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Abstract
The complement system serves many biologic functions, including the eradication of invasive
pathogens and the removal of damaged cells and immune-complexes. Uncontrolled complement
activation causes injury to host cells, however, so adequate regulation of the system is essential.
Control of the complement system is maintained by a group of cell surface and circulating proteins
referred to as complement regulatory proteins. The expression of the cell surface complement
regulatory proteins varies from tissue to tissue. Furthermore, specific cell types can up-regulate or
down-regulate the expression of these proteins in response to a variety of signals or insults.
Altered regulation of the complement regulatory proteins can have important effects on local
complement activation. In some circumstances this can be beneficial, such as in the setting of
certain infections. In other circumstances, however, this can be a cause of complement-mediated
injury of the tissue. A full understanding of the mechanisms by which the complement system is
modulated at the local level can have important implications for how we diagnose and treat a wide
range of inflammatory diseases.
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Introduction
The complement system is an ancient and integral part of the innate immune system.
Individuals with congenital deficiencies in proteins involved in complement activation are
susceptible to infections (1), highlighting the importance of this system in protecting the
host from pathogens. In contrast, congenital deficiency of complement regulatory proteins
renders hosts susceptible to several inflammatory diseases (2). These two extremes –
inadequate complement activation versus uncontrolled complement activation – delineate
the central task of the complement system. It must readily eliminate pathogens while
causing minimal injury to host cells.

Complement is activated by immunoglobulin, but it also has an intrinsic ability to
discriminate pathogens from healthy cells. Mannose binding lectin (MBL), for example,
binds to mannose groups displayed on the surface of some bacteria and activates the
complement system (3). The alternative pathway of complement is spontaneously activated
in the fluid phase and is amplified on surfaces that do not express complement regulatory
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proteins. The expression of proteins that control the complement system on host cells is
equally important to the expression of proteins that activate the system on pathogens.
Adequate regulation of the complement system on self-cells is thus a central component of
the system’s ability to discriminate self from pathogens.

Every cell on the body expresses complement regulatory proteins (2). Some of these
proteins are expressed on the cell membrane and some are soluble proteins that circulate in
plasma. The complement regulatory proteins can act at different points in the complement
cascade (Figure 1). The repertoire of complement regulatory proteins expressed on different
tissues is also distinct. This may be due to the inflammatory challenges that each tissue has
evolved to handle. It is notable that systemic defects in the complement regulatory proteins
are associated with tissue specific diseases, demonstrating that some tissue types are more
dependent than others on protection by a given complement regulatory protein. A number of
different studies have also revealed that the expression of complement regulatory proteins
by some tissues is dynamic. The expression levels can be increased or decreased in response
to certain stressors or signals.

One important consequence of this is that tissues can modulate local activation of the
complement system through alterations in the density of complement regulatory proteins.
Some of the complement regulatory proteins have other functions too, however, so altered
expression of complement regulatory proteins may have effects outside of the complement
system. Complement regulatory proteins are involved in cell signaling, they can function as
portals of entry into cells by viruses, they affect neutrophil migration, and they influence
thymic development. Although more studies are needed in order to fully understand the
causes and consequences of altered expression of complement regulatory proteins, the work
done to date suggests that this is an important mechanism whereby cells may foster or
suppress local inflammation.

Complement regulatory proteins
Several soluble and cell bound complement regulatory proteins are expressed throughout the
body (Table 1) (2). The expression pattern of the different complement regulatory proteins
varies from tissue to tissue (4-6). This, by itself, indicates that control of the complement
system is not simply a binary problem of distinguishing self from non-self. In other words,
the repertoire of complement regulatory proteins expressed at various anatomical locations
may confer different resistance to complement activating stimuli. Endothelial cells, for
example, are in continual contact with high levels of circulating complement proteins.
Endothelial cells express multiple complement regulatory proteins including membrane
cofactor protein (MCP or CD46), decay accelerating factor (DAF or CD55), complement
receptor 1 (CR1), and CD59, and factor H interacts with the endothelial cell surface to
provide further surface regulation (7, 8).

