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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 1x10* 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
vvAS6rescue. C) Comparison of vwvA56mut3 and vvA56rescue in 6-8 week old female
C3(-/-) mice. * represents p<0.05 between vvA56ko and vvAS6rescue using an unpaired
T-test; @ represents p<0.05 for both vwvA56ko and vvA56mut3 vs. vvASé6rescue. 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 vvAS6rescue. Importantly, vvA56mut3 and AS6rescue
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 AS6mut3’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 vwvA56mut3 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 vvAS56mut3 is attenuated in the intranasal model of
infection, while vwA56ko 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 2™ cysteine in the A56 ectodomain is mutated. This mirrors findings from
our lab, where tranfected proteins A56mutl (C34S) or AS6mut2 (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

VACY 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, [ will review the major conclusions from chapters three, four, and five; [ 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
AS56 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 AS6ko 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 3™
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, A5S6wt 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 4™ 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 AS56 is contransfected.
Like VCP, SPICE surface expression is lost when AS6mut3 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 VACYV 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/AS56 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 3" 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 VACYV 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
vvAS56mut3 was attenuated in an intranasal model of infection, even though vvA56ko
was not. We interpreted this to mean that the AS6/VCP complex contributes significantly
to virulence in this model. In an intradermal model of infection, vvA56ko is significantly
attenuated compared to vvAS56rescue. We took this to mean that either the AS6/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. vwvA56mut3 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
vvASé6rescue 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
VACYV 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.

95



Bibliography

1.

2.

10.

11.

12.

13.

14.

15.

Albrecht, J. C., and B. Fleckenstein. 1992. New member of the multigene
family of complement control proteins in herpesvirus saimiri. J Virol 66:3937-40.
Albrecht, J. C., J. Nicholas, K. R. Cameron, C. Newman, B. Fleckenstein,
and R. W. Honess. 1992. Herpesvirus saimiri has a gene specifying a homologue
of the cellular membrane glycoprotein CD59. Virology 190:527-30.

Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller,
and D. J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res 25:3389-402.

Arakawa, Y., J. V. Cordeiro, S. Schleich, T. P. Newsome, and M. Way. 2007.
The release of vaccinia virus from infected cells requires RhoA-mDia modulation
of cortical actin. Cell Host Microbe 1:227-40.

Arakawa, Y., J. V. Cordeiro, and M. Way. 2007. F11L-mediated inhibition of
RhoA-mDia signaling stimulates microtubule dynamics during vaccinia virus
infection. Cell Host Microbe 1:213-26.

Avirutnan, P., A. Fuchs, R. E. Hauhart, P. Somnuke, S. Youn, M. S.
Diamond, and J. P. Atkinson. 2010. Antagonism of the complement component
C4 by flavivirus nonstructural protein NS1. J Exp Med 207:793-806.

Baroudy, B. M., S. Venkatesan, and B. Moss. 1982. Incompletely base-paired
flip-flop terminal loops link the two DNA strands of the vaccinia virus genome
into one uninterrupted polynucleotide chain. Cell 28:315-24.

Benhnia, M. R., M. M. McCausland, J. Moyron, J. Laudenslager, S.
Granger, S. Rickert, L. Koriazova, R. Kubo, S. Kato, and S. Crotty. 2009.
Vaccinia virus extracellular enveloped virion neutralization in vitro and protection
in vivo depend on complement. J Virol 83:1201-15.

Bernet, J., J. Mullick, Y. Panse, P. B. Parab, and A. Sahu. 2004. Kinetic
analysis of the interactions between vaccinia virus complement control protein
and human complement proteins C3b and C4b. J Virol 78:9446-57.

Bernet, J., J. Mullick, A. K. Singh, and A. Sahu. 2003. Viral mimicry of the
complement system. J Biosci 28:249-64.

Blackman, K. E., and H. C. Bubel. 1972. Origin of the vaccinia virus
hemagglutinin. J Virol 9:290-6.

Blue, C. E., O. B. Spiller, and D. J. Blackbourn. 2004. The relevance of
complement to virus biology. Virology 319:176-84.

Boursnell, M. E., 1. J. Foulds, J. I. Campbell, and M. M. Binns. 1988. Non-
essential genes in the vaccinia virus HindIII K fragment: a gene related to serine
protease inhibitors and a gene related to the 37K vaccinia virus major envelope
antigen. J Gen Virol 69 ( Pt 12):2995-3003.

Brown, C. K., P. C. Turner, and R. W. Moyer. 1991. Molecular
characterization of the vaccinia virus hemagglutinin gene. J Virol 65:3598-606.
Brum, L. M., P. C. Turner, H. Devick, M. T. Baquero, and R. W. Moyer.
2003. Plasma membrane localization and fusion inhibitory activity of the cowpox
virus serpin SPI-3 require a functional signal sequence and the virus encoded
hemagglutinin. Virology 306:289-302.

