of cognitive decline.
5. Amyotrophic lateral sclerosis (ALS)

ALS is a universally fatal disorder. The cause is unknown. There is
no approved treatment that will lengthen to any useful extent the
time between diagnosis and death. There is strong evidence that
complement is activated in this disorder and that neuronal pro-
cesses are being attacked by the terminal complement components.
Kawamata et al. (1992) found that complement receptors CR3 and
CR4 were abundantly present in affected areas of the spinal cord,
motor nuclei of the brain stem, and the primary motor cortex.
Clusters of complement-activated oligodendroglia, as well as
degenerating neurites positive for C3d and C4d, were detected in
ALS-affected areas.

Mantovani et al. (2014) found the terminal complement acti-
vation products C5a and C5b-9 to be significantly elevated in ALS
patient blood. Sta et al. (2011) found high levels of the mRNA and
protein for C1q and C4, as well as the downstream components C3
and C5b-9, in the spinal cord and motor cortex of all ALS samples
analyzed. More importantly, Bahia et al. (2016) found that C1q and
the MAC were deposited on motor end plates of ALS intercostal
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muscles, indicating that complement activation may precede end-
plate denervation.

In summary, these data indicate that a complement-driven im-
mune reaction develops in ALS which may be the main factor in the
fatal progression of neuronal loss.

5.1. Atherosclerosis

Atherosclerosis is the leading cause of death in all developed
countries. Coronary artery disease and stroke account for 75%e80%
of these deaths. For people between the ages of 60 and 80, 71% have
significant cardiovascular disease, whereas the incidence rises to
85% for those over 80.

It has long been known that there is full activation of the com-
plement cascade in atherosclerotic plaques (Niculescu et al., 1987;
Torzewski et al., 1998; Vlaicu et al., 1985). Vlaicu et al. (1985) re-
ported the C5b-9 complex to be present in aortic, femoral, and iliac
plaques but absent in atherosclerosis free intima. Similarly,
Niculescu et al. (1987) reported immunohistochemical detection of
C5b-9 neoantigens, C3c, and C3d in early to advanced stages of
atherosclerosis. Torzewski et al. (1998) found by immunohisto-
chemical staining that the intima of early atherosclerotic plaques
had colocalization of the terminal complement complex with C-
reactive protein as the possible complement activator. Horvath et al.
(2013) examined the extent of complement activation in patients
with established coronary heart disease and reported that elevated
C1rC1sC1inh levels were elevated in the plasma of cases but not in
normal controls. Speidl et al. (2005) found that C5a predicted future
cardiovascular events in patients with advanced atherosclerosis.
Oksjoki et al. (2007) found a greater than 5-fold increase in re-
ceptors for C3a and C5a in human coronary plaques compared with
normal arterial tissue. Yasojima et al. (2001) reported that the
mRNAs for C1r, C1s, C7, and C8 were elevated in plaque tissue
compared with adjacent normal arterial tissue.

These data provide a strong case for aberrant complement
activation contributing to the pathogenesis of atherosclerosis.

5.2. Diabetes

Sundsmo et al. (1985) reported that serum levels of C3a, C4a,
and C5a were elevated in newly diagnosed type 1 diabetes cases.
Radillo et al. (1996) reported that sera from type 1 diabetes patients
contained complement fixing antibodies. Binding of this serumwas
found to occur using purified islet cells, with cytotoxicity occurring
when complement was activated. Similarly, Rowe et al. (2013)
identified C-fixing islet cell antibodies in type 1 diabetic cases.
These data indicate the possibility that aberrant complement acti-
vation plays a role in the development of type 1 diabetes.

5.3. Epilepsy

Bellander et al. (2001) reported that patients having frontal or
temporal lobe resection due to intractable intracranial hyperten-
sion after traumatic head injury, had an increase in complement
components C1q, C3b, C3d, and C5b-9 in the immediate vicinity of
the lesion. They also found, by in situ hybridization, an upregulation
of C3-mRNA, indicative of local synthesis. They concluded that
complement activation contributes to the development of second-
ary brain damage.

Aronica et al. (2007) investigated human temporal lobe epilepsy
and found astroglial, microglial, and neuronal expression of C1q,
C3c, and C3d in regions of neuronal loss. They found that C5b-9 was
predominantly detected in microglial cells. They concluded that
persistent complement activation could contribute to an inflam-
matory response which would destabilize neuronal networks.
These data indicate a possible involvement of aberrant complement
activation in chronic epilepsy cases.