The complement regulatory proteins restrict complement activation at several stages of the
complement cascade and through several biochemical effects (2). Consequently, the
different complement regulatory proteins may limit the production of some activation
fragments while permitting generation of others. Cells expressing surface CD59 may resist
lysis by the membrane attack complex (MAC), for example, but may be readily opsonized
with C3b (Figure 1). It is worth noting that factor H, although generated as a soluble protein,
is believed to protect cells by binding to the cell surface (9, 10). Although the current work
focuses on regulated expression of cell surface complement regulatory proteins, the
interaction of circulating complement regulatory proteins such as factor H with cells may
also be altered by changes in the cell surface.
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Congenital deficiency of complement regulatory proteins predisposes to
inflammatory injury of specific tissues

Complement activation in the fluid phase is continuous and spontaneous. Consequently, all
cells in the body must adequately control complement activation on the cell surface in order
to prevent nucleation of pathogenic complement activation. Several diseases are associated
with mutations in complement regulatory proteins, highlighting the importance of adequate
control of this system. One example of such a disease is paroxysmal nocturnal
hemoglobinuria (PNH). In this disease, mutations in the gene for phosphatidylinositol
glycan-complementation class A (PIGA) prevent the linkage of DAF and CD59 to cell
surfaces (11). Although this defect also prevents DAF and CD59 expression on other cell
types, the disease primarily manifests as lysis of erythrocytes. Furthermore, erythrocyte lysis
increases during periods of systemic stress caused by infection, surgery, or alcohol intake,
strenuous exercise, or other conditions that increase the state of complement activation (12).
The episodic and inducible nature of this disease demonstrates that the requirement of
complement regulation on the cell surface is dynamic and varies from tissue to tissue.

Mutations and polymorphisms in factor H are associated with several diseases, including
dense deposit disease (a rare form of glomerulonephritis), atypical hemolytic uremic
syndrome (another rare form of renal disease), and age-related macular degeneration (AMD)
(13). Like PNH, dense deposit disease and atypical hemolytic uremic syndrome are episodic.
It is also notable that these systemic defects in complement regulation cause focal
inflammation in specific target organs. These findings suggest that when the body is faced
by transient stresses, some tissues will be more reliant upon particular complement
regulatory proteins than others.

Expression of complement regulatory proteins by cancer cells
Immune surveillance is an important mechanism by which the body eliminates cancer cells.
Complement activation has been detected in several different types of cancer, suggesting
that the complement system is engaged within the tumor microenvironment. Many types of
cancer express complement regulatory proteins (14, 15), and over-expression of complement
regulatory proteins by cancer cells is associated with greater invasiveness (16). The
expression of complement regulatory proteins is a logical mechanism by which cancer cells
may evade elimination by the complement system. In addition to controlling endogenous
complement activation within the tumor, high expression of complement regulatory proteins
may confer resistance against antibody-mediated anti-tumor therapies. Consequently,
investigators have sought methods of inactivating complement regulatory proteins as a
means of sensitizing tumors to antibody-mediated therapies (17-19).

Although activation of the complement system within tumors may be cytotoxic to the cancer
cells and may facilitate an immune response against tumor, there is also evidence that
complement activation fragments promote tumor growth (20). C5a, one of the fragments, is
believed to suppress the anti-tumor T cell response. In this light, complement activation
within the tumor may not simply have an anti-tumor effect but may also alter local immune
activation to the advantage of tumor growth.

Complement regulatory protein expression is down-regulated on infected
cells

Complement regulatory proteins can serve as receptors for various infectious organisms.
MCP, for example, is a receptor for a large variety of intracellular pathogens including
Measles virus, Herpes virus, and Neisseria species (21). DAF is also a ligand for some
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viruses and for E. coli (22). Complement regulatory proteins are down-regulated in several
different cell types in response to infection. Hepatitis B lowers CD59 levels in the liver (23),
and the expression of complement regulatory proteins on the surface of hepatocytes
decreases after infection with vaccinia virus (24). MCP on the surface of cervical epithelial
cells can serve as a receptor for piliated neisseria. After exposure of cervical epithelial cells
to piliated neisseria the surface levels of MCP are actively reduced through shedding of the
protein (25). Exposure of the cells to non-piliated neisseria, however, does not cause
shedding of surface MCP. Reduced expression of the complement regulatory proteins may
limit the spread of infection by fostering local complement activation, but this may also
contribute to inflammatory injury of the tissue. complement regulatory protein expression
can increase on some cell types during infection. CD59 and MCP are increased in T cells
infected by Herpes virus 7, for example, potentially helping the virus to evade the immune
system (26).