96



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Carroll, M. W., and B. Moss. 1995. E. coli beta-glucuronidase (GUS) as a
marker for recombinant vaccinia viruses. Biotechniques 19:352-4, 356.

Carter, G. C., M. Law, M. Hollinshead, and G. L. Smith. 2005. Entry of the
vaccinia virus intracellular mature virion and its interactions with
glycosaminoglycans. J Gen Virol 86:1279-90.

Chakrabarti, S., J. R. Sisler, and B. Moss. 1997. Compact, synthetic, vaccinia
virus early/late promoter for protein expression. Biotechniques 23:1094-7.
Chen, N., G. Li, M. K. Liszewski, J. P. Atkinson, P. B. Jahrling, Z. Feng, J.
Schriewer, C. Buck, C. Wang, E. J. Lefkowitz, J. J. Esposito, T. Harms, 1. K.
Damon, R. L. Roper, C. Upton, and R. M. Buller. 2005. Virulence differences
between monkeypox virus isolates from West Africa and the Congo basin.
Virology 340:46-63.

Chung, K. M., M. K. Liszewski, G. Nybakken, A. E. Davis, R. R. Townsend,
D. H. Fremont, J. P. Atkinson, and M. S. Diamond. 2006. West Nile virus
nonstructural protein NS1 inhibits complement activation by binding the
regulatory protein factor H. Proc Natl Acad Sci U S A 103:19111-6.

Ciulla, E., A. Emery, D. Konz, and J. Krushkal. 2005. Evolutionary history of
orthopoxvirus proteins similar to human complement regulators. Gene 355:40-7.
Culyba, M. J., J. E. Harrison, Y. Hwang, and F. D. Bushman. 2006. DNA
cleavage by the A22R resolvase of vaccinia virus. Virology 352:466-76.
DeHaven, B. C., N. M. Girgis, Y. Xiao, P. N. Hudson, V. A. Olson, 1. K.
Damon, and S. N. Isaacs. 2010. Poxvirus complement control proteins are
expressed on the cell surface through an intermolecular disulfide bridge with the
viral A56 protein. J Virol 84:11245-54.

Dehaven, B. C., N. M. Girgis, Y. Xiao, P. N. Hudson, V. A. Olson, 1. K.
Damon, and S. N. Isaacs. 2010. Poxvirus complement control proteins are
expressed on the cell surface through an intermolecular disulfide bridge with the
viral A56 protein. J Virol.

Doceul, V., M. Hollinshead, L. van der Linden, and G. L. Smith. 2010.
Repulsion of superinfecting virions: a mechanism for rapid virus spread. Science
327:873-6.

Dunkelberger, J. R., and W. C. Song. 2010. Complement and its role in innate
and adaptive immune responses. Cell Res 20:34-50.

Dunlop, L. R., K. A. Oehlberg, J. J. Reid, D. Avci, and A. M. Rosengard.
2003. Variola virus immune evasion proteins. Microbes Infect 5:1049-56.
Esposito, J. J., and J. C. Knight. 1985. Orthopoxvirus DNA: a comparison of
restriction profiles and maps. Virology 143:230-51.

Eswar, N., B. Webb, M. A. Marti-Renom, M. S. Madhusudhan, D. Eramian,
M. Y. Shen, U. Pieper, and A. Sali. 2006. Comparative protein structure
modeling using Modeller. Curr Protoc Bioinformatics Chapter 5:Unit 5 6.
Fenner, F., Henderson, D.A., Arita I, Jezek Z, Ladnyi D. 1988. Smallpox and
Its Eradication. WHO, Geneva.

Flexner, C., A. Hugin, and B. Moss. 1987. Prevention of vaccinia virus infection
in immunodeficient mice by vector-directed IL-2 expression. Nature 330:259-62.

97



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Friedman, H. M., G. H. Cohen, R. J. Eisenberg, C. A. Seidel, and D. B. Cines.
1984. Glycoprotein C of herpes simplex virus 1 acts as a receptor for the C3b
complement component on infected cells. Nature 309:633-5.

Frischknecht, F., V. Moreau, S. Rottger, S. Gonfloni, I. Reckmann, G.
Superti-Furga, and M. Way. 1999. Actin-based motility of vaccinia virus
mimics receptor tyrosine kinase signalling. Nature 401:926-9.

Garcia, A. D., and B. Moss. 2001. Repression of vaccinia virus Holliday
junction resolvase inhibits processing of viral DNA into unit-length genomes. J
Virol 75:6460-71.