6. Irritable bowel syndrome: Crohn’s disease, ulcerative
colitis

Potter et al. (1979) reported upregulation of C1q metabolism in
patients with ulcerative colitis and Crohn’s disease. They concluded
that the activation of the classical pathway plays a role in the
pathogenesis of these disease entities. Ahrenstedt et al. (1990)
found that enhanced local production of complement compo-
nents in the small intestines of patients with Crohn’s disease.
Halstensen and Brandtzaeg (1991) identified neoepitopes of C3b on
ethanol-fixed mucosal specimens of these same disease entities.
Zimmerman-Nielsen et al. (2005) reported complement activation
to be upregulated in the plasma during these diseases, and it was
downregulated by prednisolone treatment. Pagoldh et al. (2014)
examined fecal matter and found a correlation between comple-
ment C3 levels and bowel movements. They concluded that their
results were predictive of a need for colectomy. In summary, these
results provide evidence that complement activation plays a sig-
nificant role in exacerbating the pathology of ulcerative colitis and
Crohn’s disease.

6.1. Malaria infection

Malaria is a prevalent disease in Africa and south East Asia,
resulting in an estimated 650,000 deaths per year. The infective
agent, plasmodium falciparum, is transmitted by mosquitoes. It
produces enhanced complement activation in humans and sus-
ceptible animals. IgG and C3bBb complexes have been identified on
erythrocytes of infected humans, indicating damage caused by the
activation of both the classical and alternative pathways (Silver
et al., 2010).

Fernandez-Arias et al. (2013) reported that the levels of com-
plement receptor 1 on peripheral monocytes/macrophages and B-
cells is significantly decreased in patients infected with malaria,
indicating an impaired clearance of immune complexes. Robson
et al. (1988) noted that a human malaria parasite expresses a
highly conserved sequence found in thrombospondin and
properdin.

Patel et al. (2008) found that C5 deficiency, and C5a or C5a re-
ceptor blockade protects against cerebral malaria. Biryukov and
Stoute (2014) present evidence of the critical role of C5a and the
MAC in the pathogenesis of malaria. They conclude that these ob-
servations justify the testing of complement inhibitors as adjunc-
tive treatment for severe malaria.

Dasari et al. (2014) report that the digestive vacuole of plas-
modium falciparum, which is released into the bloodstream on
rupture of each parasitized red blood cell, activates the alternative
complement pathway. They analyzed brain tissue by immunohis-
tochemistry from patients who had died from malaria. They iden-
tified C3d and the assembled C5b-9 complex in all the sections and
conclude that this activation may promote the development of
anemia in patients with severe malaria.

6.2. Malignancies

Successful methods for treating most forms of cancer are
desperately needed. The complement system is one possible target
for therapy. It has been wrongly assumed that the body’s immune
system will recognize tumors as foreign cells and make use of the
complement system to try and eliminate them. Some leading in-
vestigators have explored the counterintuitive concept that ma-
lignant cells use the complement system to gain an advantage over
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normal cells. According to this concept, malignant cells first develop
enhanced protection against complement attack. They then secrete
factors that enhance their growth, stimulate their blood supply, and
melt the surrounding matrix so they can escape into the circulation
and establish mitotic sites. Under these circumstances complement
inhibitors could act as oncogenic inhibitors. Reviews on the subject
have been compiled by Rutkowski et al. (2010) and Pio et al. (2013).

The complement system has been reported to be activated in
malignancies such as B cell lymphomas (McConnell et al., 1978),
breast cancer (Niculescu et al., 1992), and human neuroblastoma
cell lines (Gasque et al., 1996). However, there is no direct evidence
to support the contention that suppressing complement activation
can eliminate nascent tumors.

Nitta et al. (2013) reported enhancement of cancer cell motility
and invasiveness by anaphylatoxin C5a because of aberrant
expression of CD88, the C5a receptor. Similarly, Nitta et al. (2014)
reported that cancer cells release C5a via a serine protease to
enhance invasiveness. Lu and Hu (2014) reported that C5a stimu-
lated the proliferation of breast cancer cells via Akt-dependent
RGC-32 gene activation. In summary, complement inhibitors may
be therapeutic candidates in a variety of malignancies.