Complement regulatory protein expression is down-regulated on apoptotic
cells

In addition to opsonizing pathogens and facilitating their eradication, the complement
system also aids in the clearance of injured cells host cells (27). This is evident in C1q-
deficient mice, where there is an increase in prevalent apoptotic cells (28). For complement
to be selectively activated on apoptotic cells, the surface expression of some complement
regulatory proteins on these cells decreases relative to expression in healthy cells. In a
detailed series of experiments, Elward et al. demonstrated that surface expression of MCP is
down-regulated on apoptotic cells (29). The decrease in MCP expression was associated
with increased complement activation when the cells were exposed to serum.

Apoptotic cells induce less inflammation than necrotic cells, and some complement
regulation on apoptotic cells is necessary. Otherwise, uncontrolled complement activation
would cause apoptotic cells to become necrotic, generate anaphylatoxins, attract
inflammatory cells, and injure bystander cells. In order to opsonize apoptotic cells with C3
but limit the insertion MAC into the cells, regulators of early complement regulation are
reduced while CD59 (a regulator of MAC formation) persists (29). Soluble factors also bind
to the cells to limit the terminal stages of complement activation. C-reactive protein, for
example, simultaneously augments classical pathway activation on the apoptotic cell surface
while restricting alternative pathway amplification (30). This protein-cell interaction causes
deposition of C3 fragments on the cell surface and increased phagocytosis of the apoptotic
cells by macrophages. Binding of C-reactive protein to the cells, however, does not trigger
complement-mediated cell lysis. Concurrent regulation of alternative pathway activation by
C-reactive protein is achieved through its interactions with factor H which limits
complement deposition to the level of C3 (30). C-reactive protein does not have these effects
on necrotic cells. Regarded together, these findings indicate that reduced expression of
complement regulatory proteins on apoptotic cells permits complement activation on the cell
surface and aids in their clearance. This is a tightly regulated process, however, that permits
the complement system to discriminate between healthy, apoptotic, and necrotic cells.

Altered complement regulatory proteins expression by viable cells
modulates local complement activation

The above discussion considers examples of decreased complement regulation on altered
cells. Viable, untransformed cells may also alter surface expression of complement
regulatory proteins. Active modulation of complement inhibition on the cell surface may be
an adaptive response to various environmental challenges. By increasing complement
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regulation the cells may protect themselves from bystander injury. By decreasing
complement regulation the cells may foster a local environment better suited for the
elimination of pathogens or damaged tissue and debris.

Kidney
It has been known for decades that immune-complex glomerulonephritis is characterized by
glomerular complement activation. The recent association of some renal diseases with
mutations in complement regulatory proteins has rekindled interest in how the complement
system is regulated within the kidney. DAF, MCP, CR1, and CD59 are all expressed within
the glomeruli of normal kidneys (Figure 2) (31-33), suggesting that the function of these
proteins is overwhelmed or somehow impeded during the development of
glomerulonephritis.

In normal kidneys, DAF expression is concentrated in the vascular pole of the juxta-
glomerular apparatus (31). DAF expression at this location is decreased in patients with
some types of renal diseases, however, including hemolytic uremic syndrome, lupus
nephritis, and interstitial nephritis. Conversely, DAF expression is increased in the
mesangium, tubulointerstitium, and vasculature of patients with renal disease, and DAF
expression at these locations correlates with the presence of tissue C3. One exception to this
finding is lupus nephritis. Almost all of the lupus patients in this study demonstrated
glomerular C3 but had persistently low level of mesangial DAF expression (31). DAF
expression on mesangial cells in culture increases after complement from serum is activated
on the cell surface, indicating that mesangial cells can actively modulate surface expression
of DAF in response to complement activation (34).