Gentscheyv, L., K. Ehrig, U. Donat, M. Hess, S. Rudolph, N. Chen, Y. A. Yu,
Q. Zhang, J. Bullerdiek, 1. Nolte, J. Stritzker, and A. A. Szalay. 2010.
Significant Growth Inhibition of Canine Mammary Carcinoma Xenografts
following Treatment with Oncolytic Vaccinia Virus GLV-1h68. J Oncol
2010:736907.

Girgis, N. M., B. C. Dehaven, X. Fan, K. M. Viner, M. Shamim, and S. N.
Isaacs. 2008. Cell surface expression of the vaccinia virus complement control
protein is mediated by interaction with the viral A56 protein and protects infected
cells from complement attack. J Virol 82:4205-14.

Girgis, N. M., B. C. Dehaven, Y. Xiao, E. Alexander, K. M. Viner, and S. N.
Isaacs. 2010. The vaccinia virus complement control protein modulates adaptive
immune responses during infection. J Virol.

Goebel, S. J., G. P. Johnson, M. E. Perkus, S. W. Davis, J. P. Winslow, and E.
Paoletti. 1990. The complete DNA sequence of vaccinia virus. Virology
179:247-66, 517-63.

Gras, S., S. R. Burrows, L. Kjer-Nielsen, C. S. Clements, Y. C. Liu, L. C.
Sullivan, M. J. Bell, A. G. Brooks, A. W. Purcell, J. McCluskey, and J.
Rossjohn. 2009. The shaping of T cell receptor recognition by self-tolerance.
Immunity 30:193-203.

Haga, 1. R., and A. G. Bowie. 2005. Evasion of innate immunity by vaccinia
virus. Parasitology 130 Suppl:S11-25.

Harrington, L. E., R. Most Rv, J. L. Whitton, and R. Ahmed. 2002.
Recombinant vaccinia virus-induced T-cell immunity: quantitation of the
response to the virus vector and the foreign epitope. J Virol 76:3329-37.

Harris, S. L., I. Frank, A. Yee, G. H. Cohen, R. J. Eisenberg, and H. M.
Friedman. 1990. Glycoprotein C of herpes simplex virus type 1 prevents
complement-mediated cell lysis and virus neutralization. J Infect Dis 162:331-7.
Herrero-Martinez, E., K. L. Roberts, M. Hollinshead, and G. L. Smith. 2005.
Vaccinia virus intracellular enveloped virions move to the cell periphery on
microtubules in the absence of the A36R protein. J Gen Virol 86:2961-8.

Hook, L. M., J. M. Lubinski, M. Jiang, M. K. Pangburn, and H. M.
Friedman. 2006. Herpes simplex virus type 1 and 2 glycoprotein C prevents
complement-mediated neutralization induced by natural immunoglobulin M
antibody. J Virol 80:4038-46.

Howard, J., D. E. Justus, A. V. Totmenin, S. Shchelkunov, and G. J. Kotwal.
1998. Molecular mimicry of the inflammation modulatory proteins (IMPs) of

98



46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

poxviruses: evasion of the inflammatory response to preserve viral habitat. J
Leukoc Biol 64:68-71.

Ichihashi, Y. 1977. Vaccinia-specific hemagglutinin. Virology 76:527-38.
Ichihashi, Y., and S. Dales. 1971. Biogenesis of poxviruses: interrelationship
between hemagglutinin production and polykaryocytosis. Virology 46:533-43.
Isaacs, S. N., E. Argyropoulos, G. Sfyroera, S. Mohammad, and J. D.
Lambris. 2003. Restoration of complement-enhanced neutralization of vaccinia
virus virions by novel monoclonal antibodies raised against the vaccinia virus
complement control protein. J Virol 77:8256-62.

Isaacs, S. N., G. J. Kotwal, and B. Moss. 1990. Reverse guanine
phosphoribosyltransferase selection of recombinant vaccinia viruses. Virology
178:626-30.

Isaacs, S. N., G. J. Kotwal, and B. Moss. 1992. Vaccinia virus complement-
control protein prevents antibody-dependent complement-enhanced neutralization
of infectivity and contributes to virulence. Proc Natl Acad Sci U S A 89:628-32.
Jin, D. Y., Z. L. Li, Q. Jin, Y. W. Hao, and Y. D. Hou. 1989. Vaccinia virus
hemagglutinin. A novel member of the immunoglobulin superfamily. J Exp Med
170:571-6.

Johnson, J. B., K. Grant, and G. D. Parks. 2009. The paramyxoviruses simian
virus 5 and mumps virus recruit host cell CD46 to evade complement-mediated
neutralization. J Virol 83:7602-11.

