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Vaccinia virus complement control protein (VCP) was one of the first viral molecules demonstrated to have a
role in blocking complement and hence in the evasion of host defense. Structurally it is very similar to the
human C4b-BP and the other members of complement control protein. Functionally it is most similar to the CR1
protein. VCP blocks both major pathways of complement activation. The crystal structure of VCP was deter-
mined a little over a year ago and it is the only known structure of an intact and complete complement control
protein. In addition to binding complement, VCP also binds to heparin. These two binding abilities can take
place simultaneously and contribute to its many function and to its potential use in several inflammatory
diseases, e.g. Alzheimer’'s disease (AD), CNS injury, xenotransplantation, etc. making it a truly fascinating

molecule and potential drug.
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1. Introduction

The pathogen-host interaction is a dynamic phenomenon
which involves generation of defense mechanism by host
and its evasion by the pathogen. The success of pathogen
and host in the course of evolution depends on the suc-
cess in their respective roles. Because of this dynamic
interaction, the vertebrate host develops complex immune
system-specific as well as non-specific. In response to the
complex immune system, the pathogens develop different
mechanisms to evade host immunity. Viruses are particu-
larly very efficient in evading host immunity (Tortorella
et al 2000). Diverse array of pathways and molecular
targets are used by viruses to evade immune detection
and destruction. They do so in many ways using different
strategies. One of the used strategies is rapid mutation of
genes encoding structural components of the virion that
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are targets of specific immunity. RNA viruses usualy
employ this strategy. Another evasion strategy is piracy
of immune-response genes from the host —a characteri-
stic feature of DNA viruses (Haig 2001). The virus presu-
mably acquires the DNA encoding the protein from the
host and, over an evolutionary period, manipulates the
DNA to retain only the most essential domain.

Poxviruses are complex group of highly successful
pathogens that infect vertebrates and insects (Moss
1996). They are cytoplasmic, double stranded DNA
viruses, which do not undergo a latent stage but instead
express an array of viral proteins to evade host-immune
response. Poxviruses belonging to different genera employ
different immune evasion strategies by expressing dif-
ferent evasion proteins. Some of representative immune
evasion proteins are indicated in figure 1. Viral expres-
sion of this wide array of proteins suggests that the genes
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Abbreviations used: AD, Alzheimer’s disease; BP, binding protein; CP, complement protein; CR1, complement receptor 1; DAF,
decay accelerating factor; FGF, fibroblast growth factors; MCP, membrane cofactor protein; SCRs, short consensus repeats; VCP,

vaccinia virus complement control protein.
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Figure 1. Some of the proteins encoded by poxviruses to evade the host immune system. Molecular mimicry of cytokines and
cytokine receptors is a common immune evasion strategy adopted by large DNA viruses like poxviruses. Poxviruses encode soluble
proteins that are secreted from infected cells and function as soluble IFNg receptor (IFNgR) which blocks IFN-g activity. Poxviruses
express four VTNFRs, which have different properties. These VTNFRs are produced at different times during infection, and have
different specificities for TNF. The orthopoxvirus cowpox virus (CPV) encodes three VTNFRs: cytokine response modifier B
(CrmB), CrmC, and CrmD. Poxviruses also secrete homologs of humoral immune regulators, such as the viral IL-10 and vascular
endothelial growth factor, encoded by orf virus, and the viral CC chemokine, encoded by Molluscum contagiosum virus. The serpin
CrmA (cytokine response modifier A) is expressed order to avoid inflammatory and apoptotic responses of infected host cells.
Some viruses produce cytokine homologs called virokines. Myxoma viral growth factor (MGF) is homologs of epidermal growth
factor/transforming growth factor a (EGF/TGF-a). Such factors stimulate virus transformed cell growth. Molluscum contagiosum
encodes three proteins, MC51L, MC53L, and MC54L which are identical to human interleukin-18 binding protein (hIL-18BP), a
naturally occurring antagonist of the proinflammatory cytokine I1L-18. Another strategy used by poxviruses is via virus-encoded
chemokine homologs (vCks) and virus-encoded chemokine-binding proteins (vCkBPs). The vCkBPs are vira chemokine-
modulators and function as chemokine scavengers. The pathogenic poxviruses encode for a complement control protein. The vac-
cinia virus complement control protein or VCP was one of the first soluble microbial proteins postulated to have an active role in
the immunomodulation of the host defense.
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encoding these proteins were acquired during the course
of poxvirus host-adaptation (Senkevich et al 1996). The
host immune-evading proteins include soluble cytokine
receptors or binding proteins for tumour necrosis factor
(TNF), interleukin-1b (IL-1b), alpha/beta interferon IFN-
a/b, IFN-g (Mossman et al 1995; Alcami et al 2000), CC
chemokines, IL-18, and granulocyte and monocyte colony-
stimulating factor and IL-2 (Nash et al 1999; Smith et al
1997). Poxviruses also secrete homologs of humoral
immune regulators, such as the viral IL-10 and vascular
endothelial growth factor, encoded by orf virus, and the
viral CC chemokine, encoded by Molluscum contagiosum
virus (Lalani et al 2000).