Like DAF, MCP is heavily expressed in the juxtaglomerular apparatus of normal kidneys,
but it is also detected in the glomerular capillaries and tubulointerstitial arterioles, the
mesangium, the podocytes, and the tubules (33, 35). MCP expression in the mesangium and
glomerular capillaries is increased in several renal diseases, including membranous disease,
lupus nephritis, and membranoproliferative glomerulonephritis (32). As was seen with DAF,
the increase in MCP expression corresponded to increased deposition of C3 within
glomeruli. Mesangial cells in culture express MCP at baseline (34). Unlike what is seen with
DAF, however, complement activation on the mesangial cell surface does not change MCP
levels (34).

CD59 is expressed by all of the resident glomerular cell types. Mesangial cells increase the
expression of CD59 in response to complement activation, an effect that appears to require
MAC formation. Increased CD59 expression has been observed in patients with lupus
nephritis (36). Alternatively, the levels of CD59 are decreased in some patients with
membranous nephropathy, and shed CD59 has been detected in the urine of these patients
(37). CR1 expression in the kidney is limited to the podocytes, and several diseases
characterized by podocyte injury are associated with decreased CR1 expression at this
location (37).

In rodent kidneys Crry (a homologue of human MCP and DAF) is the only complement
regulatory protein expressed on the tubular epithelial cells, and its expression is polarized to
the basolateral surface of the cells (38). The polarized expression of Crry is lost in hypoxic
cells, permitting alternative pathway complement activation on the basolateral surface of the
tubules. Complement activation on the hypoxic tubules promotes further inflammation and
tissue injury. When tubular epithelial cells in culture were made hypoxic the overall level of
surface Crry also decreased (unpublished results). Oxidative stress, on the other hand, did
not alter the surface levels of Crry (39). Antibody mediated neutralization of Crry in rat
kidneys resulted in C3 activation in the glomeruli, tubules, and peri-vascular capillaries,
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further demonstrating the critical role that this complement regulatory protein plays in the
rodent kidney (40).

Eye
Age related macular degeneration is associated with polymorphisms in factor H and factor
B, suggesting that impaired control of the alternative pathway contributes to injury in this
disease (41, 42). Patients with dense deposit disease may also develop retinal lesions similar
to those seen in AMD, further supporting a link between impaired complement activation
and injury of the retina. The polymorphisms in factor H associated with AMD are located in
regions of the protein that mediate surface binding, suggesting that it is deficient
complement regulation by factor H on retinal surfaces that predisposes to disease (42).
Protection of retinal epithelial cells in culture appears to be lost when the cells are subjected
to oxidative stress, indicating that alterations in the cell surface can reduce complement
regulation by factor H (43).

Retinal epithelial cells express MCP, DAF, and CD59. In rodents, Crry is expressed instead
of MCP. In a study in rats, the intra-ocular injection of inhibitory antibodies to Crry caused
the development of severe anterior uveitus, demonstrating that adequate complement
regulation in the eye is necessary to prevent injury (44). The levels of the complement
regulatory proteins expressed on retinal epithelial cells decreases when the cells are
subjected to oxidative stress, increasing the degree of complement activation seen when the
cells are subsequently exposed to serum (43). These finding indicate that environmental
insults may decrease local complement regulation by the retinal epithelial cell layer and
contribute to chronic retinal injury.

The complement system also plays a pathogenic role in other models of eye disease,
including experimental autoimmune uveoretinitis (EAU) (45, 46) and experimental
autoimmune anterior uveitis (EAAU) (47). Mice that are deficient in DAF develop more
severe EAU than wild-type mice, demonstrating that endogenous DAF limits disease (48).
The administration of additional soluble DAF protects mice from EAU, however, indicating
that the endogenous levels are inadequate to fully prevent injury. When EAAU was induced
in Lewis rats, it was found that the expression of Crry and CD59 in the eyes increased (49).
The suppression of Crry and/or CD59 expression exacerbated the disease, demonstrating
that increased expression of these complement regulatory proteins is an adaptive, protective
response. Complement depleted rats are protected in this model (47), indicating that even the
increased expression of Crry and CD59 is insufficient to fully prevent complement mediated
injury.