Jones-Trower, A., A. Garcia, C. A. Meseda, Y. He, C. Weiss, A. Kumar, J. P.
Weir, and M. Merchlinsky. 2005. Identification and preliminary characterization
of vaccinia virus (Dryvax) antigens recognized by vaccinia immune globulin.
Virology 343:128-40.

Katsafanas, G. C., and B. Moss. 2007. Colocalization of transcription and
translation within cytoplasmic poxvirus factories coordinates viral expression and
subjugates host functions. Cell Host Microbe 2:221-8.

Kim, A. H., 1. D. Dimitriou, M. C. Holland, D. Mastellos, Y. M. Mueller, J. D.
Altman, J. D. Lambris, and P. D. Katsikis. 2004. Complement C5a receptor is
essential for the optimal generation of antiviral CD8+ T cell responses. J Immunol
173:2524-9.

Kopf, M., B. Abel, A. Gallimore, M. Carroll, and M. F. Bachmann. 2002.
Complement component C3 promotes T-cell priming and lung migration to
control acute influenza virus infection. Nat Med 8:373-8.

Kotwal, G. J., S. N. Isaacs, R. McKenzie, M. M. Frank, and B. Moss. 1990.
Inhibition of the complement cascade by the major secretory protein of vaccinia
virus. Science 250:827-30.

Kotwal, G. J., C. G. Miller, and D. E. Justus. 1998. The inflammation
modulatory protein (IMP) of cowpox virus drastically diminishes the tissue
damage by down-regulating cellular infiltration resulting from complement
activation. Mol Cell Biochem 185:39-46.

Kotwal, G. J., and B. Moss. 1988. Vaccinia virus encodes a secretory
polypeptide structurally related to complement control proteins. Nature 335:176-
8.

99



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Krauss, O., R. Hollinshead, M. Hollinshead, and G. L. Smith. 2002. An
investigation of incorporation of cellular antigens into vaccinia virus particles. J
Gen Virol 83:2347-59.

Lambris, J. D., D. Ricklin, and B. V. Geisbrecht. 2008. Complement evasion
by human pathogens. Nat Rev Microbiol 6:132-42.

Law, K. M., and G. L. Smith. 1992. A vaccinia serine protease inhibitor which
prevents virus-induced cell fusion. J Gen Virol 73 ( Pt 3):549-57.

Law, M., G. C. Carter, K. L. Roberts, M. Hollinshead, and G. L. Smith. 2006.
Ligand-induced and nonfusogenic dissolution of a viral membrane. Proc Natl
Acad Sci U S A 103:5989-94.

Lee, M. S., J. M. Roos, L. C. McGuigan, K. A. Smith, N. Cormier, L. K.
Cohen, B. E. Roberts, and L. G. Payne. 1992. Molecular attenuation of vaccinia
virus: mutant generation and animal characterization. J Virol 66:2617-30.
Lefkowitz, E. J., C. Wang, and C. Upton. 2006. Poxviruses: past, present and
future. Virus Res 117:105-18.

Lin, S. F., D. L. Price, C. H. Chen, P. Brader, S. Li, L. Gonzalez, Q. Zhang,
Y. A. Yu, N. Chen, A. A. Szalay, Y. Fong, and R. J. Wong. 2008. Oncolytic
vaccinia virotherapy of anaplastic thyroid cancer in vivo. J Clin Endocrinol Metab
93:4403-7.

Liszewski, M. K., P. Bertram, M. K. Leung, R. Hauhart, L. Zhang, and J. P.
Atkinson. 2008. Smallpox inhibitor of complement enzymes (SPICE): regulation
of complement activation on cells and mechanism of its cellular attachment. J
Immunol 181:4199-207.

Liszewski, M. K., M. K. Leung, R. Hauhart, R. M. Buller, P. Bertram, X.
Wang, A. M. Rosengard, G. J. Kotwal, and J. P. Atkinson. 2006. Structure and
regulatory profile of the monkeypox inhibitor of complement: comparison to
homologs in vaccinia and variola and evidence for dimer formation. J Immunol
176:3725-34.

Liszewski, M. K., M. K. Leung, R. Hauhart, C. J. Fang, P. Bertram, and J. P.
Atkinson. 2009. Smallpox inhibitor of complement enzymes (SPICE): dissecting
functional sites and abrogating activity. J Immunol 183:3150-9.

Liu, T. C., and D. Kirn. 2007. Systemic efficacy with oncolytic virus
therapeutics: clinical proof-of-concept and future directions. Cancer Res 67:429-
32.