The best example, and one of the first to be documented,
for a viral immune-evasion protein, is the vaccinia virus
major secretory protein (Kotwal and Moss 1988). This
protein is referred to as the vaccinia virus complement
control protein (VCP) because of its structural similarity
to the family of complement control proteins. Comple-
ment system consist of more than 20 plasma and mem-
brane proteins that operate in a sequential manner to elimi-
nate invading microorganism (Reid 1995). The comple-
ment system is divided into classical and alternative
pathway, both leading to the formation of a common
membrane attack complex (MAC) (Muller 1988; Frank
and Fries 1989). Peptides produced by the activation of
complement cascade stimulates host immune system by
different mechanisms. Two of the small peptides-C3a and
C5a, which are cleaved from C3 and C5, act as anaphy-
lotoxins which lead to production of reactive oxygen
intermediates through respiratory burst in neutrophils and
macrophages. Complement components also promote
phagocytosis by opsonizing immune complexes. The
eukaryotic proteins that regulate complement activation
include one receptor and four inhibitors — complement
receptor 1 (CR1), factor H, C4b binding protein (C4b-
BP), membrane cofactor protein (MCP) and decay accel-
erating factor (DAF) (Holers et al 1985).

2. VCP blocks complement pathway

VCP is a secreted product of vaccinia virus gene C21L
(the 21st open reading frame starting from the left end of
the Hindlll ¢ fragment of the genome (Earl and Moss
1989). It contains four short consensus repeats that are
most similar in sequence (38% identity) to the first four
repeats of C4b-BP (Kotwal and Moss 1988, 1989), one of
the inhibitors of classical complement pathway (Barnum
1991). Infected cells secrete VCP after cleavage of signal
peptide and can inhibit the classical as well as alternate
complement pathway. VCP blocks complement pathway
by binding to the third and fourth complement compo-
nents and by blocking the formation of the C3-con-

L

vertase, as well as by accelerating the decay of the
convertase (Kotwal et al 1990; McKenzie et al 1992). In
addition, VCP has been shown to cleave C3b, in the pres-
ence of factor I, to iC3b (Sahu et al 1999).

3. VCPissimilar toCR1

VCP is a 35 kDa protein which is made up of 243 amino
acid residues. Structurally VCP consists of four short
consensus repeats (SCRs) which bear 38%, 35%, 31%
amino acid identity to C4b-BP, MCP, and DAF, respec-
tively (Earl and Moss 1989; Kotwal et al 1990). The amino
acid sequence of VCP is consistent with the presence of
complement protein (CP) modules, also called SCRs.
These CP modules are found in mammalian proteins
called the regulators of complement activation (RCA)
proteins (Reid et al 1995). Studies with deletion mutants
have shown that VCP, like CR1, requires all four of its
SCRs to bind C3b. The NMR solution structure of VCP
has revealed that modules form discreet compactly folded
modules, which are joined end to end, forming a fairly
rigid rod-like structure (Kirkitadze et al 1999; Wiles et al
1997). These four domains of VCP show similarities with
modules 1-4, modules 8-11 and modules 15-18 of CR1.
These regions of CR1 recognize and bind to complement
proteins C3b and C4b. So although VCP is structurally
more similar to C4bp but its functional profile is more
similar to CR1.