7. Multiple sclerosis

Multiple sclerosis (MS) is a progressive demyelinating neurode-
generative disorder for which no preventive therapy or method of
arrest currently exists. Sanders et al. (1986)were thefirst to implicate
complement activation in the pathogenesis. They detected sC5b-9 in
the CSF of MS and acute phase Guillian-Barre syndrome cases.
Aeinehbandet al. (2015) foundC3 levels to be elevated in the CSF, and
that this elevation correlatedwith the degree of disability. In concert
with this findingMorgan et al. (1984) found a significant decrease in
the levels of C9 inMS cases. Their interpretationwas consumption of
C9 due to the formation of the MAC. Compston et al. (1989) found
granular deposits of C9 and MAC in capillary endothelial cells pre-
dominantly within plaques and adjacent white matter in MS cases.
Schwab and McGeer (2002) reported C4d immunoreactive oligo-
dendrocytes in MS cases as well as C1q-C9 immunoreactive fibers in
large MS lesions, indicating involvement of complement activation.
Michailidou et al. (2015) found complement C1q-C3-associated
synaptic changes in MS hippocampus. Taken together, these data
provide strong evidence of complement activation contributing to
the pathogenesis of MS, indicating the prospect of effective therapy
being provided by complement inhibitors.

7.1. Neuromyelitis optica

Neuromyelitis optica is a severe disease involving inflammatory
attack and demyelination in the spinal cord (myelitis) and the optic
nerve (optica). The disease is episodic, with residual effects being
characteristic. Severe attacks can be fatal. Weakness of the limbs
and loss of bladder control are typical of the spinal cord demye-
lination. Loss of vision is characteristic of the optic nerve demye-
lination. The principle reason is believed to be development of auto
antibodies against aquaporin-4 by B-cells. For reviews see
Wingerchuk (2007) and Argyriou and Makris (2008). The anti-
bodies target astrocytes. Thus it can be described as an astrocyto-
pathic disease (Uzawa et al., 2014).

CSF levels of C5a and sC5b-9 were reported to be elevated in
neuromyelitis optica indicating the activation of the MAC in the CNS
(Kuroda et al., 2013; Wang et al., 2014a). Serum antibody levels of
several complement components have also been reported to be
affected, with the suggestion that inhibiting the alternative pathway
of complement would be an effective therapeutic strategy (Nytrova
et al., 2014; Veszeli et al., 2014). Support for this concept has been
indicated by a small open label trial of eculizumab in which no re-
lapses were recorded over a 12-month period (Pittock et al., 2013).

8. Parkinson disease

Parkinson disease is the second most common neuro-
gedenerative disorder after AD. The etiology is unknown. It involves
progressive loss of substantia nigra neurons. This tiny area of brain
has only about 500,000 neurons. Motor symptoms do not develop
until at least two-thirds of these have been destroyed, so there is a
broad window of opportunity to intervene with effective thera-
peutic agents. Yamada et al. (1992) were the first to demonstrate
involvement of the complement system by demonstrating immu-
nohistochemically that extra neuronal Lewy bodies and dendritic
spheroid bodies were immunopositive for C3d, C4d, C7, and C9.
McGeer and McGeer (2004) then showed that there was a marked
elevation in the mRNA levels for complement in regions affected by
Parkinson disease. Depboylu et al. (2011) indicated a possible
involvement of C1q in the clearance of extracellular melanin.

9. Paroxysmal nocturnal hemoglobinemia

Paroxysmal nocturnal hemoglobinemia (PNH) was the first dis-
ease demonstrated to be linked to pathological complement activa-
tion. As described previously, Pillemer et al originally found that an
X-linked deficiency in properdinwas associated with the erythrocyte
vulnerability in PNH. However, the reason was not properly under-
stood until investigators discovered that PNH patients develop stem
cell clones in their marrow that have a deletion of GPI-anchored
proteins (GPI-APs; Takeda et al., 1993). Genetic studies have identi-
fied the cause to be somatic mutations in the gene phosphatidyli-
nositol glycan class A (Luzzatto, 2006). The gene encodes enzymes
catalyzing the first step of GPI-anchor-biosynthesis, inwhich there is
a transfer of N-acetylglucosamine to phosphatidylinositol in he-
matopoietic stem cells (Luzzatto, 2006). The proteins which fail to
become anchored, and are therefore non-functional, include decay
accelerating factor (DAF, CD55), an inhibitor alternative pathway C3
convertase, and protectin (CD59), an inhibitor of MAC formation. As
the PNH name implies, these episodes occur in paroxysms, usually at
night. The consequences are hemoglobinemia, hemoglobinuria, and,
much more seriously, thromboembolism. The reason for this latter
complication is unclear, but it is the major source of morbidity and
mortality. The peripheral blood of PNH patients is a variable mixture
of normal and mutated erythrocytes. The higher the proportion of
mutated erythrocytes, the greater the chance of a hemolytic episode
and a consequent thrombotic event (Moyo et al., 2004).