Liver
Many of the complement proteins are primarily synthesized in the liver, so resident liver
cells must tolerate high local concentrations of complement proteins. Expression of the
complement regulatory proteins varies among the different cell types (50, 51). Intra-hepatic
complement activation during transplantation is associated with hepatocellular injury,
although this does not appear to be due to altered complement regulatory protein expression
in response to ischemia (50, 52). As mentioned above, however, complement regulatory
protein levels in the liver do decrease in response to certain viral infections, sensitizing the
cells to complement mediated injury (23). In vitro experiments demonstrate that the addition
of complement sufficient serum slows viral spread during infection of hepatic cells,
suggesting increased complement on the cells may have a salutary effect. (24). Alcohol also
causes decreased expression of complement regulatory proteins within the liver and is
associated with intra-hepatic complement activation. With aseptic insults such as alcohol
this complement-activating response may be maladaptive and increase tissue injury.
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Complement activation fragments have also been shown to aid in liver cell survival,
however, and they may be important for liver regeneration (53). Altered local regulation of
the complement system may, therefore, be an important method by which the liver initiates
recovery after both infectious and aseptic insults.

Brain
Complement activation has been observed in several neurologic diseases, including
Alzheimer’s disease, multiple sclerosis and stroke (54). There is not a clear relationship
between alterations in complement regulatory protein expression and these neurologic
diseases. For example there have been conflicting reports regarding the expression of CD59
in the brains of patients with Alzheimer’s disease (55, 56). Expression of the complement
regulatory proteins is decreased in a model of multiple sclerosis (57), and appears to be
increased in the brains of patients with Huntington’s disease (58). Bacterial meningitis is
associated with increased expression of CD55 and CD59 (59). On the other hand, CD59
expression was decreased in the brains of two patients with diabetic ketoacidosis who died
of cerebral edema (60). Interestingly, injury can also cause down-regulation of factor H
expression by neural cells (61). Although most factor H is generated by the liver and arrives
to cells via the circulation, it is possible that changes in the production of this protein by
tissues could affect local complement regulation, particularly in privileged tissues such as
the brain. Thus, although the physiologic effect of altered complement regulatory protein
expression in these diseases is not yet clear, there does appear to be dynamic regulation of
the complement system within the brain.

Hematopoietic cells
complement regulatory protein expression on hematopoietic cells has been shown to change
in several clinical settings. For example, recent work has shown that expression of DAF by
T cells can be regulated. The production of complement proteins by T cells and antigen
presenting cells is believed to increase the T cell response to antigen (61). Concurrent with
the release of activating proteins such as C3 and factor B, the T cells decrease surface DAF
expression (62). This response likely potentiates local complement activation and increases
its effect on T cell activation.

In addition to regulating complement, CR1 expressed on erythrocytes is critical for
clearance of immune complexes. Erythrocyte CR1 is decreased in several diseases
associated with high levels of circulating immune complexes, including systemic lupus
erythematosus (63), rheumatoid arthritis (64), and pulmonary tuberculosis (65). Decreased
CR1 may be due to consumption of the protein during immune-complex clearance.
Consequently, low levels may be an indicator of effective immune-complex clearance rather
than a cause of immune-complex disease (66).

Cardiovascular system
The complement system is activated in the ischemic myocardium. The expression of CD59
is decreased in ischemic human myocardium compared to normal tissue, possibly due to
shedding of the protein (67). The loss of CD59 is associated with increased MAC
deposition, suggesting that decreased CD59 expression permits increased MAC formation
within the tissue. Statins increase the expression of DAF on endothelial cells in vitro, and it
has been proposed that this may be a mechanism by which this class of drugs protects
against inflammatory injury (68).
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Implications for therapy
As highlighted by the above discussion, many tissues are capable of altering the local
expression of complement regulatory proteins. Decreased complement regulation by tissues
can contribute to autologous injury by the complement system, but it can also have
beneficial effects. Increased complement activation may help eradicate infection, may
increase the adaptive immune response, and complement activation products may foster
protection and regeneration of organs such as the liver. Although the complement proteins
circulate at high concentrations, the effects of complement activation are typically localized.
The altered expression of complement regulatory proteins by tissues is, therefore, an
important mechanism by which the complement system can be turned on or off in a tissue-
specific fashion.