Crystal structure of VCP and its relationship to its
function has been extensively studied by Murthy et al
(2001). Module 1 and 4 are highly positively charged and
module 2 and 3 carry a net negative charge. Studies indi-
cate that interaction of positively charged regions of
complement regulators CR1 (Krych et al 1998), CR2
(Prodinger et al 1998), C4b-BP (Blom et al 1999) and f
(H) (Soames et al 1996) with negatively charged regions
on C3/C4 is a mgor contribution to their interaction.
Therefore the charge distribution on VCP molecule indi-
cates that an ionic interaction with C3 may take place
through either module 1 and 2 or module 4. But it has
been shown that the truncated VCP which is without
module 1 does not inhibit complement, indicating that
this module is essential for interaction of VCP with C3b
(Smith et al 2000).

4. VCP has heparin-binding ability

Apart from complement regulation, VCP share another
common property with other complement regulators-
MCP, DAF and CR1. This common property is cell-
surface association, although the mechanism of surface
association is different. VCP has a strong heparin-
binding ability. It has two heparin-binding sites on
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modules 1 and 4, respectively (Reynolds et al 2000;
Smith et al 2000). As stated before, VCP is an extended
molecule. Involvement of regions of module 1 in hepa-
rin-binding and complement inhibition in VCP indicates
that heparin-binding function of module 4 is probably
more important in cell-surface association. Murthy et al
(2001) reported that there is a significant resemblance
between the model for VCP interaction with heparin and
that for the fibroblast growth factors (FGF). It is
noteworthy that FGF is unrelated to VCP. This resem-
blance of VCP with unrelated proteins like FGF impli-
cates possibilities of wide applicability of heparin-VCP
interaction. Many small chemo-attractant cytokines also
possess heparin-binding ability. These chemokines bind
to heparin along endothelial walls and regulate the locali-
zation and migration of leukocytes into the tissue (Lalani
and McFadden 1997). So it can be expected that dueto its
heparin-binding ability, VCP can bind to heparin on endo-
thelial cells and block the attachment of these small
chemokine. This way VCP potentially can prevent |euko-
cyte localization and migration. Indeed VCP has been
shown to be taken up in a mixed mast/endothelial cell
culture and that VCP reduces chemotactic migration
of monocytes in the presence or absence of chemokine
MIP la (Reynolds et al 2000).

5. VCP helpsvirusto evade the host
immune system

Viral invasion leads to activation of complement, in the
presence or absence of Abs. Activation of complement
can lead to neutralization of viruses, phagocytosis of
complement coated viral particles, lysis of viral infected
cells and inflammation. The vaccinia virus through evo-
lution has developed an efficient strategy to escape neu-
tralization by host immune system (figure 2). The
ability of virus to secrete VCP interferes with comple-
ment attack and provides a mechanism for resistance of
vaccinia virus to host immunity. VCP can prevent anti-
body-dependent enhance neutralization of vaccinia virus
mediated by complement (Issacs et al 1992). It binds to
both C4b and C3b, which give it ability to regulate both
pathways of complement. The presence of VCP in the
membrane of vaccinia virus or virus-infected cells pro-
vides a second line of defense for the virus. The impor-
tance of VCP for the viral virulence is evident from the
finding that deletion of the gene encoding VCP results in
significant attenuation of virus pathogenecity (Issacs et al
1992). In addition, VCP reduces levels of C3a, C4a and
C5a, which are proinflammatory chemotactic factors,
resulting in reduced cellular influx and inflammation.
VCP secretion may be advantageous for the virus in
another way. The ability of VCP to block attachment of
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chemokine may prevent leukocyte localization and
migration. As stated earlier it has been shown that VCP
inhibits migration of monocytes through blood vessels to
the site of infection.

NK cells are significant effector components of the
innate immune system, which aid in the initial defense
against viral infection both via direct cellular cytotoxicity
and by the production of inflammatory cytokines. VCP
inhibits the NK mediated killing of the cells (Al-Mohanna
et al 2001). So VCP may act as the strongest protector of
the viral infected cells from the host immune system.