Manes, N. P., R. D. Estep, H. M. Mottaz, R. J. Moore, T. R. Clauss, M. E.
Monroe, X. Du, J. N. Adkins, S. W. Wong, and R. D. Smith. 2008.
Comparative proteomics of human monkeypox and vaccinia intracellular mature
and extracellular enveloped virions. J Proteome Res 7:960-8.

Marschang, P., J. Sodroski, R. Wurzner, and M. P. Dierich. 1995. Decay-
accelerating factor (CDS55) protects human immunodeficiency virus type 1 from
inactivation by human complement. Eur J Immunol 25:285-90.

Massung, R. F., J. J. Esposito, L. 1. Liu, J. Qi, T. R. Utterback, J. C. Knight,
L. Aubin, T. E. Yuran, J. M. Parsons, V. N. Loparev, and et al. 1993.
Potential virulence determinants in terminal regions of variola smallpox virus
genome. Nature 366:748-51.

100



74.

75.

76.

77.

78.

79.

80.

1.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Massung, R. F., V. N. Loparev, J. C. Knight, A. V. Totmenin, V. E.
Chizhikov, J. M. Parsons, P. F. Safronov, V. V. Gutorov, S. N. Shchelkunov,
and J. J. Esposito. 1996. Terminal region sequence variations in variola virus
DNA. Virology 221:291-300.

Mclntosh, A. A., and G. L. Smith. 1996. Vaccinia virus glycoprotein A34R is
required for infectivity of extracellular enveloped virus. J Virol 70:272-81.
McKenzie, R., G. J. Kotwal, B. Moss, C. H. Hammer, and M. M. Frank.
1992. Regulation of complement activity by vaccinia virus complement-control
protein. J Infect Dis 166:1245-50.

Mehlhop, E., and M. S. Diamond. 2006. Protective immune responses against
West Nile virus are primed by distinct complement activation pathways. J Exp
Med 203:1371-81.

Meng, X., Y. Zhong, A. Embry, B. Yan, S. Lu, G. Zhong, and Y. Xiang. 2011.
Generation and characterization of a large panel of murine monoclonal antibodies
against vaccinia virus. Virology 409:271-9.

Mercer, J., and A. Helenius. 2008. Vaccinia virus uses macropinocytosis and
apoptotic mimicry to enter host cells. Science 320:531-5.

Miller, C. G., S. N. Shchelkunov, and G. J. Kotwal. 1997. The cowpox virus-
encoded homolog of the vaccinia virus complement control protein is an
inflammation modulatory protein. Virology 229:126-33.

Montefiori, D. C., R. J. Cornell, J. Y. Zhou, J. T. Zhou, V. M. Hirsch, and P.
R. Johnson. 1994. Complement control proteins, CD46, CD55, and CD59, as
common surface constituents of human and simian immunodeficiency viruses and
possible targets for vaccine protection. Virology 205:82-92.

Moss, B. 2001. Poxviridae: the viruses and their replication, p. 2849-2883. In D.
M. Knie, Howley, P.M (ed.), Fields Virology 4th Ed. Lippincott Williams and
Wilkins, Philadelphia.

Moss, B. 2006. Poxvirus entry and membrane fusion. Virology 344:48-54.
Moulton, E. A., J. P. Atkinson, and R. M. Buller. 2008. Surviving mousepox
infection requires the complement system. PLoS Pathog 4:¢1000249.

Moulton, E. A., P. Bertram, N. Chen, R. M. Buller, and J. P. Atkinson. 2010.
Ectromelia virus inhibitor of complement enzymes protects intracellular mature
virus and infected cells from mouse complement. J Virol 84:9128-39.

Mullick, J., J. Bernet, Y. Panse, S. Hallihosur, A. K. Singh, and A. Sahu.
2005. Identification of complement regulatory domains in vaccinia virus
complement control protein. J Virol 79:12382-93.

Nagler, F. P. O. 1942. Application of Hirst's phenomenon to the titration of
vaccinia virus and vaccinia immune serum. The Medical Journal of Australia 1:3.
Newsome, T. P., N. Scaplehorn, and M. Way. 2004. SRC mediates a switch
from microtubule- to actin-based motility of vaccinia virus. Science 306:124-9.
Oda, M. 1965. Rescue of Dermovaccinia Abortive Infection by Neurovaccinia
Virus in L Cells. Virology 25:664-6.

Payne, L. G. 1992. Characterization of vaccinia virus glycoproteins by
monoclonal antibody precipitation. Virology 187:251-60.

101



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Payne, L. G. 1979. Identification of the vaccinia hemagglutinin polypeptide from
a cell system yielding large amounts of extracellular enveloped virus. J Virol
31:147-55.

Payne, L. G. 1980. Significance of extracellular enveloped virus in the in vitro
and in vivo dissemination of vaccinia. J Gen Virol 50:89-100.