Given the localized effects of complement activation in many diseases, therapies to
modulate complement activation – i.e. to either increase or decrease its effects – may work
best when they can be delivered locally. Several strategies have been employed in recent
years to achieve local complement regulation. One complement inhibitor is comprised of the
complement regulatory region of CR1 linked to a membrane-binding moiety (69). When rat
kidneys were perfused with this agent it bound to endothelial cells and tubules, and
protected the kidneys from injury during reperfusion. Another effective targeting strategy is
to link the iC3b/C3d binding region of CR2 to a complement regulatory protein (70-73).
These agents deliver the complement inhibitor to sites of complement activation and may
carry less risk of infection than untargeted agents (71). Antibodies to renal-specific antigens
have also been used to deliver complement inhibitors to the kidney in a rat model of renal
disease (74).

Conclusions
The local tissue expression of complement regulatory proteins is altered in many different
diseases. These alterations in complement regulatory protein expression can cause a variety
of different physiologic consequences, including autologous injury of host cells by the
complement system itself. Indeed, all complement-mediated injury can be regarded, in one
sense, as inadequate local complement regulation. A better understanding of the mechanisms
by which various tissues regulate the complement system at the local level will improve our
understanding of disease pathogenesis, and may lead to the development of improved
therapies. Numerous agents have been developed to prevent complement mediated injury
(75), and one of these agents, eculizumab, has recently entered clinical use (76). Tissue-
targeted complement inhibitors may be able to restore control of the complement system
specifically to the tissue sites where this control has been lost. Such agents may reverse the
causes of inflammatory tissue injury while minimizing the systemic side-effects of
complement inhibition.

Abbreviations

AMD age-related macular degeneration

CR1 complement receptor 1

DAF decay accelerating factor

EAAU experimental autoimmune anterior uveitis

EAU experimental autoimmune uveoretinitis

MBL mannose binding lectin

Thurman and Renner Page 8

Lab Invest. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MAC membrane attack complex

MCP membrane cofactor protein

PNH paroxysmal nocturnal hemoglobinuria

PIGA phosphatidylinositol glycan-complementation class A
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Figure 1. Regulation of complement activation
Three complement activation pathways - the classical, mannose binding lectin and
alternative pathways - can form C3 convertases. Cleavage of C3 then enables formation of
C5 convertases, which ultimately generate the membrane attack complex. The complement
regulatory proteins (in boxes) block this cascade at several steps.
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Figure 2. Expression of complement regulatory proteins in the kidney
Even within a single organ, different cell types will express a different repertoire of
complement regulatory proteins. Within the kidney, the expression of different complement
regulatory proteins is increased or decreased in various diseases. The localization to
different structures within the kidney is also altered (see text for greater detail). Crry
expression in the kidneys of rodents is similar to that of MCP in humans. We have
categorized them as having the same pattern of expression, although this has not be
rigorously examined.
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Table 1
Complement regulatory proteins

Membrane Bound
Complement Inhibitor Mechanism of action

CR1 (CD35) Cofactor for factor I mediated cleavage of C3b
and C4b; accelerates decay of the C3 and C5
convertases.

CRIg Binds Beta chain of C3b and inhibits
alternative pathway C3 and C5 convertases.

Membrane cofactor protein
(MCP; CD46)

Cofactor for factor I mediated cleavage of C3b
and C4b.

Decay accelerating factor
(DAF; CD55)

Accelerates the decay of C3 convertase.

CD59 Prevents formation of the membrane attack
complex.

Crry (rodent only) Cofactor for factor I mediated cleavage of C3b
and C4b; accelerates the decay of the C3
convertases.

Factor I Soluble protein that mediates inactivating
cleavage of C3b and C4b.

Factor H Soluble protein that can interact with host cell
surfaces and inhibit alternative pathway C3
convertase. Factor H accelerates the decay of
C3 convertase and also serves as a cofactor for
factor I mediated cleavage of C3b.
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