6. Applications of VCP as a therapeutic agent

Because of the above mentioned properties VCP has
strong potential as a therapeutic agent. Its smaller size as
compared to other complement modulating proteins and
its physically robust characteristics (Smith et al 2000)
makes VCP a better candidate for therapeutic purposes.
As stated earlier, VCP has close resemblance to the host
proteins (C4bBP, MCP and DAF) which means that it
will not be immunogenic and very little antibodies will
be formed against it. The heparin-binding ability increa-
ses the effectiveness of VCP as an agent for treatment of
diseases involving complement system. For a protein to
be a good candidate for therapeutic agent, it is expected
that the protein should be released over a period so that
itsin vivo retention time is high. VCP is taken up by mast
cell granules, which could be then taken up by endothe-
lial cells (Reynolds et al 2000). Because of this uptake,
VCP can be released over a longer period, which will
result in sustained inhibition of complement activity in
vivo. It has been demonstrated that VCP could have a
possible application treatment of Alzheimer's disease
(AD) (Daly and Kotwal 1998). The b-amyloid protein, a
neurotoxic peptide implicated in the pathogenesis of AD
(Yan et al 1997), activates both classical and alternative
complement pathways VCP has been shown to block
complement activation by the b-amyloid protein.

Using a zymosan-induced mouse model of multiple
organ dysfunction syndrome (MODS) (Mahesh et al
1999), it has been shown that MIP-1a and C5 play a
critical role in modulating cellular changes associated
with lethality in a zymosan model of MODS. As stated
earlier, VCP can inhibit complement as well as chemo-
tactic migration of monocytes in the presence or absence
of MIP 1a, which opens the prospect of VCP being used
as a therapeutic agent for MODS. The role of VCP to
reduce the damage to the neuronal tissue in the case of
both brain and spinal cord injury has also been studied.
The lateral fluid-percussion (FP) model of head injury
in rats leads to an intense local inflammatory reaction
and subsequent tissue destruction, which is mediated by
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activation of complement system (Keeling et al 2000).
Therefore VCP could reduce this damage by blocking the
complement activation. VCP, through its heparin-binding
ability, can cover the tissue and stop the formation of
MAC on cell membrane by already activated complement
components. Another promising application of VCP would

be in xenotransplantation. Humans, have high levels of
pre-existing naturally circulating antibodies XNA that
predominantly recognize the epitope Gal (1,3-Gal) on
the surface of cells of the donor’s tissue. These anti-
bodies deposit on the endothelial cell surface of xeno-
grafts and lead to activation of the classical pathway of the

VCP

(15) Influx dueto

chemokines

Proinflammatory Non-specific binding Y

signals Y
. NK cells

O ... Chemokines

Figure 2. Role of VCPin vira host evasion. The virus attaches to the cells (1) and penetrates the cell membrane with the release
of core into the cytoplasm (2). Early mRNA is synthesized from the core (4) and is translated into various proteins, including im-
munomodulatory proteins like VCP (11). After uncoating (3), the DNA undergoes replication (5). The intermediate and late genes
are transcribed (6) and translated to respective proteins (7). Assembly and maturation proceeds to form infectious intracellular ma-
ture virions (8). The virions are further processed in the golgi where they gain extra membrane (9). The mature virions are released
from the cell (10). VCP provides a favourable microenvironment at the site of infection (11-15) as the virus goes through its life
cycle (12-16). VCP binds to C3b and C4b complement proteins (12) and in this way is able to reduce levels of C3a, C4a and C5a,
which are proinflammatory chemotactic factors. This reduction in proinflammatory chemotactic signals reduces the cellular influx
and inflammation. V CP binds to the heparin on the cell surface (13) and inhibits immune complex formation in a non-specific man-
ner (14). Since the cell can be covered by VCP so the interaction between different chemokines and there respective receptive on
the cell surface can be blocked (15). By binding to the heparin on cell surface VCP aso blocks NK-cell mediated killing by block-
ing cell-cell interaction (16).
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complement system (Al-Hussein et al 2001). This activa-
tion of complement system is a major problem in xenograft
transplantation because it results in hyperacute rejection
(HAR). VCP has been shown to block interaction between
pig aortic endothelial cells (PAECSs) and cytotoxic cells,
including naive neutrophils and natural killer (NK) cells
(Al-Mohanna et al 2001). The role of VCP is immunosup-
present in xenotransplantation is being extensively studied.
In summary, VCP and its orthopoxviral homologs are
fascinating molecules, which enable orthopoxviruses to
overcome the inflammatory response elicited by the host.
Understanding the structure and structure-function rela-
tionship as well as the mechanism of action of VCP
allows us an opportunity to employ VCP in treatment of
disease in which complement plays a damaging role.
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