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Fig. 5.4:  Intradermal infection in C57BL/6 and C3-/- mice.  A,B ) 6-week old female 
C57BL/6 mice (n=5) were challenged intradermally with 1x104 pfu of virus in each ear.  
Lesions greater than 1 mm were measured and averaged each day until peak lesion size.  
A) Comparison of rescue viruses.  B) Comparison of vvA56ko, vvA56mut3, and 
vvA56rescue.  C) Comparison of vvA56mut3 and vvA56rescue in 6-8 week old female 
C3(-/-) mice. * represents p<0.05 between vvA56ko and vvA56rescue using an unpaired 
T-test; @ represents p<0.05 for both vvA56ko and vvA56mut3 vs. vvA56rescue.  Error 
bars represent SEM. 
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type A56 in two different models of VACV pathogenesis.  From this work, it appears that 

the A56/VCP interaction is responsible for most of A56’s contributions to VACV 

virulence.  In an intradermal model, both A56ko and A56mut3 have similar levels of 

reduced virulence compared with vvA56rescue.  Importantly, vvA56mut3 and A56rescue 

do not have these differences in C3-/- mice.  This implies that the differences in C57BL/6 

mice are complement dependent, and most likely related to A56mut3’s inability to bind 

VCP.  Previous in vivo work focused on mutating the N-terminal cysteine of VCP to 

abrogate cell-surface expression (23).  However, this cysteine also mediates the 

formation of a VCP homodimer.  It is not known whether this dimer contributes to 

pathogenesis, but in purified form the dimer does possess a higher level of complement 

regulatory activity than the monomer (68).  The recombinant vvVCPmut virus (which has 

the N-terminal cysteine mutated and thus does not form homodimers and is not expressed 

on the cell surface) and vvA56mut3 come from different lineages of parental viruses, so 

direct comparisons may not be valid.  However, vvVCPmut seems to be slightly more 

attenuated than vvA56mut3 compared with their rescue viruses.  This may mean that the 

additional loss of VCP dimers seen in vvVCPmut also has an effect on virulence.  

Regardless, our data with A56mut3 now allows us to conclude that the VCP/A56 

disulfide bridge is important virulence in VACV.  However viruses from the same 

parental line will need to be constructed to make definitive conclusions. 

It is interesting to note that vvA56mut3 is attenuated in the intranasal model of 

infection, while vvA56ko is not.  This may mean that the lack of the A56/K2 complex 

actually may increase virulence in this model of infection.  Perhaps in a lung pneumonia 

model, the potential ability of the virus-infected cells to form syncytia enhances 
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pathogenesis.  However, more research is needed in this area.  It is also possible that in 

other models of infection that the A56/K2 complex has a larger contribution to virulence 

in VACV.  Ideally, a companion mutant A56 virus would be created that cannot bind K2; 

however, little is known about the interaction between these two proteins.  Currently, it is 

only known that the Ig domain in A56 is needed to bind K2 (105).  The first two 

cysteines in A56 have been hypothesized to form a disulfide bridge.  One A56 mutant has 

been described that has hemagluttinating activity but also form syncytia; in this A56 

protein, the 2nd cysteine in the A56 ectodomain is mutated.  This mirrors findings from 

our lab, where tranfected proteins A56mut1 (C34S) or A56mut2 (C103S) appear to have 

reduced ability to bind K2 (unpublished).  Unfortunately, our attempts to isolate 

recombinant viruses producing these proteins were unsuccessful. In conclusion, the 

generation of a recombinant viaccinia virus with a cysteine-to-serine change at residue 

162 in A56, which can no longer result in surface expression of A56, we have shown that 

the A56/VCP complex is important for vaccinia virulence.   
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Chapter 6- Concluding remarks 
 
VACV replication is complex, as it involves both producing new infectious particles as 

well as a myriad of proteins dedicated to combating the host’s immune response.  