A breakthrough in treatment came with the development of
eculizumab (Soliris). It is a humanized monoclonal antibody which
binds to serum C5 (Kelly et al., 2011). Consequently, the MAC cannot
form on PNH erythrocytes. It was found to be a successful long-term
treatment for the disorder (Hillmen et al., 2006). PNHpatient survival
was found to be similar to an age- and sex-matched control group
who did not suffer from this disease (Kelly et al., 2011). This
compared with previous clinical experience where approximately
50% of the patients died as a result of the disease. Nevertheless, the
treatment is not totally effective since blockage at the C5 level is
unable to compensate for the earlier defect at the C3 convertase level.
This defect is caused by a failure of DAF to protect PNH erythrocytes.
New strategies have been proposed by Risitano (2013).

10. Rheumatoid arthritis

A plethora of papers have been published on the activation of
complement in rheumatoid arthritis. Only the most representative
of these are cited in this review. Ruddy et al. (1975) first drew
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attention to the phenomenon by reporting depressed synovial fluid
levels of properdin and factor B consistent with alternative pathway
activation. Perrin et al. (1977) then found an increase in the
breakdown products C3d, C4d, and Ba, confirming that the activa-
tion did occur. Morgan et al. (1988) recorded an increase in the
MAC, indicative of the destructive nature of this activation. Rus et al.
(1990) confirmed this finding by showing intense immunoreac-
tivity for C5b-9 in synovial membranes obtained during menis-
cectomy. Olmez et al. (1991) and Brodeur et al. (1991) also found
high levels of C3 activation products and the MAC in synovial fluid
of rheumatoid arthritic patients. Nakagawa et al. (1999) showed
that C1s was activated in the degenerating articular cartilage of
rheumatoid arthritic patients indicating that the classical pathway
was also involved. Wouters et al. (2006) measured C1q-C4 levels in
the plasma of active rheumatoid arthritis compared with inactive
cases. Active cases had considerably higher levels, suggesting these
indicators of classical complement activation might be used as
biomarkers. Okroj et al. (2007) provided a comprehensive summary
of the field.
11. Schizophrenia

Sekar et al. (2016) reported that variations in complement C4
affected the risk of schizophrenia. They found that alleles of C4
generated widely varying levels of C4A and C4B in brain, with high
C4A levels being particularly associated with schizophrenia.
12. Skin diseases: allergies, burns, pemphigus, psoriasis

Skin is the first and major method of distinguishing friend from
foe. It protects all the deeper layers of the body. It also differs from
other organs by continuously replacing itself. It is equipped with a
powerful immune system toward-off the ever present challenges of
the external environment. Complement is a vital component of that
immune protection. As with other organs, aberrant complement
activity can damage host skin. Therefore, agents that can appro-
priately inhibit aberrant complement activation will have impor-
tant therapeutic benefits in skin disorders where self-damage
occurs.

Pemphigus is one example. In this potentially fatal disorder,
there is an autoimmune attack against desmoglien, the adhesive
protein which forms the attachment of adjacent epidermal cells.
The classical and alternative pathways are both activated, with
consequent formation of the membrane attack complex (Kawana
et al., 1989).

Psoriasis is a common skin condition which is characterized by
an immune response. Rosenberg et al. (1990) first reported com-
plement activation in psoriasis. Takematsu and Tagami (1992)
found high levels of sC5b-9 in the stratum corneum of psoriatic
skin. This may result from a deficiency in psoriatic arthritic patients
of membrane-bound CD59, the protective agent against self-attack
by the MAC (Triolo et al., 2003).

Dermatitis herpetiformis is a condition which is characterized
by an extremely itchy rash. The lesions are characterized by de-
positions of IgA accompanied by C3, Factor P, and Factor B, indi-
cating activation of the alternative pathway of complement (Seah
et al., 1973). Dahl et al. (1985) found granular deposits of poly-
merized C9 at sites of IgA deposition in dermal papillae.