Payne, L. G., and K. Kristensson. 1985. Extracellular release of enveloped
vaccinia virus from mouse nasal epithelial cells in vivo. J Gen Virol 66 643-6.
Payne, L. G., and E. Norrby. 1976. Presence of haemagglutinin in the envelope
of extracellular vaccinia virus particles. J Gen Virol 32:63-72.

Perkus, M. E., S. J. Goebel, S. W. Davis, G. P. Johnson, K. Limbach, E. K.
Norton, and E. Paoletti. 1990. Vaccinia virus host range genes. Virology
179:276-86.

Pruitt, K. D., T. Tatusova, and D. R. Maglott. 2007. NCBI reference sequences
(RefSeq): a curated non-redundant sequence database of genomes, transcripts and
proteins. Nucleic Acids Res 35:D61-5.

Rosengard, A. M., L. C. Alonso, L. C. Korb, W. M. Baldwin, 3rd, F.
Sanfilippo, L. A. Turka, and J. M. Ahearn. 1999. Functional characterization
of soluble and membrane-bound forms of vaccinia virus complement control
protein (VCP). Mol Immunol 36:685-97.

Rosengard, A. M., Y. Liu, Z. Nie, and R. Jimenez. 2002. Variola virus immune
evasion design: expression of a highly efficient inhibitor of human complement.
Proc Natl Acad Sci U S A 99:8808-13.

Rother, R. P., S. A. Rollins, W. L. Fodor, J. C. Albrecht, E. Setter, B.
Fleckenstein, and S. P. Squinto. 1994. Inhibition of complement-mediated
cytolysis by the terminal complement inhibitor of herpesvirus saimiri. J Virol
68:730-7.

Sahu, A., S. N. Isaacs, A. M. Soulika, and J. D. Lambris. 1998. Interaction of
vaccinia virus complement control protein with human complement proteins:
factor [-mediated degradation of C3b to iC3bl inactivates the alternative
complement pathway. J Immunol 160:5596-604.

Saifuddin, M., T. Hedayati, J. P. Atkinson, M. H. Holguin, C. J. Parker, and
G. T. Spear. 1997. Human immunodeficiency virus type 1 incorporates both
glycosyl phosphatidylinositol-anchored CD55 and CD59 and integral membrane
CD46 at levels that protect from complement-mediated destruction. J Gen Virol
78 1907-11.

Schmelz, M., B. Sodeik, M. Ericsson, E. J. Wolffe, H. Shida, G. Hiller, and G.
Griffiths. 1994. Assembly of vaccinia virus: the second wrapping cisterna is
derived from the trans Golgi network. J Virol 68:130-47.

Schmitz, J., J. P. Zimmer, B. Kluxen, S. Aries, M. Bogel, 1. Gigli, and H.
Schmitz. 1995. Antibody-dependent complement-mediated cytotoxicity in sera
from patients with HIV-1 infection is controlled by CD55 and CD59. J Clin Invest
96:1520-6.

Seet, B. T., J. B. Johnston, C. R. Brunetti, J. W. Barrett, H. Everett, C.
Cameron, J. Sypula, S. H. Nazarian, A. Lucas, and G. McFadden. 2003.
Poxviruses and immune evasion. Annu Rev Immunol 21:377-423.

102



105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

Seki, M., M. Oie, Y. Ichihashi, and H. Shida. 1990. Hemadsorption and fusion
inhibition activities of hemagglutinin analyzed by vaccinia virus mutants.
Virology 175:372-84.

Senkevich, T. G., S. Ojeda, A. Townsley, G. E. Nelson, and B. Moss. 2005.
Poxvirus multiprotein entry-fusion complex. Proc Natl Acad Sci U S A
102:18572-7.

Sfyroera, G., M. Katragadda, D. Morikis, S. N. Isaacs, and J. D. Lambris.
2005. Electrostatic modeling predicts the activities of orthopoxvirus complement
control proteins. J Immunol 174:2143-51.

Shida, H. 1986. Nucleotide sequence of the vaccinia virus hemagglutinin gene.
Virology 150:451-62.

Shida, H. 1989. Vaccinia virus hemagglutinin. Subcell Biochem 15:405-40.
Shida, H. 1986. Variants of vaccinia virus hemagglutinin altered in intracellular
transport. Mol Cell Biol 6:3734-45.

Shida, H., and S. Dales. 1981. Biogenesis of vaccinia: carbohydrate of the
hemagglutinin molecules. Virology 111:56-72.