Although these proteins are often called “non-essential”, they are frequently needed for 

the virus to establish an infection and spread to other hosts.  This thesis focuses on two 

non-essential proteins: VCP and A56.  VCP, the vaccinia complement control protein, 

which had previously been characterized as the major secreted protein from VACV 

infected cells, has already been established as a viral virulence factor (50).  In chapter 

three, we established that VCP interacts with A56 and that this complex is necessary for 

VCP cell-surface expression.  We also showed that the N-terminal cysteine of VCP is a 

critical residue for this interaction.  In chapter four, we located the residue on A56 that 

allows it to bind VCP.  We also proved that the interaction between these two proteins 

occurs through a disulfide bridge.  Finally, we began to establish that viruses that cannot 

form the A56/VCP complex are attenuated in vivo, using a virus that produces mutated 

VCP.  In chapter five, this in vivo work was extended using recombinant A56-producing 

viruses in intradermal and intranasal mouse challenge models.  A virus producing an A56 

protein that cannot bind VCP was attenuated in both of these infection models.  In this 

section, I will review the major conclusions from chapters three, four, and five; I will also 

discuss possible future directions.   

 

Forming the A56/VCP complex 

The observation that VCP was expressed at high levels on the surface of infected cells 

was initially puzzling.  VCP has been well characterized as a secreted protein and while 
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others had shown that purified recombinant expressed protein could bind to the cell 

surface through interactions with heparan sulfate, we found surface expression could still 

occur in heparan sulfate deficient cell lines (36).  We also discovered that a virus with the 

A56 gene deleted (A56ko) could not express VCP at the cell surface (36).  This was 

noteworthy, as A56 is expressed on the surface of cells and could serve as a binding 

partner for VCP.  Work in chapter three focused on proving that these proteins interacted, 

and began to elucidate the mechanism of this interaction.  Using non-reducing, non-

denaturing western blots, we found that in addition to formation of a VCP monomer and 

dimer, a high molecular weight complex forms in wild-type VACV infection.  This 

complex is lost in cells infected with a A56ko virus, and also when the unpaired N-

terminal cysteine of VCP is mutated to a threonine residue (VCPmut).  In order to show 

that these two proteins physically interact, we incubated cell lysates from cells infected 

with 6x-histidine tagged VCP-producing viruses with nickel agarose.  We found that A56 

co-purified with his-tagged wild-type VCP, but not with his-tagged VCPmut.  This 

provided evidence for an A56/VCP complex, and pointed to the N-terminal cysteine of 

VCP as critical in forming this complex.  However, it was not possible to determine the 

exact nature of the interaction between these two proteins based on this data.  The 

importance of the N-terminal cysteine could mean that a disulfide linkage occurs between 

A56 and VCP.  However, VCP also forms a homodimer via this cysteine (68) and thus 

the importance of the N-terminal cysteine in formation of the A56/VCP complex could 

be the result of a non-covalent interaction between the VCP dimer and A56.  While not 

conclusive, additional work we did with viruses that produced truncated VCP proteins 

supported the first hypothesis.  We found that only the first SCR domain, a portion that 
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represents only ~25% of the full-length protein, was expressed on the cell surface as long 

as a free cysteine was present.  This first SCR domain could be expressed on the cell 

surface even if the unpaired cysteine was located at the C-terminus of the protein.  Since 

the homodimer of such a protein would form a “tail-to-tail” configuration, this suggested 

to us that a free cysteine residue, rather than formation of a VCP homodimer is what 

drives the stable interaction of VCP with A56. 