Burnwounds are characterized by persistent inflammation.Wan
et al. (1998) did a longitudinal study of complement components in
burn patients. They found sharp increases in C3d on or before day 7
with fluctuations in C3, C3d, and Factor Ba persisting for about a
year. Van de Goot et al. (2009) found C3d and C-reactive protein to
be elevated for at least 46 days after injury. These data indicate that
damage caused by persistent complement activation in burn pa-
tients could be ameliorated by complement inhibitors.

12.1. Traumatic brain injury

Stahel et al. (2001) measured sC5b-9 by ELISA in the ventricular
CSF of patients with severe traumatic brain injury for up to 10 days
after trauma. They found dramatically increased levels of the MAC.
They were up to 1800 fold higher than in control CSF. Bellander
et al. (2001) examined brain tissue that had been removed at
operation due to intractable intracranial hypertension after trau-
matic brain injury. The operations were performed 2e82 hours
after contusion. They found increased immunoreactivity for C1q,
C3b, C3d, and the MAC in the immediate vicinity of the penumbra.
They concluded that complement activation with formation of the
MAC was a mediator in the development of secondary brain dam-
age. These studies indicate that prompt administration of an
effective MAC inhibitor will have an important ameliorative effect
in traumatic brain injury. Brennan et al. (2012) have provided a
review of the field.

12.2. Uveitis

Vergani et al. (1986) initially found that C3d levels were found in
the plasma of 11 of 15 patients with idiopathic uveitis. They
concluded that the activation of complement, possibly triggered by
uveal deposition of immune complexes, played an important role in
the pathogenesis. Thompson et al. (2013) much later found an
association of factor H tyrosine 402 histidine genotype in sarcoid-
related uveitis. Wang et al. (2014b) then found a protective asso-
ciation between Factor I and uveitis in Chinese, depending on
gender and HLA-B27 status.

12.3. Approaches to therapy

Given the number of diseases where aberrant complement
activation is involved in the pathology, considerable effort to
develop new therapeutic agents should be expected. The success of
eculizumab in the treatment of PNH has spurred particular interest
in monoclonal antibodies. LFG316 (Novartis) and Mubodina (Adi-
enne) are competitors directed at inhibiting C5. Also under devel-
opment are a number of aptamers (binding ligands) to C5 such as
the SOMAmers of SomeLogic. TT30 (Alexion) is a fusion protein
directed at an earlier step in the alternative complement pathway
(Fridkis-Harell et al., 2011; Risitano et al., 2012). It recognizes hu-
man complement receptor type 2 (CR2/CD21). Compstatin, a cyclic
tridecapeptide, is a highly potent and selective C3 inhibitor. It is
thought to have considerable therapeutic potential, as do a number
of analogs that are in the various stages of development. Also there
are a number of aptamers against C3 that are being investigated
despite the failure of the Celldex candidate CDX-1135. A disadvan-
tage of C3 as a target is that C3 is by far the most abundant serum
complement protein, being several times higher than C5. Properdin
and Factors B and D are more promising targets (Formeris et al.,
2010). Their relatively low level of expression makes blocking a
less onerous challenge. Novelmed is developing a monoclonal
antibody against the N-terminus of properdin. SOMAmers is
developing SELEX, as an aptamer for Factor B.

Perhaps the most inviting target is Factor D because of its very
low serum concentration (Barnum et al., 1984). Roche is evaluating
lampalizumab, a monoclonal antibody, which binds to Factor D.
Aurin Biotech is developing the aurin tricarboxylic acid complex as
an orally available material which strongly binds to Factor D and C9
(Lee et al., 2012, 2013). These compounds are an indicator of the
intense activity that is taking place in this very promising field.
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13. Conclusions

Complement is the body’s first line of defense against foreign
invaders. It is an extremely sophisticated system, consisting of more
than 25 proteins that must work in concert to be effective. Despite
more than a century of investigative activity, there is still much to
be learned about the fundamentals of the system. During this
period, numerous diseases have been identified in which comple-
ment activation is the cause or is contributing to the pathology.
There is an urgent medical need to develop therapeutic agents that
can be effective in treating these conditions. Eculizumab, a mono-
clonal antibody against C5, is the only agent that has so far been
approved for use. It can be anticipated that this important field will
become much more active in the future.
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