Shida, H., Y. Hinuma, M. Hatanaka, M. Morita, M. Kidokoro, K. Suzuki, T.
Maruyama, F. Takahashi-Nishimaki, M. Sugimoto, R. Kitamura, and et al.
1988. Effects and virulences of recombinant vaccinia viruses derived from
attenuated strains that express the human T-cell leukemia virus type I envelope
gene. J Virol 62:4474-80.

Shida, H., and S. Matsumoto. 1983. Analysis of the hemagglutinin glycoprotein
from mutants of vaccinia virus that accumulates on the nuclear envelope. Cell
33:423-34.

Singh, A. K., J. Mullick, J. Bernet, and A. Sahu. 2006. Functional
characterization of the complement control protein homolog of herpesvirus
saimiri: ARG-118 is critical for factor I cofactor activities. J Biol Chem
281:23119-28.

Smith, G. L., A. Vanderplasschen, and M. Law. 2002. The formation and
function of extracellular enveloped vaccinia virus. J Gen Virol 83:2915-31.
Smith, S. A., N. P. Mullin, J. Parkinson, S. N. Shchelkunov, A. V. Totmenin,
V. N. Loparev, R. Srisatjaluk, D. N. Reynolds, K. L. Keeling, D. E. Justus, P.
N. Barlow, and G. J. Kotwal. 2000. Conserved surface-exposed K/R-X-K/R
motifs and net positive charge on poxvirus complement control proteins serve as
putative heparin binding sites and contribute to inhibition of molecular
interactions with human endothelial cells: a novel mechanism for evasion of host
defense. J Virol 74:5659-66.

Spear, G. T., N. S. Lurain, C. J. Parker, M. Ghassemi, G. H. Payne, and M.
Saifuddin. 1995. Host cell-derived complement control proteins CD55 and CD59
are incorporated into the virions of two unrelated enveloped viruses. Human T
cell leukemia/lymphoma virus type I (HTLV-I) and human cytomegalovirus
(HCMV). J Immunol 155:4376-81.

Suresh, M., H. Molina, M. S. Salvato, D. Mastellos, J. D. Lambris, and M.
Sandor. 2003. Complement component 3 is required for optimal expansion of
CDS8 T cells during a systemic viral infection. J Immunol 170:788-94.

103



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Thompson, J. P., P. C. Turner, A. N. Ali, B. C. Crenshaw, and R. W. Moyer.
1993. The effects of serpin gene mutations on the distinctive pathobiology of
cowpox and rabbitpox virus following intranasal inoculation of Balb/c mice.
Virology 197:328-38.

Tooze, J., M. Hollinshead, B. Reis, K. Radsak, and H. Kern. 1993. Progeny
vaccinia and human cytomegalovirus particles utilize early endosomal cisternae
for their envelopes. Eur J Cell Biol 60:163-78.

Townsley, A. C., A. S. Weisberg, T. R. Wagenaar, and B. Moss. 2006.
Vaccinia virus entry into cells via a low-pH-dependent endosomal pathway. J
Virol 80:8899-908.

Tscharke, D. C., P. C. Reading, and G. L. Smith. 2002. Dermal infection with
vaccinia virus reveals roles for virus proteins not seen using other inoculation
routes. J Gen Virol 83:1977-86.

Tscharke, D. C., and G. L. Smith. 1999. A model for vaccinia virus
pathogenesis and immunity based on intradermal injection of mouse ear pinnae. J
Gen Virol 80 2751-5.

Turner, P. C., M. T. Baquero, S. Yuan, S. R. Thoennes, and R. W. Moyer.
2000. The cowpox virus serpin SPI-3 complexes with and inhibits urokinase-type
and tissue-type plasminogen activators and plasmin. Virology 272:267-80.
Turner, P. C., and R. W. Moyer. 2006. The cowpox virus fusion regulator
proteins SPI-3 and hemagglutinin interact in infected and uninfected cells.
Virology 347:88-99.

Turner, P. C., and R. W. Moyer. 1995. Orthopoxvirus fusion inhibitor
glycoprotein SPI-3 (open reading frame K2L) contains motifs characteristic of
serine proteinase inhibitors that are not required for control of cell fusion. J Virol
69:5978-87.

Turner, P. C., and R. W. Moyer. 1992. An orthopoxvirus serpinlike gene
controls the ability of infected cells to fuse. J Virol 66:2076-85.

Turner, P. C., and R. W. Moyer. 2008. The vaccinia virus fusion inhibitor
proteins SPI-3 (K2) and HA (A56) expressed by infected cells reduce the entry of
superinfecting virus. Virology 380:226-33.

Vanderplasschen, A., M. Hollinshead, and G. L. Smith. 1998. Intracellular and
extracellular vaccinia virions enter cells by different mechanisms. J Gen Virol 79
877-87.