In chapter four, we show that VCP and A56 form a covalent disulfide bridge.  The 

ectodomain of A56 contains three cysteines.  The first two are in an Ig-like domain and 

have been hypothesized to form an intramolecular disulfide bond (51).  Thus the 3rd 

cysteine is unpaired and we hypothesized that it was this cysteine that formed a disulfide 

bond with VCP’s free N-terminal cysteine.  We constructed expression plasmids for 

transient transfection of uninfected cells.  We made plasmids that expressed VCPwt, 

VCPmut, A56wt and a series of A56 mutants, where each mutant had one of the three 

ectodomain cysteines mutated to a serine residue.  We found that VCP can only be 

expressed on the cell surface when it was cotransfected with the A56 plasmid.  Mutating 

the first two cysteines of A56 (alone or together) did not affect surface expression of 

VCP.  However, when the third cysteine at position 162 was mutated, VCP surface 

expression was lost.  This loss of expression closely mirrors what was seen when wild-

type A56 was transfected with VCPmut.  Taken together, these mutations allowed us to 

conclude that the A56/VCP complex is formed by a disulfide bridge between the N-

terminal cysteine (C20) of VCP and third cysteine (C162) of A56.  Surface expression of 

VCP on infected cells can result in additional functions.  As a secreted protein, VCP had 

been thought to act by decreasing complement activation in the extracellular milieu 
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around an infection.  Since VCP is also expressed at high levels on the cell surface, this 

meant that the protein could be directly protecting infected cells from the host 

complement attack.  Work done in our lab has supported this hypothesis, as cells infected 

with a VCPmut virus are more susceptible to complement lysis than those infected with 

wild-type virus (36). 

 
 
Extensions of surface expression of viral complement control proteins to other 

poxviruses 

Many other poxviruses besides VACV encode complement control proteins.  Of these, 

the best characterized are SPICE from smallpox, MoPICE from monkeypox, and EMICE 

from ectromelia (mousepox) (67-69, 85, 98, 114).  They all share significant homology to 

VCP and are made up of the same SCR domain repeats.  SPICE and EMICE both contain 

four SCR domains, while MoPICE, due to a point mutation that results in an early stop 

codon, contains three SCR domains and a few residues of the 4th SCR domain.  EMICE 

and SPICE contains the same free N-terminal cysteine as VCP; while MoPICE does not 

have this cysteine, there is an unpaired C-terminal cysteine.  In chapter four, we found 

that SPICE is expressed on the surface of cells only when VACV A56 is contransfected.  

Like VCP, SPICE surface expression is lost when A56mut3 is co-transfected.  This 

finding was somewhat expected, as VCP and SPICE have identical first SCR domains 

and their A56 proteins are highly homologous.  These findings suggest that SPICE could 

also protect infected cells from complement attack during a smallpox infection.  Our data 

with EMICE was also interesting.  Both EMICE and ectromelia virus A56 are less similar 

to VACV than the smallpox homologs.  We found that there was only minimal surface 
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expression of EMICE when co-transfected with VACV A56.  However, data from 

infected cells showed a high level of EMICE surface expression.  We found that while 

surface expression of EMICE in the presence of VACV A56 was low, when EMICE was 

co-transfected with the plasmid expression ectromelia A56, high EMICE surface 

expression was seen.  Excitingly, this means that not only is the complement control 

protein/A56 interaction preserved in different poxviruses, but also that co-evolution of 

these two proteins may be occurring. 

 In contrast to the work with VCP, SPICE, and EMICE, we found that surface 

expression of MoPICE is minimal in cells co-transfected with VACV A56 or it’s own 

cognate A56 protein.  Based on work with the truncated VCP proteins, where a C-

terminal cysteine on the first SCR could result in surface expression, We took this finding 

with MoPICE, which has a free C-terminal cysteine after the 3rd SCR domain, to mean 

that the free cysteine on a complement control protein must be on the first SCR domain to 

efficiently interact with A56.  This may provide some insight into the residues needed for 

the initial interaction of an SCR with A56 to allow the disulfide bond form.  The low 

level of surface expression of MoPICE on transfected cells was also seen with 

immunofluorescence staining of monkeypox virus infected cells.  MoPICE stains faintly 

on the infected cell surface, but at much lower levels than VCP on VACV-infected cells. 

 
The importance of the A56/VCP complex to in vivo pathogenesis 

The in vitro activity of VCP in regulating complement activation has been well 

characterized (50, 57, 68, 100).  Girgis et al (36) provided the first evidence of an activity 

of surface expressed VCP in vitro by studying its role in inhibiting complement-mediated 

lysis of infected cells.  There have been fewer in vivo studies that focus on the role of 
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VCP during a VACV infection.  In addition, previous in vivo studies used gene knockout 

viruses (50).  This thesis provides the first in vivo studies that specifically study the 

contribution of cell-surface VCP to virulence.  In chapter four, we studied viruses that 

produced VCPmut in both intradermal and intranasal models of mouse infections.  We 

found that in intranasal infections, a VCPmut-producing virus was as attenuated as a 

VCPko virus.  Intradermally, vvVCPko was attenuated relative to vvVCPwt, while 

vvVCPmut had an intermediate phenotype.  This suggested that surface expression of 

VCP contributes to virulence; this is in addition to the effect of soluble VCP.  However, 

because VCPmut cannot form dimers, we could not say with 100% certainty that the 

attenuation we saw was due to the absence of the A56/VCP complex on the surface of 

infected cells. 

In chapter four we generated mutant A56 proteins and identified one that could 

not bind VCP, but was unaffected in its other function (i.e., binding K2, which results in 

a complex that can inhibit syncytia formation and superinfection).  In chapter five, we 

constructed a recombinant virus expressing this mutated A56 protein, and tested it 

alongside its parental A56 knockout virus and the A56 rescue virus.  We found that 

vvA56mut3 was attenuated in an intranasal model of infection, even though vvA56ko 

was not.  We interpreted this to mean that the A56/VCP complex contributes significantly 

to virulence in this model.  In an intradermal model of infection, vvA56ko is significantly 

attenuated compared to vvA56rescue.  We took this to mean that either the A56/VCP or 

A56/K2 complex is important for pathogenesis in this model; it is also possible that both 

complexes contribute.  Like A56ko, vvA56mut3 is also attenuated after intradermal 

infection.  We concluded that the A56/VCP complex is important for full virulence in this 
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model; the slight differences between vvA56ko and vvA56mut3 may mean that the 

A56/K2 complex also plays a role. vvA56mut3 forms the same size lesions as VCPmut; 

this supports the conclusion that the lack of the A56/VCP complex is what attenuates 

these viruses.  Importantly, no differences were seen between vvA56mut3 and 

vvA56rescue in C3-/- mice.  This means that the differences we saw in the other models 

were likely due a fully functional complement system and the absence of surface 

expressed VCP. 

 

Future directions 

There are other sets of experiments that could be done to further this work and our 

understanding of the contribution to surface expression of VCP during a viral infection.   

In chapter four, we studied SPICE, but only in a transfection system and only with 

vaccinia A56.  It may be possible to observe SPICE in the context of a variola virus 

infection at the CDC.  From a biochemical standpoint, further mutagenesis of A56 around 

the third cysteine and the first SCR domain could be performed to see what residues are 

important for the initial interaction between A56 and VCP.  Recent proteomic work 

showed that VCP is present on some EV particles, presumably bound to A56.  However, 

experiments have not yet been done to determine whether virion-bound VCP is protective 

against complement.  Our work with a panel of viruses with mutations in VCP and a 

panel of viruses with mutations in A56 makes direct comparisons between these sets of 

viruses difficult because the starting parental viruses were different.  Thus creating a 

series of virus mutants (K2ko, VCPmut and VCPko, A56ko, and A56mut3) from the 

same parental virus with rescues would allow for more direct comparisons of each 
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mutant’s contribution to virulence.  Such a panel of viruses would allow more definitive 

conclusions about the contribution of the VCP homodimer vs. VCP surface expression to 

VACV pathogenesis. 

 In conclusion, this thesis has provided evidence that VCP and A56 form a 

covalently bonded complex at the surface of infected cells, and this complex is necessary 

for full viral pathogenesis in two different models of infection. 
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