Vanderplasschen, A., E. Mathew, M. Hollinshead, R. B. Sim, and G. L.
Smith. 1998. Extracellular enveloped vaccinia virus is resistant to complement
because of incorporation of host complement control proteins into its envelope.
Proc Natl Acad Sci U S A 95:7544-9.

Wagenaar, T. R., and B. Moss. 2007. Association of vaccinia virus fusion
regulatory proteins with the multicomponent entry/fusion complex. J Virol
81:6286-93.

Wagenaar, T. R., and B. Moss. 2009. Expression of the A56 and K2 proteins is
sufficient to inhibit vaccinia virus entry and cell fusion. J Virol 83:1546-54.
Wagenaar, T. R., S. Ojeda, and B. Moss. 2008. Vaccinia virus A56/K2 fusion
regulatory protein interacts with the A16 and G9 subunits of the entry fusion
complex. J Virol 82:5153-60.

104



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Walport, M. J. 2001. Complement. First of two parts. N Engl J Med 344:1058-
66.

Walport, M. J. 2001. Complement. Second of two parts. N Engl J] Med
344:1140-4.

Wang, Y. X,, P. C. Turner, T. L. Ness, K. B. Moon, T. R. Schoeb, and R. W.
Moyer. 2000. The cowpox virus SPI-3 and myxoma virus SERP1 serpins are not
functionally interchangeable despite their similar proteinase inhibition profiles in
vitro. Virology 272:281-92.

Whitbeck, J. C., C. H. Foo, M. Ponce de Leon, R. J. Eisenberg, and G. H.
Cohen. 2009. Vaccinia virus exhibits cell-type-dependent entry characteristics.
Virology 385:383-91.

Wolffe, E. J., S. N. Isaacs, and B. Moss. 1993. Deletion of the vaccinia virus
B5R gene encoding a 42-kilodalton membrane glycoprotein inhibits extracellular
virus envelope formation and dissemination. J Virol 67:4732-41.

Worschech, A., N. Chen, Y. A. Yu, Q. Zhang, Z. Pos, S. Weibel, V. Raab, M.
Sabatino, A. Monaco, H. Liu, V. Monsurro, R. M. Buller, D. F. Stroncek, E.
Wang, A. A. Szalay, and F. M. Marincola. 2009. Systemic treatment of
xenografts with vaccinia virus GLV-1h68 reveals the immunologic facet of
oncolytic therapy. BMC Genomics 10:301.

Xiao, Y., L. Aldaz-Carroll, A. M. Ortiz, J. C. Whitbeck, E. Alexander, H.
Lou, H. L. Davis, T. J. Braciale, R. J. Eisenberg, G. H. Cohen, and S. N.
Isaacs. 2007. A protein-based smallpox vaccine protects mice from vaccinia and
ectromelia virus challenges when given as a prime and single boost. Vaccine
25:1214-24.

Xu, R., A. J. Johnson, D. Liggitt, and M. J. Bevan. 2004. Cellular and humoral
immunity against vaccinia virus infection of mice. J Immunol 172:6265-71.
Yadav, V. N., K. Pyaram, J. Mullick, and A. Sahu. 2008. Identification of hot
spots in the variola virus complement inhibitor (SPICE) for human complement
regulation. J Virol 82:3283-94.

Yu, Y. A., C. Galanis, Y. Woo, N. Chen, Q. Zhang, Y. Fong, and A. A. Szalay.
2009. Regression of human pancreatic tumor xenografts in mice after a single
systemic injection of recombinant vaccinia virus GLV-1h68. Mol Cancer Ther
8:141-51.

Yu, Z., S. Li, P. Brader, N. Chen, Y. A. Yu, Q. Zhang, A. A. Szalay, Y. Fong,
and R. J. Wong. 2009. Oncolytic vaccinia therapy of squamous cell carcinoma.
Mol Cancer 8:45.

Zhang, Q., C. Liang, Y. A. Yu, N. Chen, T. Dandekar, and A. A. Szalay.
2009. The highly attenuated oncolytic recombinant vaccinia virus GLV-1h68:
comparative genomic features and the contribution of F14.5L inactivation. Mol
Genet Genomics 282:417-35.

Zhang, Q., Y. A. Yu, E. Wang, N. Chen, R. L. Danner, P. J. Munson, F. M.
Marincola, and A. A. Szalay. 2007. Eradication of solid human breast tumors in
nude mice with an intravenously injected light-emitting oncolytic vaccinia virus.
Cancer Res 67:10038-46.

105



147. Zhou, J., X. Y. Sun, G. J. Fernando, and 1. H. Frazer. 1992. The vaccinia virus
K2L gene encodes a serine protease inhibitor which inhibits cell-cell fusion.
Virology 189:678-86.

106



